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Preface 

Environmental geochemistry has long been known to influence human and animal 

health, the links being recognized possibly as long ago as the 4th century At) by the 

Chinese. While early recognized problems such as endemic goitre were clearly due to 

natural geochemical variations within the environment, more recently anthropo- 

genic perturbations of the environment have been shown to exert a strong influence 

on human and animal well being. 

Although some health problems related to environmental geochemistry manifest 

themselves in the developed world, they are more keenly felt in the developing 

countries due to the added stress of such factors as poverty and malnutrition. In 

addition, while most of the population of the developed world have diets which 

include food sources from geographically diverse regions, in the developing 

countries this is frequently not so. Many people in developing countries are 

dependent on very localized sources of food and water and any geochemical 

anomaly (enrichment or depletion) within these local environments will have a 

marked influence on the well-being of the inhabitants. 

The latest World Health Organisation figures indicate that more than 800 million 

people in the developing countries are at risk from iodine deficiency, which is the 

cause of goitre and cretinism, a severe form of mental retardation. 350 million 

people in developing countries are estimated to suffer from severe iron deficiency 

and recent studies have provided evidence that cancer and heart disease are related 

to selenium deficiencies. High natural environmental concentrations of fluorine 

cause mottling of teeth and crippling bone and joint deformities in both humans and 

cattle. Excessive dietary intakes of aluminium, arsenic and lead derived from both 

natural sources and as a result of industrial pollution are also associated with ill- 

health in humans. Concern over this issue is increasing as a result of rapid economic 

and population growth in the developing world. Multidisciplinary studies involving 

epidemiologists and biochemists as well as environmental and nutritional specialists 

are essential if the impact of trace element levels on ill-health in developing countries 

is to be properly addressed and remedies implemented. 

The main aim of this volume is to discuss the application of geochemistry to the 

study of human and animal health problems in developing countries. It stems from a 

conference held at the Geological Society, Burlington House, London, UK on 20-21 

October 1993 which was organized by the Joint Association of Geoscientists for 

International Development (JAGID) and the Society for Environmental Geochem- 

istry and Health (SEGH): The conference provided a forum for the exchange of 

ideas, information and experience between geochemists, nutritionists, medical and 

veterinary researchers and brought together researchers from UK, Poland and 

Sweden as well as a range of developing countries including India, Kenya, Tanzania, 

Uganda and Sri Lanka. Of the 34 papers presented at the meeting, 20 are published 

in this volume while two invited contributions have been added. Abstracts of the 

other 14 papers are published in Environmental Geochemistry and Health in 

Developing Countries, October 1993: Abstracts Volume. This is available (price code 

I) from BGS Publications (Tel: 0115 936 3241). 

Subjects covered in the volume reflect the breadth of the topic under discussion, 

ranging through animal and human health issues related to soil, plant, water and 
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volcanic gas chemistry. The role of natural and anthropogenic influences on the 

environment are covered as are the roles of geochemical mapping, monitoring and 

baseline identification. 

The first two papers in the volume set the scene, with considerations of  the 

aetiology of geochemically related nutritional diseases (Mills) and the role of 

geochemistry in environmental and epidemiological studies in developing countries 

(Plant et  al.). The next group of five papers concern animal nutrition in Zimbabwe 

(Fordyee et  al.), Kenya (Jumba et  al; Maskall & Thornton) and the Kenya-Uganda 

border area (Bowell et  al.). Finally in this section Selinus et  al. present a Swedish 

view of environmental monitoring using aquatic mosses, roots of aquatic plants and 

organ tissues from the moose. 

Health aspects of groundwater chemistry are reviewed by Edmunds & Smedley 
followed by contributions on biogeochemical factors affecting groundwater quality 

in Tanzania (Bowell et  al.), water quality and dental fluorine in Sri Lanka 

(Dissanayake), and the geochemistry of aluminium and its potential toxicity in 

Uganda (Smith et  al.). T h e  environmental behaviour of arsenic is reviewed by 

Thornton, while Smedley e t  al. consider the health implications of this element in 

groundwater in a gold-mining area in Ghana. The population theme is continued 

with a consideration of the impacts of mining and smelting on the Polish 

environment (Helios Rybicka) and on the use of lake sediments to assess mining and 

urban contamination in Papua New Guinea (Nicholson). 

Iodine with its long recognized link to health is the subject of three papers, 

beginning with a consideration of its geochemistry (Fuge). Papers on the aetiology 

of endemic goitre in Sri Lanka (Dissanayake & Chandrajith) and on the 

epidemiology of iodine deficiency disorders (Stewart & Pharoah) consider the role 

of iodine and other factors in these diseases. 

The role of trace elements in preventing aflatoxin induced cell damage and disease 

and the potential influence of geographical variations in trace element levels on 

disease patterns is discussed by Nair et  al. Nicholson et al. consider the negative 

environmental impacts of acidic volcanic gas emissions in Costa Rica on crops, 

buildings and the health of  domestic livestock and people. The penultimate paper 

demonstrates how a geostatistical method (kriging) can be used to investigate the 

links between the geographical distribution of disease and environmental factors 

(Oliver), while the final paper is a review of geochemical factors which may influence 

the distribution of Podoconiosis, or non-filarial elephantiasis, in tropical Africa 

(Harvey et  al.). 

The editors are particularly grateful to JAGID, SEGH, the British Council (Kenya) and the Overseas 
Development Administration who provided support which facilitated the attendance of some of the 
participants from developing countries. We wish to express our thanks to the authors for their patience 
and collaboration and to the many reviewers whose suggestions and comments helped to ensure that the 
papers published here maintain the consistently high standards of Geological Society Special 
Publications. The considerable efforts of the production editor, David Ogden, and other staff at the 
Geological Society Publishing House, Bath, are much appreciated. 

Don Appleton 

Ron Fuge 

Joe McCall 

March 1996 



Geochemical aspects of the aetiology of trace element related diseases 

C. F. M I L L S  

Rowet t  Research Institute, Bucksburn, Aberdeen A B 2  9SB, UK 

Abstract: Deficiencies, excesses or imbalances in the supply of inorganic elements from 
dietary sources can have an important influence on animal and human health and 
susceptibility to disease. Many such situations arise from anomalies in the inorganic element 
composition of food chains. These, in turn, are frequently attributable to the composition of 
the geochemical environment as modified by the influence of soil composition and botanical 
or cultural variables upon the inorganic composition of the diet. 

Appreciation of the epidemiological importance of such factors in the aetiology of 
nutritional diseases can contribute, very significantly, to their detection and effective control. 

Although the agricultural relevance of geochemical data is firmly established and widely 
appreciated, investigation of its value in the context of anticipation and control of major 
human nutritional diseases in the third world has yet to be undertaken adequately. 

Until the middle of the 19th century, convictions 
that geographically related features of the 
natural environment were associated with local 
differences in susceptibility to ill health of 
human communities and their livestock were 
based, almost entirely, upon anecdote. Never- 
theless, many formed the basis of community 
legislation for land use, animal management or 
cultural practices, and are now supported by 
firm evidence derived from our growing under- 
standing of the significance of inorganic ele- 
ments for human and animal health. The 
traditional restriction of common grazing rights 
to maintain animal health on the 'machair' lands 
of the Outer Hebrides is one such example; the 
distribution of communities issuing such legis- 
lation closely reflects the distribution of cobalt 
deficient soils. Many such established relation- 
ships reflect, directly or indirectly, anomalies in 
the geochemical environment that influence the 
flow of inorganic elements into and through the 
food chain of human subjects and the animals 
and crops upon which they depend. 

Recent developments in geochemical survey 
techniques are providing an increasing volume 
of data which can make a significant contribu- 
tion to understanding the significance and likely 
causes of those inorganic element-related dis- 
eases which are attributable either to deficiencies 
or excesses of inorganic elements in diets or 
drinking water. The growth of information on 
this topic is particularly welcome (Aggett et al. 

1990). Thus the detection and control of such 
diseases is often complicated by the fact that 
signs of a general malaise rather than the 
appearance of diagnostically specific signs are 
frequently the most typical manifestations of 

excessive or deficient element supply. This, and 
the frequency with which antagonistic interac- 
tions arising from inorganic element imbalances 
are involved in the aetiology of disorders 
attributable to deficiencies or toxicities (Mills 
1995) illustrate why multi-element geochemical 
survey data can provide information invaluable 
to the nutritional epidemiologist (Aggett & Mills 
1996). This brief contribution will endeavour to 
illustrate the potential of geochemical studies in 
this context, while also emphasizing the need for 
consideration of those multi-disciplinary aspects 
that describe the influence of variables modify- 
ing relationships between the chemical composi- 
tion of the environment and its influence on 
susceptibility to nutritional disease. 

The influence of geochemical and soil 

compositional variables 

Experience with nutritional disorders in domes- 
ticated animals points to many situations in 
which soil geochemical data can contribute to 
the identification of problems of health or 
productivity related to trace element supply. 
Areas with high intrinsic risks of deficiencies of 
copper, selenium, cobalt, iodine and of toxicities 
of fluorine, lead and selenium have thus been 
identified (SAC/SARI 1982; Mills 1984). Such 
investigations have also produced evidence that 
changes in soil and crop management can 
markedly modify trace element uptake by food 
crops and thus change trace element disease 
patterns in livestock. High soil pH, whether 
arising from calcareous soil parent materials or 
induced by liming, restricts the supply of 
available zinc, iron and cobalt but can promote 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 1-5 
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crop accumulation of molybdenum, selenium 
and fluorine. Intermittent flooding or irrigation 
of certain soil types can greatly enhance uptakes 
of molybdenum and selenium while concentra- 
tions of iron, manganese and aluminium may 
increase by several orders of magnitude follow- 
ing the development of acid conditions in soils 
derived from some parent materials. 

Although the value of such information for 
the detection of microelement-related disorders 
in animals is now well recognized, such informa- 
tion is less frequently exploited in the context of 
its relevance to human health (Shaper 1984). 
However, its potential is becoming evident from 
recent studies. These include studies of the 
pathogenesis of the drastic skeletal lesions of 
genu valgum associated with excessive uptakes of 
fluorine in India. Relationships between a low 
selenium status of soils and animals and the 
distribution of the cardiomyopathy of Keshan 
disease of children and, conversely, of relation- 
ships between high soil selenium and selenosis in 
adults have been demonstrated from Chinese 
studies. Epidemiological studies leave no doubt 
as to the significance of relationships between 
iodine-responsive diseases in human commu- 
nities and the distribution of iodine deficiency in 
soils, crops or water supplies. These and other 
examples are considered in more detail by Mills 
(1987), Shaper (1984) and Hetzel & Maberly 
(1986). 

Epidemiologically relevant data are emerging 
from geochemical surveys in several parts of the 
world. International surveys of regional differ- 
ences in soil and crop composition are also being 
promoted by the Food & Agriculture Organisa- 
tion (Silinp~ig 1982, 1990). However, the stimu- 
lus to many such studies is usually the need to 
resolve causes of crop failure, or in the instance 
of geochemical surveys, to search for mineral 
resources. There is urgent need to emphasize to 
those financing such studies, that the data they 
produce are often of value for identifying areas 
in which health may be prejudiced by imbal- 
ances in mineral supply. Thus, in the context of 
iodine deficiency disorders, the need for such 
information has been largely ignored since data" 
on the geochemical or soil distribution of iodine 
are rarely of major interest to the mineral 
prospector or the plant nutritionist to whom 
iodine is a 'non-essential' element. Data on the 
geographical distribution of areas in which 
'environmental' iodine is low would dearly assist 
decision making in according priorities to 
intervention programmes for the control of a 
human disease for which it is estimated that at 
least 1 000 million people are at risk (Hetzel & 
Maberly 1986). 

Soil and geochemical factors influencing 

trace element uptake 

Variables modifying the trace element content 
of foods or of drinking water can influence, 
profoundly, the risks that soil and geochemical 
compositional anomalies may be in terms of 
pathological consequences to animals or human 
subjects. However, variety in the selection of 
food sources can have a major influence on 
whether such diseases develop (SAC/SARI 
1982). Thus, intensification of cropping usually 
implies that the variety of species available for 
consumption by animals decreases markedly; the 
extent of protection afforded by individual 
differences in the extent of plant species uptake 
of individual elements is thus lost. Correspond- 
ingly, urban human communities usually obtain 
their food, and sometimes their water supplies, 
from a variety of geographical sources. They are 
thus less likely to be exposed to compositional 
anomalies resulting from the soil or its parent 
material than are those of rural communities 
relying heavily on locally grown crops as 
constituents of diets containing a limited num- 
ber of food items. 

Examples of geochemical and soil variables 
likely to influence significantly the trace element 
intake of rural populations are given in Table 1. 
The examples given are not exhaustive but they 
do illustrate the following points: 

�9 The geochemical composition of rocks from 
which some soils are derived can influence, 
directly or indirectly, both the balance of 
elements within those soils and the trace element 
content of food crops grown on them. Regional 
differences of chromium, copper, iodine, iron, 
selenium and zinc, and excesses of arsenic, 
cadmium, fluoride, lead and selenium arise from 
such causes. 

�9 Differences in soil moisture and acidity or 
alkalinity arising either from natural causes or 
from cultivational or irrigation practices, indus- 
trialization or urbanization, can markedly affect 
the uptake of specific elements into edible crops 
and vegetation (SAC/SAR/ 1982). Irrigation 
with alkaline groundwaters, especially of certain 
types of shales and of some mineralized granites, 
greatly increases molybdenum and selenium 
uptake. Iron-rich irrigation waters restrict the 
uptake of selenium into the food chain. Ex- 
tensive water leaching of some acid arenaceous 
soils low in organic matter increases the 
magnitude of iodine losses and reduces the 
intrinsic availability of soil selenium and zinc. 
High soil acidity strongly potentiates crop 
uptake of aluminium, iron and manganese. 

�9 The impact of geochemical and soil vari- 
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Table 1. Typical geochemical and soil features associated with inorganic element anomalies causing nutritional 
diseases in man and domesticated livestock 

Syndrome Environmental anomaly Species affected* 

Deficiencies 

Low cobalt 

Low phosphorus 

Low selenium 

Low zinc 

Toxicities 

High arsenic 

High fluoride 

High molybdenum 

High selenium 

Soils intrinsically low in Co, e.g. extensively leached, acid R 
arenaceous soils or with Co immobilized with Fe/Mn 
hydroxide complexes. 
High Fe/AI parent materials with low pH and highly R 
organic soils. 
Soils intrinsically low in Se, e.g. leached arenaceous soils M, F 
particularly when low in organic and argillaceous fractions. 
Fixation of Se in soils high in Fe. 
Calcareous parent materials and derived soils especially M, F 
when adventitious soil present in diets high in cereals and 
legumes. Arid arenaceous soils. 

Waters from some hydrothermal sources or soils derived 
from detritus of mineral ore (especially Au) workings. 
Well waters or irrigation waters from sandstones high in 
arsenopyrite. 
Waters from some aquifers especially from rhyolite-rich M, F 
rocks, black shales or coals; soils from F-containing 
residues of mineral or industrial deposits. Aggravated by 
high evaporative losses. 
Mo from molybdeniferous shales or local mineralization R 
especially if drainage poor and soil pH > 6.5 (a 
significant cause of secondary Cu deficiency). 
Bioaccumulation of Se in organic-rich soil horizons; M, F 
accumulation by high evaporative losses of high pH 
ground waters 

* M, human subjects; F, farm livestock, general; R, ruminant livestock, specific. 
Data sources: SAC/SARI (1982); WHO (1996). 

ables on human trace element intake depends 
markedly on the type of crops that are dietary 
staples. In general, the trace element composi- 
tion of leguminous crops, pulses and cruciferous 
crops fluctuates widely as such variables change. 
In contrast, the trace element content of cereal 
grains, although frequently lower, is less readily 
affected. It should be noted, however, that the 
selenium content and to a lesser extent, the zinc 
content of cereal grains are markedly influenced 
by soil conditions and type. 

The influence of  geochemical and soil condi- 
tions on trace element supply is considered in 
greater detail elsewhere. Reports from the Food 
& Agricultural Organisation (Sihnp/ifi 1982, 
1990) describing a wide range of  studies in 
different countries illustrate the value of asses- 
sing the intrinsic properties of indigenous soils 
as trace element sources for a region. Disap- 
pointingly little is known about the geographical 
distribution of  abnormalities influencing dietary 
supplies of iodine and selenium but, apart  from 
these, extensive information banks have been 

developed for many countries which define the 
mineral characteristics of rocks and softs in the 
context of their influences on the inorganic 
composition of staple crops. Although corre- 
spondingly extensive databanks on dietary ele- 
ment intakes in the developing countries are now 
being assembled (Parr et al. 1992), virtually no 
effort has been made to quantify relationships 
between the inorganic composition of  soils and 
diets. The need to examine such relationships 
more fully in investigations of  the causes of  
deficiencies of copper, iodine, selenium, zinc and 
possibly of boron, chromium and fluorine and of  
toxicoses due to fluoride, iron, molybdenum and 
selenium is urgent. 

Those responsible for the development of  
large-scale irrigation schemes where introducing 
modifying soil-cultural practices should be 
strongly encouraged to request information 
from such sources, before such policies are 
imposed upon third world communities, on the 
possible consequences of these developments on 
trace element flux from parent rocks, through 
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soils, to edible crops. Failure to take this 
precaution has already caused extensive prob- 
lems from excesses of fluoride, arsenic and 
selenium in some communities. It has also 
caused crop failures and decreased animal 
productivity from the inadvertent potentiation 
of trace element related disorders caused by 
deficiencies of copper, cobalt, manganese, sele- 
nium and zinc or by excesses of fluorine, iodine, 
iron and selenium and, in animals, of molyb- 
denum. 

The impact of such changes can differ 
according to the predominant species of plant 
that constitutes the staple crop. Plants have a 
wide tolerance to many trace elements and show 
marked species variability in the extent to which 
these elements are accumulated. The variability 
of trace element content of the specific crops also 
differs markedly for the different elements; 
copper has been found to  vary 4-fold, zinc 7- 
fold, boron 21-fold, and molybdenum up to 46- 
fold depending on soil and crop management 
techniques (Aggett & Mills 1996). Maize con- 
centrates selenium better than rice; recycling of 
maize residues as a fertilizer in crops growing in 
a high selenium soil has been incriminated in 
instances of selenium intoxication in livestock 
and human communities in some regions of 
China (WHO 1996). 

Water composition and health 

The risks of appearance of trace element related 
effects on health can be influenced substantially 
by changes in the sources of drinking water or 
groundwater. The effects of irrigation, soil water 
economy and solar evaporation on the entry of 
elements into the food chain through rural 
populations are most clearly evident in commu- 
nities where food choice, particularly for the 
young, is largely restricted to a few locally grown 
staples and water is drawn from a single source. 

Aquifers in fluoride-bearing rocks or the 
irrigation of fluoride-rich soils can increase the 
intake of this element through drinking water or 
food crops sufficiently to induce major problems" 
of community health as a consequence of the 
adverse effects of fluoride intoxication on 
skeletal development. The increased consump- 
tion of water in arid environments may be 
sufficient to increase the risks of fluorosis 
whenever the fluorine content of water exceeds 
about 2 mg 1-1. 

Conversely, the leaching of iodine from acid 
mineralized soils is an important determinant of 
the geographical distribution of iodine defi- 
ciency. Although it is suspected that soils low 

in clay mineral fractions and in organic matter 
appear to be associated with the increased risks 
of development of iodine deficiency in animal 
and human populations, such relationships are 
insufficiently well characterized to be of value in 
predicting risks of disease in specific areas. The 
distribution of selenium deficiency may be 
influenced, similarly, by the leaching of miner- 
alized soils by rain water and recent work 
(Arthur & Beckett 1994) highlighting the meta- 
bolic interdependence of these two elements 
suggests that concurrent deficiencies of both 
selenium and iodine would be particularly 
hazardous in the induction of iodine deficiency 
disorders. 

Contamination of groundwater or well water 
with arsenic derived initially from the oxidation 
of arsenopyrite has now been incriminated as a 
cause of chronic arsenic toxicity in human 
communities of at least five continents. Many 
such cases involve biological concentration of 
geologically derived arsenic during its passage 
through food chains (for review see Chatterjee et 

al. 1995). 

Geophagia 

The involuntary or sometimes the deliberate 
eating of earth is a widespread practice both 
in the animal kingdom and in many human 
communities of the third world. It is a form of 
pica likely to have pathological implications 
when it impairs the intestinal uptake of trace 
elements such as iron and zinc. However, it is 
also suggested, although not proven, that 
geophagia is sometimes an evolved adaptive 
attempt to compensate for mineral deficits or 
imbalances. Differing properties of various clays 
clearly affect their ability to meet this need. The 
eating of clays with high cation exchange 
capacity can release many elements under acid 
digestive conditions that can significantly sup- 
plement the intakes of available copper, iron, 
manganese and zinc of some subsistence com- 
munities. They may also release macro minerals, 
the need for which may be the underlying 
stimulus to geophagia. In contrast, consumption 
of some inadequately characterized clay miner- 
als in the Middle East is believed to be the cause 
of growth retardation, anaemia and delayed 
puberty (WHO 1996). However, deliberate or 
adventitious contamination of foods with cal- 
careous soils may sufficiently elevate the intake 
of calcium in some Middle Eastern communities 
to affect adversely zinc utilization from vege- 
table-based diets. The consumption of iron-rich 
laterites or iron-rich waters draining therefrom 
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must be expected to influence adversely the 
utilization of copper, zinc and possibly of 
selenium in other regions. 

C o n c l u s i o n s  

The duration and extent of exposure of animals 
or human subjects to conditions which modify 
appreciably the flow of inorganic elements 
through the food chain can have a profound 
effect upon the pathological consequences of 
such exposure. For  all species, variety in the 
selection of food sources is the greatest pro- 
tection against adverse effects. Nomadic social 
habits and miscellany in the selection of vegeta- 
tional species for food can restrict to tolerable 
limits the magnitude of changes in tissue trace 
element content caused by anomalies originating 
from changes in geochemical or soil composition 
of the environment. In contrast, deliberate or 
inadvertent restriction of opportunities for food 
selection as a consequence, for example, of  
climatic disasters or the introduction by irriga- 
tion or cropping intensification can amplify the 
effects of local anomalies in soil or parent rock 
composition. 

Awareness of  these effects and of  the factors 
which modify their consequences can be of  
enormous assistance to epidemiologists seeking 
the causes o f  diseases. These, with the virtual 
exceptions of the goitre of iodine deficiency and, 
in sheep, the neurological manifestations of  
copper deficiency, give rise to ill health unac- 
companied by clinical manifestations that are 
sufficiently specific to permit unequivocal diag- 
nosis. 

The potential contribution of the geochemist 
and soil chemist to the detection and control of 
diseases arising from such nutritional causes has 
been undervalued (Mills 1987; Aggett & Mills 
1996). Quite understandably, the spectrum of 
elements covered by most geochemical surveys 
has usually been determined by mineralogical 
rather than by biological considerations. It is to 
be hoped, firstly, that biological aspects will be 
given greater emphasis and, secondly, that the 
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Abstract: Concern over the effects of chemicals in the environment on the health of man and 
animals is growing as rapid economic and population growth extends such problems as land 
degradation, pollution and urbanization from industrialized nations to the developing 
world. 

In this paper we review the principal socio-economic and environmental pressures on 
developing countries before discussing the role of geochemistry in: (1) preparing high 
resolution baseline data to identify potential hazards; (2) understanding the pathways of 
chemical elements from rocks and soils to man and animals; and (3) developing amelioration 
strategies to reduce the impacts of inappropriate land use, power generation and mining. 
The particular geochemical problems of tropical terrains are discussed and some case 
histories from the international work of the British Geological Survey (BGS), funded by the 
Overseas Development Administration, are described. 

It is recommended that developing nations prepare modern geochemical maps, ideally to 
the standards set out in International Geological Correlation Programme Project 360 World 
Geochemical Baseline, and that aid agencies should fund integrated environmental 
geochemical surveys as being of primary importance, especially for health studies and land 
use planning; particular attention should be paid to the environmental impact of 
urbanization. Further understanding of chemical and mineralogical speciation is required 
to improve the interpretation of geochemical data for environmental purposes. 

Multidisciplinary studies, involving epidemiologists, biochemists and nutritional specia- 
lists, are essential if natural and anthropogenic impacts are to be properly assessed and 
practical amelioration measures implemented. 

There is a growing awareness of the relation- 
ships between animal and human health and 
the distribution of  chemical substances in the 
envi ronment ,  first demons t ra ted  by Webb 
(1964). In industrialized countries, concern 
continues to focus on anthropogenic accumula- 
tions of potentially harmful elements (PHEs) 
such as As, Cd, Hg and Pb, and on organic 
compounds such as DDT,  PCBs and dioxins. 
Some of  these chemicals may be classified as 
carcinogens, neurotoxins or irritants; others may 
cause reproductive failure or birth defects 
(WHO 1988). In the case of domestic livestock, 
conditions caused by deficiencies in one or more 
of the essential trace-elements Co, Cu, Zn, Se 
and I are also well documented (Mertz 1986). 
However, the extension of such links to humans 
in developed countries remains controversial, 
since diets are diverse and generally considered 
to provide adequate trace-element levels. 

In recent years the availability of regional 
geochemical data for Britain, Canada, Scandi- 
navia and many other developed countries has 
demonstrated that  in addi t ion to pollution 
related to man's activities, large areas have high 
concentrations of  heavy or radioactive elements 
which occur naturally (BGS atlas series 1978-95; 

Appleton 1992). Extensive regions have also 
been shown to have levels of essential trace 
elements well below those recommended for 
soils and pasture (Darnley et al. 1995). Excellent 
epidemiological data are available for some 
developed countries and certain associations 
between environmental geochemistry, diet and 
degenerative disease have been suggested (e.g. 
Martyn et al. 1989). Attempts to link the 
occurrence of degenerative diseases, such as 
cancer and heart disease to diet may, however, 
be jeopardized by lack of knowledge of the 
chemistry of dietary components as well as by 
the wide range of confounding factors. Varia- 
tions in the trace element status of  most crops 
reflect that of the soil in which they are grown, 
but in developed countries the effect on humans 
is masked by the use of  food from different 
areas. 

By contrast ,  people in many developing 
countries, particularly those living on subsis- 
tence agriculture, obtain much of their food 
from local sources and problems such as land 
degradation, pollution and increasing urbaniza- 
tion may be particularly intense. Equally, trace- 
element deficiencies or toxicities may be much 
more critical for human and animal health than 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 7-22 
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in developed countries. Studies of the relation- 
ship between environmental geochemistry and 
health are therefore likely to be of more 
immediate value in developing than developed 
countries, although the results could have 
worldwide significance. Unfortunately, modern 
geochemical data are rarely available for devel- 
oping countries, or may be inadequate for 
environmental purposes, having been collected 
principally for mineral exploration. 

In this paper we first briefly review the socio- 
economic threats to the environment of devel- 
oping countries, with particular reference to the 
special problems of tropical terrains. The basic 
requirements for preparing baseline geochemical 
data are described with reference to Interna- 
tional Geological Correlation Programme Pro- 
ject (IGCP) 259/360 guidelines (Darnley et al. 

1995) and the geochemical factors affecting the 
pathways of chemical dements from soils and 
water to plants, animals and man are discussed. 
New methods of processing geochemical data to 
indicate speciation and hence bioavailability are 
also suggested, and some specific geochemical 
case studies carried out by the British Geological 
Survey (BGS) in developing countries are briefly 
outlined. Such research can help not only to 
identify potential environmental problems and 
develop amelioration strategies, but also to act 
as a basis for the development of appropriate 
policy and legislative frameworks. It also has the 
potential to cast new light on several types of 
degenerative disease which affect man, animals 
and crops. 

Socio-economic pressures on the 

environment of developing countries 

The annual increase in world population is 
approaching 100million per year (UN 1992), 
approximately 90% of which is in the poorest 
countries where one-quarter of the population 
live in 'absolute poverty' (having an annual 
income below US$ 450) as defined by the World 
Bank (1992). According to McMichael (1993) 
population pressure and poverty have adverse 
inter-related environmental impacts. For exam- 
ple, the effects of large-scale coal burning in 
industrializing developing countries, of increas- 
ing ricefield methane emission and of widespread 
deforestation throughout the third world, can be 
attributed to population pressure. Problems 
associated with the use of marginal farmlands, 
soil erosion from cash cropping, uncontrolled 
industrial and urban pollution and the accumu- 
lation of potentially harmful wastes are particu- 
larly intense in some developing countries 

(McMichael 1993). 
Each year around six million hectares of the 

world's agricultural land are lost through soil 
degradation (UN 1992), which is perhaps one 
of the most fundamental problems. Soil is a 
complex mixture of rock and mineral detritus, 
organic matter, microbes (bacteria, yeasts and 
fungi) and invertebrates. The removal of pro- 
tective plant cover, overgrazing or overcropping 
leading to the depletion of essential nutrients, 
the addition of toxic chemicals, salination (in 
some cases as a result of irrigation) and 
acidification from power generation and indus- 
trialization, can cause all soil organisms to die 
and soil to turn to inert mineral dust (desertifi- 
cation). 

Economic and population pressures on rural 
economies cause migration, especially to urban 
centres. In developing countries the growth of 
very large cities (with populations greater than 
five million) is of particular concern; on current 
trends the population of some eight to ten cities 
will reach 15-25million by the end of the 
century (UN 1991; McMichael 1993). Urbaniza- 
tion in turn leads to further adverse environ- 
mental effects, such as contamination of surface 
water and aquifers through poor sanitation. 
Pollution of air, water and soil from vehicles, 
power plants and factories is at its most extreme 
in cities, and may result in increased incidence of 
childhood diseases associated with heavy metal 
poisoning (WHO 1988; US Geological Survey 
1984). However, despite the growing need, 
geochemical studies of major cities in developing 
countries are currently lacking. 

Mining has also caused contamination, in- 
cluding cyanide, mercury and arsenic releases 
from gold mining, and radioactive element 
pollution from tin mining. Although large 
international mining companies now generally 
work to high environmental standards, mineral 
working by uncontrolled and disorganized 
groups (especially for gold) continues to cause 
environmental problems in developing coun- 
tries, as in the recent incidents of mercury 
pollution in Brazil (Stigliani & Salomons 1993). 

The surface environment in developing 

countries 

The socio-economic pressures on the environ- 
ment in developing countries are frequently 
compounded by the nature of their surface 
environment, which can be particularly suscep- 
tible to degradation and pollution, especially in 
climatic regions classified as equatorial, tropical 
or sub-tropical (K6ppen 1936). Climates have 



ROLE OF ENVIRONMENTAL GEOCHEMISTRY IN DEVELOPING COUNTRIES 9 

t"-,I 
o 0  

I,.a 

o 

o 0 ,...i 

o 



10 J.A. PLANT ET AL. 

Electrical conductivity/ 
Total dissolved solids 

Major cations: Total activity 
Dominant ions 

Major anions: Total activity 
Dominant ions 

~ ~ E 3 0  

-~ 20 

==10 

increasing ~= 
chemical 
solubility 

Arctic Temperate Desert 

low moderate high 

low --' high 
Na "" Ca, Mg, Na 

low -,, high 
CI, SO 4 ~q CI, HOD 3 

"temp 

Equa- 
Tropical torial 

moderato low 

"~ low 
=" Na, Fe 

low 
Y SiOH 4 

rainf~il 

. . . .  ,_. '_ 

, . � 9  

fresh rock 

2500 ~'  

2000 

. _  

1000 = 

20m 

increasing 
volumetric 

dilution 

increasing 
electrical 

conductivity 

Fig. 2. Generalized relationships between regolith, thickness of the weathering zone, climatic factors and water 
chemistry (modified after Pedro 1985)�9 

changed frequently and in some cases pro- 
foundly in the geological past, so that some 
areas have been affected by a succession of 
different weathering and dispersion processes 
(Fig. 1). At lower latitudes and particularly in 
continental areas of low relief, the regolith may 
be an expression of the cumulative effects of 
subaerial weathering during many millions of 
years (Butt & Zeegers 1992). Some soils have 
been deeply leached under various climatic 
conditions, including long periods of high rain- 
fall and temperature to which they have been 
repeatedly subjected from Tertiary times or even 
as far back as the late Proterozoic (Daniels 1975; 
Butt 1989)�9 Tropical and semi-tropical soils, 
partly because of their age and the number of 
weathering cycles to which they have been 
subjected, tend to be poorer, thinner and more 
fragile than those in temperate regions (Mur- 
doch 1980)�9 This is particularly the case in shield" 
areas of Africa and Latin America where soils 
have developed on crystalline basement and 
are generally older�9 In contrast, those of south- 
east Asia developed on alluvium or volcanic 
rocks are generally younger and more fertile 
(McMichael 1993). 

In tropical countries laterites, which have 
been forming continuously for at least 100mil- 
lion years (since the Jurassic) in parts of Africa, 
India, South America and Asia (King 1957; 
Michel 1973), are common. Weathering profiles 

may extend to depths of over 150m, with 
weathering fronts at great depth (Trescases 
1992), so that the fresh supply of chemical 
elements from rocks into the biosphere is 
limited�9 Laterites, which include Fe- and Al-rich 
tropical weathering products such as bauxites, 
ferricretes and Fe- and Al-duricrusts, have 
markedly homogeneous mineralogical and che- 
mical compositions which usually bear little 
relationship to underlying bedrock (Nahon & 
Tardy 1992). They have well defined chemical 
profiles but, depending on the climatic and 
tectonic history, the land surface may be highly 
complex with the profiles truncated or buried by 
later detritus (Butt & Zeegers 1992). 

In such conditions, intense oxidation, which 
generally extends to the weathering front, results 
in a lack of organic matter (which is stored in the 
biota rather than soils) and of other major 
elements such as phosphorus, nitrogen and 
potassium, and also in the formation of stable 
insoluble minerals such as clays (especially 
kaolinite) which markedly increase the A1/Si 
ratio�9 Generally, such soils are deficient in 
soluble cations (Na + and Ca 2§ and anions 
(C1-, PO43- and NO3-), but have high levels of 
resistant oxides of Fe, A1, Ti and Mn. They are 
typically kaolinitic or ferralitic, with local 
calcretes or silcretes in areas of inland drainage 
affected by evaporation and a fluctuating water 
table. Hardening of aluminium and iron oxide to 
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form cuirasses, which armour the otherwise 
friable surface, is common in tropical terrains. 
As natural vegetation is cleared from such 
environments, essential nutrients are further 
leached and the top soil may be completely 
eroded. 

Evidence exists that some deserts were for- 
merly subjected to extreme leaching under 
tropical conditions during the Cretaceous and 
Tertiary (Butt & Zeegers 1992). Most desert soils 
are typically lithosols, the important constitu- 
ents of which are resistate detrital quartz and 
accessory minerals such as zircon and secondary 
clay minerals. Organic material in desert soils is 
minimal and surface waters are highly oxidizing, 
with variable pH (frequently with high pH 
values). They generally have higher salinity than 
those in other environments, with chloride 
rather than bicarbonate as the main anionic 
species. Some generalized relationships between 
different surface environmentsare shown in 
Fig. 2. 

Chemical elements tend to undergo more 
pronounced separation in tropical environments 
than in temperate regions, although this depends 
on their chemical mobility and on the nature of 
the local environment (Trescases 1992). Hence 
areas with a potential for deficiency or toxicity 
conditions are likely to be much more common 
in tropical countries than in temperate regions. 
The most deeply leached environments retain 
only the most inert elements such as Fe, Mn, Zr, 
Hf and the rare earths, either as secondary or 
primary oxides. On the other hand the most 
mobile elements, such as the alkalis, alkaline 
earth elements, the halogens and elements 
mobile in conditions of high pH, including 
anions and oxyanions, such as those of B, Se, 
Mo, V and U accumulate in arid environments 
generally, inland drainage systems and near the 
base of weathering profiles. The variable oxida- 
tion states of the first row transition elements 
Co, Cr, Cu, and Zn also favour removal from 
solution by ion exchange, precipitation and 
surface sorption. The lack of organic matter as 
a result of intense oxidation can mean that total 
levels of such elements in the regolith may be" 
high, but they may be bound on Fe-Mn oxides 
and thus their bioavailable levels may be 
exceptionally low, resulting in potential deft- 
ciency for plants and animals, especially in 
deeply oxidized surface environments. The con- 
trois on the speciation of As, Cd and Pb are 
broadly similar to those of the first row 
transition metals, although the oxidation states 
of these elements, with the exception of As, 
exhibit less control on mobility (Ure & David- 
son 1995). 

Essential and potentially harmful chemical 

elements 

Two main groups of chemical elements are of 
particular importance for health. Those identi- 
fied as essential to animal life (according to Mills 
1996) include the first row transition elements 
Fe, Mn, Ni, Cu, V, Zn, Co and Cr, together with 
Mo, Sn, Se, I and F. The disorders associated 
with deficiency of these elements are given in 
Mills (1996). Boron has not yet been shown to 
be necessary for animals, although it is essential 
for higher plants. By contrast potentially harm- 
ful elements (PHEs), known to have adverse 
physiological significance at relatively low levels, 
include As, Cd, Pb, Hg and some of the 
daughter products of U. Aluminium can also 
have adverse physiological effects in trace 
amounts in animals and particularly in fish and 
plants (Sposito 1989). All trace elements are 
toxic if  ingested or inhaled at sufficiently high 
levels for long enough periods of time. Selenium, 
F and Mo are examples of elements which show 
a relatively narrow concentration range (of the 
order of a few #g g-~) between essential and toxic 
levels. 

The difficulties of diagnosing disease, and 
particularly subclinical conditions, in animals 
and man related to trace element deficiencies or 
excesses are discussed by Mills (1996). Except in 
some specific cases, for example Iodine Deft- 
ciency Disorders ODD), symptoms may be non- 
specific and diagnosis, based on tissue or blood 
sampling, costly. Geochemical maps, however, 
can indicate areas where there is the potential for 
trace element deficiency or toxicity, enabling 
expensive veterinary or medical investigations to 
be better targeted. 

Multi-media geochemical surveys (ideally in- 
corporating soil, stream sediment and water 
data) can also be of considerable value in studies 
linking diet and health. Although many PHEs, 
such as Pb, are not phytotoxic, elevated con- 
centrations in the regolith may be transmitted, 
through uptake by healthy plants, into the food 
chain and can thus lead to adverse health effects 
in animals and humans, the source of which can 
be difficult to diagnose (Mills 1996). The 
concentrations of certain essential trace elements 
(such as Se) in crops (rice, corn, soybean) has 
been shown to correlate with the concentrations 
in the soil in which they are grown (Levander 
1986); and, regionally, levels in fine fraction 
stream sediments give a good indication of likely 
soil concentrations (Appleton 1992). Geochem- 
ical mapping can therefore be a cost-effective 
method of indirectly investigating the chemical 
composition of crops; and rural communities in 
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developing countries offer a particularly valu- 
able opportunity for examining the relationship 
between geochemistry, diet and health. 

The need for baseline geochemical data in 

developing countries 

In many developed countries geochemical map- 
ping is now an integral component of strategic 
systematic geoscience surveys (Plant et al. 1988; 
Darnley et al. 1995; Plant & Hale 1995), with 
applications for a wide range of economic and 
environmental purposes (Webb 1964; Thornton 
1983; Thornton & Howarth 1986). It is clear 
from these studies that geochemistry, particu- 
larly the surface distribution and concentration 
of trace elements, can be difficult to predict from 
geological maps (Darnley et al. 1995). Areas 
underlain by different granites, for example, may 
have comparable major element concentrations 
but the levels of PHEs, such as U, Mo, Be and 
Pb, can vary by factors of an order of magnitude 
or more (Plant et al. 1983). Levels of environ- 
mentally important trace elements are even more 
difficult to predict in areas underlain by sedi- 
mentary and metamorphic rocks. Moreover, the 
geochemistry of some elements, for example Se, 
is not fully understood, so that any predictions 
based on geological maps can prove misleading. 
In tropical countries the problem is frequently 
compounded by deep weathering whereby levels 
of chemical elements in the surface regolith may 
show little or no relationship to bedrock 
composition. Indeed, many elements, including 
A1, Fe, Mn, Co, U, P, Cr, Ni, Cu and Au, may 
be concentrated to ore grade in the lateritic 
mantle; and high concentrations of PHEs such 
as As and Sb may also occur (Smith et al. 1987). 
In Jamaica, for example, the distribution of high 
concentrations of radioactive and other PHEs 
has been shown to follow closely that of bauxite 
(Simpson e t a l .  1991). 

Geochemical mapping has long been used in 
conjunction with geological mapping as a 
mineral exploration tool in developing countries. 
Regional geochemical maps, such as those of 
Zambia and Sierra Leone, were first published" 
some 30 years ago (Webb et al. 1964; Nichol et 

aL 1966); and atlases, such as that of Uganda, 
more than 20 years ago (Reedman 1973). Many 
of such surveys, however, covered only the 
regions considered most prospective for metalli- 
ferous mineral deposits and were designed 
specifically to cover large areas at low density 
and cost, for example in Peru (Baldock 1977). 

More recent programmes, for example in 
Zimbabwe (Dunkley 1987, 1988) and Sumatra 
(Stephenson et al. 1982; Coulson et al. 1988) 

have produced higher density multi-element data 
with some potential for application in environ- 
mental and animal and human health studies 
(Appleton & Ridgway 1993). Basic hydrogeo- 
chemical parameters and data for such environ- 
mentally significant elements as Se and I are 
generally lacking, however (Darnley et al. 1995). 

There is now an urgent need in developing 
countries for high resolution geochemical data 
which are adequate for environmental and 
epidemiological studies, particularly in urban 
areas where conflicts between rapid development 
and environmental sustainability are severe and 
where surface water, groundwater and soils are 
increasingly becoming contaminated (WHO 
1988). 

The requirements and methodologies for 
preparing high resolution geochemical baseline 
data are discussed in detail in the final report of 
the IGCP Project 259 (Darnley et al. 1995) 
which includes internationally agreed standards 
for sampling, analysis and data processing in 
different terrains. Analytical methods aimed at 
providing comprehensive data for the most 
environmentally important elements, with limits 
of detection below estimated crustal abundance 
variance, are also recommended, together with a 
quality control system and recommendations for 
databasing and presenting data. 

At present no international agency is respon- 
sible for mapping the distribution of chemical 
substances, other than radioactive elements for 
which the International Atomic Energy Agency 
continues to provide the scientific infrastructure. 
Hence geochemical mapping continues to be 
carried out using a range of different methods, 
often varying according to short-term goals and 
the practices established in the developed 
country or organization providing aid. More- 
over, aid agencies continue to fund geochemical 
mapping only as a low cost adjunct to geological 
mapping for mineral exploration. This is un- 
fortunate since geochemistry provides the most 
relevant geoscience data for environmental 
studies and land use planning and has a much 
lower cost per unit of area covered than other 
types of geoscience survey (Plant & Slater 1986). 

The separate conduct of surveys of the 
chemistry of soils, water and stream sediments 
by different agencies - a legacy from the past 
when geochemistry developed as a component of 
geological, soil and hydrological survey organi- 
zations - also limits the effective application of 
geochemistry in addressing environmental prob- 
lems. Ideally, comparable multi-element data for 
each sample medium should be collected as part 
of a single, holistic, multi-media geochemical 
campaign. This is particularly important since 
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new data on speciation, combined with compu- 
ter modelling and GIS, make possible the 
preparation of geochemical maps targeted at 
environmental problems. 

Understanding the pathways of chemical 

elements from rocks and soils to man and 

animals 

The total concentration of chemical elements 
indicated on geochemical maps can be of direct 
value in studies of relationships between disease 
and the levels of trace elements (e.g. Thornton & 
Plant, 1980; Plant & Stevenson 1985; Plant & 
Thornton 1986; Appleton 1992). However, the 
amount of each dement which is bioavailable is 
more important for these studies than the total 
amount. For example A1, which is the common- 
est metal in the earth's surface layer, occurs in 
both inert and bioavailable forms, and its 
potential toxicity thus depends on its chemical 
form or speciation. It can occur in a large 
number of dissolved species, especially in con- 
ditions of low or high pH, or in colloids with 
organic carbon or silica which limit its toxicity. 
The toxicity of As and Sb also depends on their 
chemical form. They are most toxic in the M -3 
gaseous state with decreasing toxicity in the 
sequence M 3+ > M 5+ > methyl As/Sb (Aber- 
nathy 1993; Chen et al. 1994). 

The speciation of chemical elements affects 
their distribution, mobility and toxicity (Fig. 3). 
This has been known for a long time in the case 
of the common anions (HCO3-, NO3-, 5042-) 
and more recently for a wide range of chemical 
elements in the geosphere (Goldberg 1954) and 
surface environment (Stumm and Morgan 1981; 

Buflle 1988). 
The importance of chemical speciation in 

relating geochemical data to health was first 
established by agricultural scientists (Under- 
wood 1979; Lander 1986). Recently considerable 
developments have been made in the prediction 
of chemical speciation by modelling thermody- 
namic and kinetic equilibria (Basset & Melchior 
1990; Stumm 1991) and by experimental deter- 
minations (Buffle 1988; Marabini et al. 1992). 
Biochemical processes, induced by microbial, 
plant and animal activity, are also important 
controls on both speciation and mobility, but 
were relatively poorly understood until recently 
(Ehrlich 1990; Deighton & Goodman 1995). 

Some of the most important controls, parti- 
cularly on trace element speciation and the 
mobility, include hydrogen ion activity (pH), 
redox potential (Eh), temperature, surface prop- 
erties of solids, the abundance and speciation of 
potential ligands, major cations and anions, the 
presence or absence of dissolved and/or parti- 
culate organic matter, and biological activity. 
Two of the most important factors directly 
controlling mobility and solubility are Eh and 
pH (Fig. 4). The solution chemistry of an 
element is affected profoundly by changes in 
oxidation state, while dissolution reactions, 
including hydrolysis, inorganic complexation, 
complexation with smaller organic anions (such 
as oxalate) and sorption/desorption, are all pH 
controlled. Under conditions of high pH, anions 
and oxyanions (such as those of Te, Se, Mo, U, 
As, P and B) are more mobile and most cations 
(such as those of Cu, Pb, Hg and Cd) are less 
mobile, while at low pH the reverse is generally 
true. Where humic substances or biological 
byproducts are present, however, stable organo- 
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Fig. 4. General relationships between Eh, pH and the 
mobility of some essential and potentially toxic 
elements (modified after Andrews-Jones 1968). Essen- 
tial elements are shown in normal type and potentially 
hazardous elements in italics. 

metallic complexes (which may behave as 
anions) are formed, increasing trace-element 
mobility. The kinetics of inter-species interac- 
tions also act as important controls on specia- 
tion, particularly where natural systems are 
disturbed by the influences of man. 

Geochemical interaction between the geo- 
sphere/hydrosphere and the biosphere depends 
partly on sorption processes and partly on 
chemical speciation. Some elements, for example 
A1, Ti and Cr, are relatively poorly assimilated 
by plants, although others such as Cd, Se, Mo 
and Co, can readily cross the soil-plant barrier 
and enter the food cycle (Loehr I987). In soils, 
sorption of elements by clay minerals and 
organic material is the predominant fixing 
mechanism, with soil pH controlling sorption 
processes and metal solubility/bioavailability. 
Many metals are more soluble in the low pH 
conditions induced by natural organic acids and 
root exudates (Fig. 5). 

In higher animals, including man, assimilation 
occurs by ingestion of nutrients and contami- 
nants, by absorption through the skin, and by 
respiration (WHO 1984). Speciation both in the 
natural environment and in the gastro-intestinal 
tract, exerts a major influence on the uptake and 
assimilation of trace nutrients and PHEs (WHO 
1984, 1994). 

Speciation studies are of particular impor- 
tance in areas affected by land degradation, 
deforestation or pollution caused by mining, 
industrial activity or urbanization, where they 
can be used to optimize amelioration strategies 
and improve management practices. A knowl- 
edge of the factors controlling speciation in 
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different environments can be used to predict the 
potential for absorption of PHEs and as a guide 
to the need for trace element supplementation 
for crops and animals, particularly where base- 
line geochemical data are available. Ideally, 
environmental geochemical surveys, particularly 
in tropical terrains affected by intense chemical 
weathering, should be based on chemical specia- 
tion. Extraction techniques can be used to 
provide an indication of speciation (e.g. Tessier 
& Campbell 1988), but sensitivity to changes 
prior to analysis limits the applicability of such 
determinations where large numbers of samples 
are involved. 

Prediction of speciation using a range of 
thermodynamic models such as WATEQ4F 
(Ball & Nortdstrom 1991), PHREEQEV (Craw- 
ford 1996) and EQ3/6 (Wolery 1992) has greater 
potential, provided that suitable thermodynamic 
and/or kinetic data are available (Bassett & 
Melchior 1990) and the effects of biochemical 
processes are quantified. An iterative approach 
using detailed experimental studies of selected 
elements to validate model predictions is 
thought to offer considerable potential for 
developing speciation maps from geochemical 
baseline data for large-scale environmental and 
epidemiological studies. Studies of AI and As 
speciation, for example, are being used to 
develop methods of processing regional geo- 
chemical data to indicate speciation (Simpson et 

al. 1996; Smith et al. 1996). 

Selected case studies 

The role of geochemistry in identifying, and in 
helping to ameliorate, environmental and health 
problems resulting from trace element imbal- 
ances or contamination in developing countries 
is illustrated by selected case studies. 

N a t u r a l  trace e lement  imbalances and  

animal  health 

Although undernutrition is the major limiting 
factor to grazing livestock production in tropical 
areas, trace element deficiencies or imbalances in 
soils and forages are also responsible for low 
production and reproduction problems. For 
grazing livestock, deficiencies of Co, Cu, I, Fe, 
Mn, Se and Zn, together with excesses of Cu, F, 
Mn and Mo, may particularly lead to adverse 
effects; As, Pb, Cd, Hg and Al also cause toxicity 
(Appleton 1992). 

The diagnosis and mapping of affected areas 
have generally been carried out using forage, 
animal tissue or fluid compositions, all of which 

are expensive and time consuming (Appleton 
1992). Veterinary scientists and agronomists are 
generally familiar with the use of soil geochem- 
istry, but the value of regional geochemical maps 
based on drainage samples is largely unknown, 
especially in developing countries (Appleton & 
Greally 1992). Studies in Bolivia and Zimbabwe 
have been undertaken in order to assess whether 
such data, either collected specially or previously 
(e.g. for exploration), can be used to predict 
problems of animal health, and whether low 
levels of trace elements in drainage sediments 
correlate with reported deficiencies in grazing 
livestock. 

In northeastern Zimbabwe stream sediments, 
soils and forage all exhibit significant correlation 
and the same regional patterns for Zn (Fordyce 
et aL 1996). The lack of a significant correlation 
between Zn levels in those media and the levels 
in cattle blood serum is ascribed in part to a 
range of dietary and physiological factors. It is 
suggested that high concentrations of Fe and 
Mn in soil and forage inhibit the availability 
and therefore the uptake of trace elements, such 
as Cu or Zn. Consequently Zn levels in blood 
serum from cattle foraging in areas with 
moderate to high Zn levels may be equally low 
as those from cattle feeding in low Zn areas (Fig. 
6). Likewise the availability of P to plants and 
animals may be significantly reduced by high Fe 
oxide levels in soils. Nevertheless stream sedi- 
ment geochemical data are shown to be of value 
in helping to target areas for specific veterinary 
investigations, because they provide regional 
information indicating both where Zn and Cu 
are likely to be deficient and where high Fe and 
Mn may induce low Zn or Cu status in cattle, 
despite moderate to high levels of these trace 
elements in sediments, soils and forage. 

This case study (Fordyce et al. 1996) therefore 
supports the review by McDowell et al. (1993) 
which identified a lack of direct correlation 
between trace element levels in soil and forage 
and those in animal blood serum. The findings 
do not fully corroborate the conclusions of other 
reviews (Thornton 1983; Aggett et al. 1988; 
Appleton 1992) which suggest that stream 
sediment geochemical maps can be used directly 
to indicate areas where ruminants may be 
subject to trace element deficiencies. However, 
the conclusion that high concentrations of Fe 
and Mn oxides in soil may inhibit the avail- 
ability of P to plants and of Cu and Zn to cattle 
could have wide implications in developing 
countries because of the preponderance of 
ferralitic soils in tropical regions. It also under- 
lines the need to understand speciation or phase 
partitioning in order to relate 'total' geochemical 
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Fig. 6. Zinc concentrations in stream sediment, soil, grass leaves and cattle serum from northeast Zimbabwe (after 
Fordyce et al. 1996). 

data to plant or animal health criteria. 

Environmental impact o f  coal-fired power 

stations 

Many developing countries depend heavily on 
coal-burning power stations for energy genera- 
tion and in some cases low grade or 'dirty' coal 
feedstocks are used, resulting in serious environ- 
mental degradation. Accordingly the fates and 
environmental impact of potentially harmful 
trace element emissions (PHEs) from coal-fired 
power stations have been studied, particularly in 
China. 

The multi-element geochemistry of the coal 
feedstock has been compared with that of waste 
products and emissions at a power station in 
northeast China. Normalization of the output 
(slag, fly-ash) chemistry, to coal, characterizes 
element partitioning within the combustion 
products, which are generally enriched by up 
to an order of magnitude (Simpson et al. 1995), 
the slag containing particularly high levels of Be, 
As, Mo, Cd and W and the fly-ash high Li, As, 
Cd, U and Th. For example, the results of mass 
balance calculations (Fig. 7) show that of the 
36 tonnes per annum of As consumed (6 ppm As 
in six million tonnes of coal feed) some 24 tonnes 
are output in solid wastes (slag 12 ppm, and fly- 

ash 15ppm), but that almost 12 tonnes per 
annum of As are emitted from the stack. By 
contrast, most U and all Mo is shown to 
partition into the solid wastes. The high levels 
of certain trace elements from stack emissions 
may have a considerable impact on the geo- 
chemistry of surface soils in the surrounding 
area, particularly from pollution plumes in the 
prevailing wind directions. Such emissions could 
therefore have adverse effects on the surface 
environment and on plant, animal or human 
health, partly because the emitted, potentially 
toxic elements may well occur as readily avail- 
able and ingestible chemical species; however, 
more studies are needed to confirm this conclu- 
sion. 

A further environmental hazard may result 
from leaching of PHEs from (often unlined) 
lagoons, in which slag and fly-ash slurries are 
dumped. A study of lagoon leachates (Simpson 
et aL 1995), normalized to cooling-water chem- 
istry, shows that there is strong enrichment in 
some elements that can pose environmental 
threats, such as A1, Mo, V and particularly F, 
which exceeds 25mg/1 (Fig. 7). Experimental 
sequential leaching again suggests that high 
levels of bioavailable and therefore easily 
ingested species of certain trace elements are 
present. 

The surface environment around the power 
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Fig. 7. Mass balance calculations for some PHEs in a power station in northeast China (after Simpson et al. 
1995). 

station has been geochemically characterized 
and compared with uncontaminated baseline 
regions of similar geology. The effects of 
emissions of such elements as As, F, Be, of 
gases such as SO2, and of teachates from the 
slurry lagoon carrying elevated levels of avail- 
able PHEs, are being assessed in terms of a 
critical loads analysis. Preliminary results con- 
firm the importance of factors such as carbo- 
nate-rich rocks and well buffered soils in 
reducing both the potential for acidification 
and the mobility of PHEs (Simpson et al. 1992; 
Flight 1994). 

Impact o f  mining 

In many developing countries, the exploitation 
of mineral resources is of considerable impor- 
tance for economic growth, employment and 
infrastructural development. It can also cause 
serious environmental problems, particularly in 
tropical regions characterized by high rates of 
weathering and biogeochemical cycling, because 
outputs of major constituents and impurities in 
the ore, or of chemicals used in processing, can 
accumulate to levels that may be harmful to 
plant, fish, animal and human health. 

Studies of the environmental and health 
impacts of mining, undertaken at numerous 
representative mines in southeast Asia and 
southern Africa, have highlighted systematic 
relationships between mineral deposit geochem- 
istry, mining methods and drainage quality 
(Williams 1993). The most important controls 
are water-rock interactions, sulphide oxidation 
rate at the fluid-rock interface and in situ 

buffering which is strongly influenced by gangue 
lithology/mineralogy and the weathering rate. 

Mobilization of most heavy metals is con- 
trolled by local pH/Eh conditions and occurs 
principally at low pH under conditions of acid 
mine drainage (AMD). By contrast As and Sb 
are mobile across a much wider pH/Eh range 
(Fig. 4), a characteristic with important implica- 
tions for remediation schemes, because conven- 
tional buffering, such as liming, may be 
ineffective for As contaminated mine-waters. 

Studies have shown that the precipitation of 
Fe oxyhydroxides is, however, a very effective 
practical process for scavenging and immobiliz- 
ing As. Significant As contamination in surface 
drainage, soil pore water and groundwater over 
considerable areas may particularly occur in 
conditions of low ambient Fe concentrations 
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Fig. 8. Results of neutral red retention (NRR) pilot test: Wanderer Mine, Zimbabwe (after Williams & Breward 
1995). 

(e.g. Globe and Phoenix Mine, Zimbabwe). 
Some soils with low (< 5%) Fe content actually 
carry over 100 ppm water soluble As, resulting in 
marked uptake by crops (up to 10 ppm As in 
maize), whereas this is not observed in vegeta- 
tion over sites with similarly high total As, but 
which also contain normal or high levels of Fe 
and in which the As is held as immobile ferric 
hydroxide/arsenate complexes (Williams 1994). 
The problem can be exacerbated by low soil P, 
as crops may assimilate As as a P substitute, due 
to the close chemical similarity of the phosphate 
(PO43--) and arsenate (AsO43-) anions (Williams 
& Breward 1995). In another example at Ron 
Phibun, southern Thailand (National Epidemio- 
logical Board of Thailand 1993), shallow 
groundwater exceeds 5mg/1-1 As (compared 
with the WHO drinking water guideline of only 
10#gV l) in areas where soils contain < 2% Fe. 
Where soil Fe increases to > 5%, As drops to 
< 100 #g 1-1 (Fordyce & Williams 1994). Model- 
ling of Fe oxide sorption properties suggests that 
precipitation of dissolved Fe as hydrous oxide 
would, in most instances, scavenge As particu- 
larly effectively, and consequently may provide a 
practical remediation strategy for As-rich mine 
waters, as the As would be immobilized in inert 
solid materials. 

Mining or beneficiation technology may also 
be critical for metal mobility. In the presence of 
cyanide complexing agents, the mobility of As 
and heavy metals is maintained at neutral and 
even high pH. Drainage waters of pH 8, for 
example at Globe and Phoenix, can hold 
> 30mgl -t Cu, > 10mgl -~ As and > 15mg1-1 
Sb in the ,presence of cyanides, even at low 
( < 10 mg V') concentrations (Williams 1994). 

The effective assessment of the ecotoxicologi- 
cal impacts of mining contamination may be 

difficult and costly in developing countries. A 
practical pioneering method for assessing the 
toxicological impacts of exposures to As (and 
other PHEs) has recently been developed and 
tested successfully at Wanderer Mine, Zim- 
babwe, by the BGS working in collaboration 
with the Institute of Terrestrial Ecology (Wil- 
liams & Breward 1995). Individual invertebrate 
cells are collected and spiked with neutral-red 
dye. Healthy cells retain the dye for lengthy 
periods (longer than one hour) but with increas- 
ing exposure to toxic conditions (As or heavy 
metals) the cells become stressed and release the 
dye increasingly rapidly (Fig. 8). 

This study into the impacts of As or heavy 
metal contamination from mining again under- 
lines the importance of understanding specia- 
tion/phase partitioning in characterizing the 
principal controls that determine sorption/pre- 
cipitation or a high degree of mobility/avail- 
ability, thus determining whether or not 
enhanced metal levels are likely to affect the 
health of plants, animals or humans. The study 
has also identified some potential methods for 
controlling As levels, as well as for assessing 
their ecotoxicological impact in practical, cost 
effective ways. 

Conclusion and recommendations 

Increases in our understanding of the chemistry 
of natural systems, coupled with improved 
computing power, analytical methods and in- 
formation technology, now offer an opportunity 
for considerable advances in environmental 
geochemistry. For example, critical load analysis 
can be performed and regional geochemical data 
processed to provide an indication of speciation 
and hence bioavailability. Such new and sophis- 
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ticated geochemical tools can be used as a basis 
for targeting resources into areas worst affected 
by environmental degradation, predicting po- 
tential hazards and identifying factors limiting 
agricultural productivity or those likely to cause 
health problems in man. In order to benefit from 
these new approaches, more multi-element, 
multi-parameter baseline geochemical data are 
needed, as well as specific research into the 
speciation of PHEs and essential nutrients in 
different geological and climatic terrains. 

Many studies have tended to concentrate on 
potentially toxic heavy metals. More work is 
needed on those trace elements that are essential 
to human health but have harmful effects unless 
a critical, narrow range is maintained, especially 
Se and I. The deficiency of Se has been linked to 
endemic osteo-arthropathic and cardiovascular 
disorders in parts of China (Jianan 1990), and to 
heart disease in Ohio (Schlamberger 1980), while 
Iodine Deficiency Disorders (IDD) including 
goitre and cretinism, are estimated as likely to 
affect up to 800 million people in developing 
countries (WHO 1994). Inter-element effects also 
require more study. Until recently, high quality 
geochemical data on elements such as Se and I 
have rarely been available because of the 
difficulty or high cost of determining these 
elements at levels at and below the average 
abundances in natural materials. Analytical 
methods for Se and for several other environ- 
mentally important chemical elements are now 
being developed by the BGS and other organi- 
zations to enable their distribution to be mapped 
cost effectively. Methods for studying A1 and As 
speciation in the environment have also been 
developed. Studies of links between the distribu- 
tion and speciation of environmentally impor- 
tant elements and their epidemiological signifi- 
cance should now be pursued, ideally in 
countries with good epidemiological data such 
as China (China Map Press 1979). 

Despite the fact that urbanization is a major 
factor in the degradation of the natural environ- 
ment, there has been little or no systematic work 
on the sustainability of the geosphere and 
hydrosphere, or on their ability to absorb the 
effects of land degradation and pollution, in the 
very large cities developing in the third world. 
Geochemical studies of the urban environment 
(including soil, water, dust and air) are urgently 
needed if the environmental damage caused by 
the rapid urbanization of the developing world 
is to be contained, including the threats to the 
marine environment from major coastal cities. 

Environmental geochemistry, particularly the 
preparation of high quality baseline data (Darn- 
ley et al. 1995), has a crucial role to play in 

aiding the understanding of land use problems 
and designing sustainable solutions appropriate 
for the economies of the developed and devel- 
oping world. 

The paper is published by permission of the Director, 
British Geological Survey (NERC). Dr J. D. Appleton 
and Dr H. W. Haslam are thanked for making helpful 
comments on the text. 

References 

ABERNATHY, C. O. 1993. Draft drinking water criteria 
document on arsenic. US-EPA Science Advisory 
Board report, contract 68-C8-0033. 

AG-GETr, P. J., MILLS, C. F., MORRISON, A., CALLAN, 
M., PLANT, J. A., et al. 1988. A study of 
environmental geochemistry and health in north- 
east Scotland. In: THOR-NTON, I. (ed.) Geochem- 
istry and Health. Proceedings of  the Second 
International Symposium. Science Reviews Lim- 
ited, Northwood, 81-91. 

ANDREWS-JONES, D. A. 1968. The application of 
geochemical techniques to mineral exploration. 
Colorado School of  Mines, Mining Industry 
Bulletin, 11, No 6. 

APPLETON, J. D. 1992. Review of  the use of  regional 
geochemical maps for identifying areas where 
mineral deficiencies or excesses may affect cattle 
productivity in tropical countries. British Geologi- 
cal Survey Technical Report WC/92/24 (unpub- 
lished). 

- -  & GREALLY, K. 1992. Environmental Geochem- 
istry R&D Project: A comparison of  the trace 
element geochemistry of  drainage sediments and 
soils in eastern Bolivia. British Geological Survey 
Technical Report WC/92/67 (unpublished). 

- -  & PODGWAV, J. 1993. Regional geochemical 
mapping in developing countries and its applica- 
tion to environmental studies. Applied Geochem- 
istry, Supplement, 2, 103-110. 

BALDOCK, J. W. 1977. Low density geochemical 
reconnaissance in Peru to delineate individual 
mineral deposits. Trans 1MM, 86, B63-73. 

BALL, J. W. & NOaDSTROM, D. K. 1991. Users manual 
for WATEQ4F with revised thermodynamic data- 
base and test cases for calculating speciation of  
major, trace and redox elements in natural waters. 
US Geological Survey, Open-File Report, 91-183. 

BASSErr, R. L. & MELCmOR, D. C. 1990. Chemical 
modelling of aqueous systems: An overview. 
MELCmOR, D. C. & BASSETr, R. L. (eds) Chemical 
Modelling of  Aqueous Systems I1. ACS Sym- 
posium Series, American Chemical Society, 
Washington DC, 416, 1-14. 

BOtJRG, A. C. M. 1988. Models in aquatic and 
terrestrial systems: sorption speciation and 
mobilisation. In: SALOMONS, W. & FORSTNER, U. 
(eds) Chemistry and biology of  solid water dredged 
materials and mine railings. Springer, New York. 

BGS. 1978-95. Regional geochemical atlas series. 
British Geological Survey, Keyworth, Notting- 



20 J.A. PLANT ET AL. 

ham. 
BUDEL, J. 1982. Climatic geomorphology. Princeton 

University Press. 
BtJFFLE, J. 1988. Complexation Reaction in Aquatic 

Systems: An Analytical Approach. Ellis Horwood, 
Chichester. 

BUTT, C. R. M. 1989. Geomorphology and climatic 
history-keys to understanding geochemical dis- 
persion in deeply weathered terrain. In: GAgLAND, 
G. D. (ed.) Proceedings of  Exploration "87. Third 
Decennial International Conference on Geophysical 
and Geochemical Exploration for Minerals and 
Groundwater. Special Volume 3, Ontario Geolo- 
gical Survey, Toronto, 323-334. 

- -  & ZEEGERS, H. 1992. Climate, geomorphologi- 
cal environment and geochemical dispersion 
models, ln: BuTr, C. R. M. & ZEEGERS, H. (eds) 
Regolith Exploration Geochemistry in Tropical and 
Subtropical Terrains. Handbook of Exploration 
Geochemistry, Volume 4. Elsevier, Amsterdam, 3- 
24. 

CHEN, S. L., DZENG, S. R. & YANG, M. H. 1994. 
Arsenic species in the Blackfoot disease area, 
Taiwan. Environmental Science Technology, 28, 
877-881. 

CHrNA MAP PRESS. 1979. Atlas of  Cancer Mortality in 
the People's Republic of  China. Shanghai. 

COnEN, Y. 1987. Modelling pollutant transport and 
accumulation in a multimedia environment, ln: 
DRAC_,~AN, S. et al. (eds) Geochemical and hydro- 
logic processes and their protection. Praeger, New 
York. 

COULSON, F. I. E., PEART, R. J. & JOHNSON C. C. 1988. 
North Sumatra Geochemical and Mineral Explora- 
tion Project. British Geological Survey, Report 25, 
46. 

CRAWFORO, M. B. 1996. PHREEQEV: the incorpora- 
tion of Model V to model organic complexation 
in dilute solutions into the speciation code 
PHREEQEV. Computers and Geosciences, 22, 2, 
109-116. 

DA~ELS, J. L. 1975. Palaeogeographic development of 
Western Australia-Precambrian. In: Geology of  
Western Australia. Western Australia Geological 
Survey Memoir, 2, 437-450. 

DARNLEY, A. G., BJrRI(LUND, A., Bt~LVIKEN, B., 
GUSTAVSSON N., KOVAL, P. et al. 1995. A Global 
Geochemical Database, Recommendations for In- 
ternational Geochemical Mapping. Final Report of 
ICGP Project 259, UNESCO, Paris. 

DmGHTON, N. & GOODMAN, B. A. 1995. The speciation 
of metals in biological systems. In: UPS, A. M. & 
DAWDSON, C. M. (eds) Chemical Speciation in the 
Environment. Blackie, Glasgow, 307-334. 

DUNKLEY, P. N. 1987. Regional drainage geochemical 
exploration survey of the country between Rushinga 
and Nyamapanda, NE Zimbabwe. British Geolo- 
gical Survey, Overseas Directorate, Report No 
MP/87/16. 

1988. Regional drainage geochemical explora- 
tion survey of the Harare area, Zimbabwe. British 
Geological Survey, Overseas Directorate, Report 
No MP/87/18. 

EHRLICH, H. L. 1990. Geo-microbiology. Marcel 

Dekker, New York. 
FLIGHT, D. M. A. 1994. Report on visit to Chongqing, 

Sichuan Province, P. R. China. British Geological 
Survey Technical Report WC/94/17R (unpub- 
lished). 

FORDVCE, F. M. & WILLIAMS, T. M. 1994. Impacts of 
mining and mineral processing with particular 
reference to goM and complex sulphide deposits. 
British Geological Survey, Overseas Visit Report 
(unpublished). 

, MASARA, D. & APPLETON, J. D. 1996. Stream 
sediment, soil and forage chemistry as indicators 
of cattle mineral status in northeast Zimbabwe. 
This volume. 

GOLDBERG, E. D. 1954. Marine Geochemistry 1: 
Chemical Scavengers of the Sea. Journal of  
Geology, 62, 249. 

JIANAN, T. 1990. The influence of selenium deficiency 
in the environment on human health in NE 
China. In: LAG, J. (ed.) Excess and deficiency of 
trace elements in relation to human and animal 
health in Arctic and Sub-Arctic regions. Norwegian 
Academy of Science & Letters, Oslo, 90-108. 

KIN~, L. C. 1957. The geomorphology of Africa. In: 
Erosion surfaces and their mode of origin. Sci Prog, 
45, 672-681. 

KOPPEN, W. 1936. Das geographische System tier 
Klimate. Handbuch der Klimatologie, 1, C, 
Berlin. 

LANDER, L. 1986. Speciation of Metals in Water, 
Sediment and Soil Systems. In: Proceedings of an 
International Workshop (Sunne, October 15-16, 
1986), Springer, Lecture Notes in Earth Sciences, 
11, 185. 

LEVANDER, O. A. 1986. Selenium. In: MERTZ, W. (ed.) 
Trace Elements in Human and Animal Nutrition, 
Academic, Orlando, Fifth Edition, 2, 209-279. 

LOEHR, R. C. 1987. Advancing knowledge on protec- 
tion of the land/soil resource: assimilative capa- 
city for pollutants. In: DRAGGAN, S. et al. (eds) 
Geochemical and hydrologic processes and their 
protection. Praeger, New York. 

McDOWELL, L. R., CONRAD, J. H. & HEMBRY, F. G. 
1993. Minerals for Grazing Ruminants in Tropical 
Regions. 2nd Edition, University of Florida. 

MeMICHAEL, A. J. 1993. Planetary Overload. Global 
environmental change and the health of  the human 
species. Cambridge University Press. 

MARAB1NI, M. A, PASSARIELLO, B. & BARBARO, M. 
1992. Inductively Coupled Plasma Mass Spectro- 
metry: Capabilities and Applications. Microchem- 
istry Journal, 46, 302-312. 

MARTYN, C. N., BARKER, D. J. P., OSMOND, C., 
HARRIS, E.C., EDWARDSON, J. A. & LACEY, R. F. 
1989. Geographical relation between Alzheimer's 
disease and A1 in drinking water. Lancet, i, 59--62. 

MERTZ, W. 1986. Trace Elements in Human and Animal 
Nutrition. US Dept of Agriculture. Academic, 
Orlando. 

MICHEL, P. 1973. Les Bassins des Fleuves Sdn~gal et 
Gamble. Etude Gdomorphologique. ORSTOM, 
Paris, Mrmoire 63. 

MILLS, C. F. 1996. Geochemical aspects of the 
aetiology of trace element related diseases. This 



ROLE OF ENVIRONMENTAL GEOCHEMISTRY IN DEVELOPING COUNTRIES 21 

volume. 
MURDOCH, W. M. 1980. The Poverty of Nations. The 

Political Economy of Hunger and Population. 
Johns Hopkins University Press, Baltimore, 6-7. 

NAHON, D. & TAROY, Y. 1992. The ferruginous 
laterites. In: Btrrr, C. R. M. & ZEEGERS, H. 
(eds) Regolith Exploration Geochemistry in Tropi- 
cal and Subtropical Terrains. Handbook of 
Exploration Geochemistry, Vol. 4, Elsevier, Am- 
sterdam, 41-55 

NATIONAL EPIDEMIOLOGICAL BOARD OF THAILAND. 
1993. Arsenic contamination in Southern Province 
of Thailand. Information leaflet. 

NICHOL, I., JAMES, L. D. & VIEWING, K. A. 1966. 
Regional geochemical reconnaissance in Sierra 
Leone. Transactions of the Institute of Mining and 
Metallurgy (Sect B: Applied Earth Science), 75, 
May, B146-B161. 

PEDRO, G. 1985. Grandes tendances des sols 
mondiaux. Cultivar, 184, 78-81 [in French]. 

PLAN'r, J. A. & HALE, M. 1995. Handbook of 
Exploration Geochemistry, Vol. 6, Drainage Geo- 
chemistry. Elsevier, Amsterdam. 

- -  & SLATER, D. 1986. Regional geochemistry - 
potential developments. Transactions of the In- 
stitute of Mining and Metallurgy, Sect B, Applied 
Earth Science, 95, 63-70. 

& STEVENSON, A. G. 1985. Regional geochem- 
istry and its role in epidemiological studies. In: 
MILLS, C. F., BREMNER, I. & CHESrERS, J. K. (eds) 
Trace Element Metabolism in Man and Animals. 
Rowett Research Institute, Aberdeen, 900-906. 

- -  & THORNTON, I. 1986. Geochemistry and health 
in the United Kingdom. In: THORNTON, I. (ed.) 
Proceedings of the First International Symposium 
on Geochemistry and Health. Science Reviews, 
Northwood, 5-15. 

~ ,  HALE, M. & RaDGWAY J. 1988. Developments 
in regional geochemistry for mineral exploration. 
Transactions of the Institute of Mining and 
Metallurgy, 97, B116-B140. 

- - ,  SIMPSON, P. R., GREEN, P. M., WATSON, J. V. 
& FOWLER M. B. 1983. Metalliferous and miner- 
alised Caledonian granites in relation to regional 
metamorphism and fracture systems in northern 
Scotland. Transactions of the Institute of Mining 
and Metallurgy, 92 B33-B42. 

REEDMAN, A. J. 1973. Geological Atlas of Uganda. 
Uganda Geological Survey and Mines Depart- 
ment, Entebbe. 

SCHLAMnERGER, R. J. 1980. Selenium in drinking water 
and cardiovascular disease. Journal of Environ- 
mental Pathology and Toxicology. 4-2, 3, 305-308. 

SIMPSON, P. R., FLIGHT, D. M. A. & BULL, K, in 
collaboration with ZeNG RONGSHU, ZHANG YI- 
GANG & Xu WEN-LONG. 1992. Report on visit to 
Tangshan General Power Plant, Tangshan, Hebei 
Province, P. R. China. British Geological Survey, 
Technical Report WC/92/49R (unpublished). 

, HURDLEY, J., LALOR, G. C., PLANT, J. A., 
ROBOTHAM, H. 86 THOMPSON, C. 1991. Orientation 
studies in Jamaica for multi-purpose geochemical 
mapping of Caribbean region. Transactions of the 
Institute of Mining and Metallurgy, 100, B98,- 

B l l 0 .  

, BREWARD, N., COOK, J. M., FLIGHT, D. M. A., 
HALL, G. E. M., LISTER, T. R. & SMITH, B. 1996. 
High resolution regional hydrochemical mapping 
of stream water for mineral exploration and 
environmental studies in Wales and the Welsh 
borders. Applied Geochemistry. 11, 3, (in press). 

& 14 others 1995. Environmental impact o f  
coal-burning power stations. British Geological 
Survey Technical Report WC/95/44. (unpub- 
lished). 

SMITH, B., BREWARO, N., CRAWFORD, M. B., GALIMA- 
KA, D., MUSHIRI, S. M. & REEDER, S. 1996. The 
environmental geochemistry of aluminium in 
tropical terrains and its implications to health. 
This volume. 

SMITH, R. E., BIRRELL, R. D. & BRIGOEN, J. 1987. The 
implication to exploration of chalcophile corri- 
dors in the Archaean Yilgarn Blocks, Western 
Australia, as revealed by laterite geochemistry. In: 
12th International Geochemical Exploration Sym- 
posium, Orleans, 1987. Programme and Abstracts, 
BRGM, Orleans. 

SPOSlTO, G. 1989. The Environmental Chemistry of 
Aluminium. CRC, Boca Raton, Florida. 

STEPHENSON, B., GHAZALI, S. k.  • WIDJAJA, H. 1982. 
Regional geochemical atlas of Northern Sumatra. 
Institute of Geological Sciences. 

STIGLIANI, W. ~; SALOMONS, W. 1993. Our fathers' toxic 
sins. New Scientist, December, 38--42. 

STUMM, W. 1991. Aquatic Chemical Kinetics. Wiley 
Interscience, New York. 

& MORGAN, W, 1981. Aquatic Chemistry. 
Wiley, New York. 

TESSlER, A. & CAMPBELL, P. G. C. 1988. Partitioning of 
Trace Elements in Sediments. Proceedings, Metal 
Speciation Theory, Analysis and Application. 
Lewis, New York, 183-199. 

THORNTON, I. 1983. Applied Environmental Geochem- 
istry. Academic, London. 

- - &  HOWARTH, R. J. 1986. Applied Geochemistry 
in the 1980s. Graham and Trotman, London, 103- 
139. 

- -  & PLANT, J. A. 1980. Regional geochemical 
mapping and health in the United Kingdom. 
Journal of the Geological Society, London, 137, 
575-586. 

TRESCASES, J. J. 1992. Chemical weathering. In: BuTt, 
C. R. M. & ZEEGERS, H. (eds) Regolith Explora- 
tion Geochemistry in Tropical and Subtropical 
Terrains. Handbook of Geochemistry, Elsevier, 
Amsterdam, 25-40. 

UNOERWOOD, E. J. 1979. Trace elements and health: an 
overview. Philosophical Transactions of the Royal 
Society of London, B 288, 5-14. 

UN. 1990. Worm Urbanisation Prospects. Department 
of International Economic and Social Affairs, 
UN, New York. 

UN. 1992 Long Range Worm Population Projections. 
Department of International Economic and So- 
cial Affairs. UN, New York. 

URE, A. M. & DAVlDSON, C. M. 1995. Chemical 
Speciation in the Environment. Blackie, Glasgow. 

US GEOLOGICAL SURVEY. 1984. Water Quality Issues in 



22 J.A. PLANT ET AL. 

National Water Summary 1983, Hydrologic Events 
and Issues. Water Supply Paper 2250, Washington 
DC. 

Wv~B, J. S. 1964. Geochemistry and life. New Scientist, 
23, 504-507. 

, FORTESCUE, J. A. C., NICHOL, I. & TOOMS, J. S. 
1964. Regional geochemical maps of the Namwala 
Concession area, Zambia. l-X, Lusaka, Geologi- 
cal Survey. 

WOLERY, T. J. 1992. EQ3/6: Version 7. A software 
package for geochemical modelling of aqueous 
systems. Lawrence Livermoor National Labora- 
tory, Report UCRL:MA-110662, parts 1, 2 and 3. 

WORLD BANK. 1992. World Development Report: 
Development and the Environment. Oxford Uni- 
versity Press. 

WHO. 1984. Guidelines for Drinking Water Quality: 
Volume 2. Health Criteria and Other Supporting 
Information. WHO, Geneva. 

WHO. 1988. Urbanisation and its implications for child 
health: potential for action. WHO, Geneva. 

WHO. 1994. WHO Report Series: Environmental 
Health Criteria. WHO, Geneva. 

WILLIAUS, T. M. 1993. Dispersal pathways of arsenic 
and mercury associated with gold mining and 
mineral processing. Field visit to Zimbabwe. British 
Geological Survey, Technical Report, WP/93/7R. 
(unpublished). 

- -  1994. Impacts of mining and mineral processing 
with particular reference to gold and complex 
sulphide deposits and environmental geochemical 
mapping. Field visit to Zimbabwe. British Geolo- 
gical Survey, Technical Report, WP/94/4 (unpub- 
lished). 

- -  & BaEWAaD, N. 1995. Environmental impact of 
gold and complex sulphide mining (with particular 
reference to arsenic contamination). British Geo- 
logical Survey, Technical Report, WC/95/2 (un- 
published). 



Stream sediment, soil and forage chemistry as indicators of cattle 
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Abstract: Results of previous studies investigating the use of soil and forage chemistry as 
indicators of cattle mineral status have been somewhat equivocal, possibly due to the limited 
range of trace element concentrations in the areas investigated. This paper describes an 
investigation of the relationship between trace element concentrations in stream sediments, 
soils, forage (grass and leaves) and cattle blood (serum) in northeast Zimbabwe in order to 
identify which, if any, of the sample media provide a reliable guide to cattle mineral status. 
Soil, forage and cattle serum were collected from an area characterized by a wide range of 
Zn in stream sediments. The area was subdivided into three regions of relatively low, 
medium and high Zn concentration on the basis of stream sediment data and variations in 
the chemistry of cattle serum, forage, soil and stream sediment samples were examined. 
Significant correlations exist between element concentrations in stream sediments, soils and 
forage but there are no significant correlations with cattle serum. Although this lack of 
direct correlation may, in part, be due to a range of biological factors, it is suggested that 
high concentrations of Fe in soil and forage inhibit (i) the availability of P to plants and (ii) 
the absorption of Cu and Zn in cattle. This may have wide ranging implications due to the 
predominance of ferrallitic soils in many countries in tropical regions. 

The main causes of low production and repro- 
duction rates amongst grazing livestock in many 
developing countries are probably linked to 
undernutrition. However, mineral deficiencies 
and imbalances in forages also have a negative 
effect. Trials in South America have demon- 
strated that mineral supplementation signifi- 
cantly improves calving rates and weight gains 
(McDowell et al. 1993). Al though dietary 
mineral supplementation is commonly practised 
in developed countries, in the developing world 
grazing livestock are often totally dependent on 
indigenous forage for their mineral intake. As 
farmers are encouraged to seek higher levels of 
productivity from forage fed livestock, it will 
become increasingly important to identify those 
areas where trace element deficiencies are 
negatively affecting animal productivity. 

The majority of  trace element imbalances in 
animals do not result in diagnostic clinical 
symptoms; effects are sub-clinical and difficult 
to detect without thorough investigations. The 
assessment of areas with trace element deficiency 
or toxicity problems in grazing livestock has 
traditionally been executed by mapping spatial 
variations in soil, forage, animal tissue or fluid 
compositions. Soil and forage surveys generally 
employ high density, detailed sampling techni- 
ques in order to obtain representative results 
because soil chemistry can vary considerably on 
a local scale and because the trace element 
content of vegetation varies between species, 

ecotype and with plant maturity (McDowell et 
al. 1993). In addition, animal studies often 
require that samples are refrigerated and ana- 
lysed soon after collection. In developing coun- 
tries, where there is often a lack of biological and 
pedological information over large areas, these 
methods may prove too expensive and logisti- 
cally impractical for reconnaissance assessment. 

Stream sediment geochemical mapping may 
provide a more practical al ternative to soil, 
forage and animal assessment methods. It is 
generally accepted that stream sediment sam- 
piing is more representative and cost effective 
than soil or vegetation sampling for rapid 
reconnaissance geochemical surveys (Levinson 
1980). In addition, stream sediment data can be 
used for several purposes including mineral 
exploration and environmental studies. Previous 
studies in temperate regions have demonstrated 
that stream sediment geochemical mapping can 
be used to delineate areas where trace element 
deficiencies or excesses could prejudice animal 
health (Plant & Thornton 1986; Aggett et al. 
1988). Regional stream sediment geochemical 
datasets collected principally for mineral ex- 
plorat ion already exist in many developing 
countries (Plant et al. 1988). The application of  
these data for animal health studies in tropical 
regimes has been examined in general terms 
(Appleton 1992; CTVM 1992; Appleton & 
Ridgway 1993). However, quantitative correla- 
tions between stream sediment trace element 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 23-37 

23 



24 F.M. FORDYCE E T  AL. 

. . . . . . . . . .  . ~ . , , , _ ~ = ~ _ - . ~ : ~ ' , ! . , . . . : . . .  ~.:... ..... : . : . , . . i . . . .  ............ . . I 

ili!ii!i!!!~.:!!.:..'!:::-..... ' " ", .................... 

I 
Oreenstones ~ " "','"'q: : I 

Grey Gneiss ~ ]  I 

Migmatitic Gneiss 

I Mutoko Granite 

N 

l 
0 km 25 
i 

Fig. 1. Simplified geological map of northeast Zimbabwe (modified after Barton et al. 1991). Inset shows location 
of field area. 

levels and livestock mineral levels have not been 
clearly established and no detailed investigations 
into these relationships in tropical environments 
have been carried out. 

This paper describes an investigation of the 
relationship between trace element concentra- 
tions in stream sediments, soils, forage (grass 
and leaves) and cattle blood (serum) in northeast 
Zimbabwe in order to identify which, if any, of 
the sample media provide a reliable guide to 
cattle mineral status. 

Methodology 

S t u d y  area  

An area of communal grazing land in northeast 
Zimbabwe, farmed on a subsistence basis by 
small family groups, was selected for the 
investigation because high quality stream sedi- 
ment data already existed as a result of a 
previous ODA funded project (Dunkley 1987). 
The study area (Fig. 1) comprises 9000km 2 
of tropical, seasonally wet terrain in the districts 
of Mudzi, Mutoko, Murehwa and Rushinga. 
Annual rainfall of 600-800ram occurs almost 
entirely in the months of November to March. 

The study area includes rive major rock types 
(Fig. 1; Barton et al. 1991). In the centre of the 
area, the Migrnatitic Gneisses include biotite and 
hornblende rich migmatites, marie to felsic 
granulites and tonalite gneisses. The Green- 
stones and Grey Gneisses form a volcano- 
plutonic complex separated from the Migmatitic 
Gneisses by a major Archean tectonic break. 
Greenstones range in composition from basaltic 
andesite to dacite whereas the Grey Gneisses 
comprise trondhjemitic and tonalitic granitoid 
intrusives. In the south of the area, the Green- 
stone-Grey Gneiss complex is intruded by the 
Mutoko Granite which itself is intruded in 
places by basic and ultrabasic rocks. Proterozoic 
metasedimentary rocks in the north of the area 
include leucomigmatite with horizons of marie 
gneiss and garnet granulite. 

Soils are mostly fersiallitic, with high Fe and 
AI contents (Thomson & Purves 1978). Greyish 
brown, coarse sands and sandy loams character- 
ize areas underlain by granitic rocks whereas 
brown to reddish-brown sandy loams overlying 
sandy clays are more common over siliceous 
gneisses and schists. Reddish-brown granular 
clays occur over the greenstones and basic and 
ultrabasic intrusive rocks, such as those that 
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Fig. 2. Geochemical map of Zn in stream sediments in northeast Zimbabwe showing the location of blood, soil 
and forage sampling districts 1 to 15. 

intrude the Mutoko Granite in the southwest. 
Lithosols characterize areas of rugged terrain. 
Soils are acid, with pH values of  4.4-6.4 
(Nyamapfene 1991). 

Much of the area is covered by medium to 
dense, mixed woodland savannah. Above 600 m 
the species Julbernardia globiflora, Brachystegia 
bohemia and Brachystegia spiciformis dominate 
whereas below 600 m, Adansonia digitatas, Colo- 
phospermum mopane, Diopsyros, Terminalia, 
Combretum and Commiphore (spp) are more 
common (Anderson 1986a, b; Brinn 1986). 

Cattle form an important component of the 
local economy and family wealth is measured in 
terms of the number of cattle owned. In addition 
to the monetary revenue generated by the sale of 
animals, cattle provide a valuable source of milk 
for the family. Despite the importance of cattle 
for the local economy and family, no mineral 
supplementation is currently practised in the 
area. 

Sampling and analysis 

The study area in northeast Zimbabwe was 
selected to provide a wide range of Zn in stream 
sediments. The area was subdivided into three 
regions of  relatively low (<  35 mg/kg), medium 
(35-70 mg/kg) and high (>  70 mg/kg) Zn, on the 
basis of  existing stream sediment data (Fig. 2) 
and a sampling strategy was devised to test 
whether these geochemical differences were 
reflected in soil, forage and cattle serum. Cattle 
serum was selected for this study as it is easier to 
collect than bone and liver samples. Zn was the 
principal trace element investigated because Zn 
in cattle serum is generally accepted as a reliable 
indicator of  cattle Zn status (McDowell et al. 
1993). 

Sampling was carried out from April to June 
1993 over a period spanning the end of the wet 
season and the start of the dry season. Cattle 
were resampled for Zn analysis from April to 
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Fig. 3. Map of northeast Zimbabwe showing the relationship of grazing areas to dip centres in each district (1 to 
15). 

June 1994 because it was suspected the 1993 
serum samples had been contaminated with Zn 
from the sample tube caps. This was confirmed 
by lower Zn concentrations in the 1994 serum 
samples. 

Blood sampling was conducted at govern- 
ment-run dip centres when cattle from the 
surrounding villages were gathered together. 
Dip centres therefore form the focal points for 
sampling districts (Fig. 3). Fifteen sampling 
districts in northeast Zimbabwe were selected 
for the study, five in each of the three Zn 
regions. Although small-scale geochemical var- 
iations occur within districts, this is not con- 
sidered to affect the overall classification of 
districts as low, medium and high Zn in stream 
sediments (Figs 2, 3). A total of 300 cattle, 20 
from each district, were sampled in 1993. 
However, during the Zn resampling programme 
in 1994, it was only possible to collect 245 
samples. None of the cattle had received mineral 
supplements. Ca, Cu, Mg and Zn were deter- 
mined in serum by AAS and P in serum by 
colorimetry. Analyses for Ca, Cu, Mg and P in 
the 1993 samples were carried out by the 
Veterinary Research Laboratory in Zimbabwe 
whereas Zn analysis of the 1994 samples was 
conducted at the Ministry of Agriculture, Fish- 
eries and Food Veterinary Investigation Centre, 
Sutton Bonnington, UK. Analytical precision 

for Zn was 11% (95% confidence level) (For- 
dyce et al. 1994). 

Forage and soil samples were collected from 
the areas grazed by the cattle sampled in the 
study. Cattle often shared grazing areas there- 
fore only up to five grazing areas were sampled 
in each district (Fig. 3). Separate grass and shrub 
leaf samples comprising a representative range 
of grazed and browsed species were collected. 
Unwashed forage samples were dried at 60~ 
ground to < 1 mm and dry ashed at 550~ prior 
to digestion in hot concentrated hydrochloric 
acid (Fick et al. 1979) and analysis by ICP-AES 
for Ca, Cu, Fe, Mg, Mn, P and Zn. The 
effectiveness of the hydrochloric acid digestion 
method for forage was confirmed by the results 
for an international standard (Table 1). Mass 
balance calculations indicate that soil contam- 
ination is not a significant factor influencing 
major and trace element concentrations in 
forage samples. 

Composite soil samples were collected from 
a depth of c. 10-15cm, sieved to pass a 2mm 
mesh, ground to < 120mm, digested in hot 
concentrated hydrochloric acid and analysed by 
ICP-AES for Ca, Cu, Fe, Mg, Mn, P and Zn. A 
hydrochloric acid digestion was selected so that 
soil geochemical data would be directly compar- 
able with data from the earlier reconnaissance 
stream sediment survey (Dunkley 1987). 
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Table 1. Comparison of analytical results for international forage and soil standards with published data 
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Standard Mn Fe P Mg Ca Zn Cu Co 
mg/kg 

B2/81 78.8 167 2407 1490 6644 31.5 8.1 na 
B2/81" 81.6 164 na na na 31.5 9.6 na 

GXR3 28817 216397 1167 8313 165896 224.7 16.6 50.4 
GXR3 t 22308 190000 1100 8100 135800 207.0 15.0 43.0 

GXR5 231 30327 220 6373 6655 40.8 333.5 21.7 
GXR5 t 310 33900 310 11900 6400 49.0 354.0 30.0 

GXR6 1241 63615 383 4744 1645 135.6 75.6 13.6 
GXR6 t 1007 55800 350 6100 1800 118.0 66.0 13.8 

B2/81, average of 5 analyses of International Rye Grass Standard B2/81; *, recommended values from Office of 
Reference Materials (1991); GXR3, average of 3 analyses of International Soil Standard GXR3; GXR5, average 
of 3 analyses of International Soil Standard GXR5; GXR6, average of 3 analyses of International Soil Standard 
GXR6; t recommended values from Potts et al. (1992); na, not available. 

Table 2. Limits of detection for soil and forage analysis 
by 1CP-AES 

Element Limit of detection (mg/kg) 

Soil Grass Leaves 

Mn 3.0 0.02 0.02 
Fe 6.6 0.36 0.26 
P 9.0 0.56 0.76 
Mg 17.0 1.12 0.98 
Ca 4.2 0.34 0.44 
Zn 0.8 0.06 0.08 
Cu 2.0 0.12 0.14 
Co 3.2 nd nd 

nd, not determined. 

draining the grazing areas were selected for 
comparison with soil, forage and cattle serum 
analytical  data.  Addi t ional  information on 
sampling and analytical methodologies is given 
in Fordyce et al. (1994). 

Each district  is represented by different 
numbers of  samples for each sample medium. 
Relationships between media were therefore 
assessed by calculating district average values. 
Correlation coefficients were employed to iden- 
tify significant inter-element and inter-media 
relationships. Spearman Rank  non-parametric 
correlation coefficients were calculated as they 
are less sensitive to outlying values than product 
moment (Pearson) correlation coefficients. 

Results suggest the digestion may be less 
effective for soils containing a significant pro- 
portion of  primary minerals (GXR5, Table 1). 
However, since the soils in northeast Zimbabwe 
are fersiallitic, the HC1 digestion is likely to 
extract elements such as Fe, Mn, Zn, Cu and Co 
which are contained, for the most part, in 
secondary Fe-oxides. Analytical precision, based 
in repeat analysis of samples, for soil and forage 
was 12~ and 16% respectively (95% confidence 
level) whereas within sample site variation was 
generally 4-20% (Fordyce et al. 1994). Detection 
limits for soil and forage analyses are listed in 
Table 2. Results for soil and forage samples are 
presented on a dry matter basis. 

Stream sediments collected at an average den- 
sity of  one per km 2 were sieved to < 177mm 

prior to digestion in hot concentrated hydro- 
chloric acid and analysis by AAS for Co, Cu, 
Mn and Zn (Dunkley 1987). Data  for streams 

Results and discussion 

Rock ,  s tream sediment  and  soil geochemistry  

Comparison of  the Zn in stream sediments 
geochemical map (Fig. 2) with the geological 
map (Fig. 1) and with maps for Co, Cu and Mn 
in stream sediments (Appleton 1992), shows that  
the Greenstones are characterized by elevated 
levels of Co, Cu, Mn and Zn. Copper, Mn and 
Zn concentrations are generally high over the 
metasedimentary rocks, with localized high Co 
values. The Migmatit ic Gneisses and Grey 
Gneisses in the centre of the area are character- 
ized by very low levels of Co, Cu, Mn and Zn 
reflecting the low levels of  these trace elements in 

the parent rocks (Barton et al. 1991) and the 
sandy infertile soils derived from them. Similarly 
low levels of Co, Cu, Mn and Zn are associated 
with those parts of  the Mutoko Granite in the 
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Table 3. Comparison o f  average values for elements in rocks, sediments and soils in northeast Zimbabwe. 

Sample Element 
medium 

Average element composition in rock type (mg/kg) 

Mutoko granite and Migrnatitic Metasedimentary 
grey gneiss* gneiss 

Rock 

Sediments 

Soils 

Ca 15700 32200 35100 
Fe 13200 40100 66300 
Mg 3860 17100 13800 
Mn 290 840 1300 
P 290 700 800 
Samples taken 22 16 37 

Co 6 10 12 
Cu 11 20 22 
Zn 28 34 86 
Mn 381 436 975 
Samp~staken 34 50 101 

Ca 1293 2189 3649 
Fe 8314 14718 36870 
Mg 1644 3356 4480 
Mn 249 321 800 
P 115 159 381 
Co 3 7 11 
Cu 6 14 20 
Zn 18 27 66 
Samples taken 15 14 27 

Average rock compositions calculated from data in Barton et al. (1991). * No grazing areas were underlain by 
greenstones therefore average rock data do not include analyses of greenstones. 

Table 4. Spearman Rank correlation coefficients between elements in stream sediments and soils for the 15 districts 

Co soil Cusoil Fesoil Mgsoil Mnsoil Psoil Znsoil Cosed Cused Mnsed Znsed 

Ca soil .821 .643 .671 .896 .750 .639 .814 .553 .715 .557 .725 
Co soil .793 .686 .929 .696 .521 .743 .713 .765 .564 .646 
Cu soil .786 .718 .711 .607 .689 .627 .722 .632 .675 
Fe soil .643 .936 .825 .896 .458 .543 .796 .786 
Mg soil ~ .675 .507 .721 .647 .803 .489 .614 
Mn soil .825 .957 .415 .465 .821 .814 
P soil .861 .416 .468 .829 .757 
Zn soil .468 .511 .782 .796 
Co sediment .854 .517 .670 
Cu sediment .518 .706 
Mn sediment .921 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 (Koch & Link 1970). 

southwest of  the area that are not intruded by 

basic rocks. There  is, therefore,  a strong 

geological control on the levels of trace elements 

in stream sediments (Table 3). In addition, the 

chemistry of  soils generally reflects bedrock 

chemistry, especially for Ca, Fe and Mn (Table 

3). 
The trace and major element chemistry of 

soils correlates strongly with stream sediment 

geochemistry thus confirming the dominant  

influence of bedrock composition on regional 

variation in both these sample media (Table 4). 

Sorption of trace elements by secondary Fe and 

Mn oxides also influences the trace element 

content  of  soils as indicated by the strong 

correlations between Fe and Mn with Co, Cu, 

P and Zn in soils (Table 4). 
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Fig. 4. Box and whisker plots of the 10th, 25th, 50th, 75th and 90th percentiles of Zn distributions in each sample 
type for each district (1 to 15) in the low (1), medium (2) and high (3) Zn regions. Circles indicate values < 10th 
and > 90th percentiles. Zn concentrations in mg/kg except serum (mg/1) (No cattle serum data are available for 
district number 4.) 
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Z i n c  

The distributions of Zn within each district and 

between districts vary considerably for all 

sample media (Fig. 4). Concentrations of Zn in 

sediment, soil, leaves and grass from districts in 

the low Zn region generally have lower Zn 
concentrations than samples from districts in the 

medium or high Zn regions. However, within 

each region there is no consistent relationship 
between district Zn concentrations in sediment, 

soil, leaves and grass. There is no apparent 

relationship between Zn in sediment, soil and 
forage and Zn in serum at the district level. 

Table 5. Results o f  ANOVA statistical probability test 

comparing populations for  Zn in each sample media 

from the low, medium and high Zn regions 

ANOVA F-value P-value 

Zn sediment v. Zn region 
224 samples 119.37 < 0.001 
15 district mean values 45.939 < 0.001 

Zn soil v. Zn region 
56 samples 29.662 < 0.001 
15 district mean values 6.754 0.0108 

Zn grass v. Zn region 
56 samples 5.429 0.0072 
15 district mean values 5.343 0.0219 

Zn leaves v. Zn region 
56 samples 13.254 < 0.001 
15 district mean values 6.612 0.0116 

Zn serum v. Zn region 
245 samples 1.424 0.2428 
15 district mean values 1.691 0.2289 

At the regional level, there are statistically 
significant differences between the regions for Zn 

in sediment, soil, grass and leaves but not in 
cattle serum (Table 5). Zn concentrations in soil 
and forage reflect the geochemical trend from 

low to high Zn in stream sediments (Fig. 5). In 
grass and leaves, more overlap occurs between 

the concentration ranges for the low, medium 
and high Zn regions. In contrast to the other 

sample media, the ranges for Zn in cattle serum 
are approximately the same in the three regions. 

These observations are reiterated in Table 6 
which shows there are significant (95% con- 

fidence level) correlations between district aver- 

age values for Zn in grass, leaves, soils and 

sediments but no significant correlations be- 

tween Zn in serum and the other sample media. 

Therefore, at both the district and regional 

levels, cattle serum Zn does not  directly reflect 

environmental Zn concentration. 
Many biological factors such as the species 

type and state of maturity of plants, and the age 

and gender of animals, exert significant controls 

on the uptake of major and trace elements by 

living organisms (Mertz 1987). In addition, 
infection and vaccination are known to enhance 

Cu and deplete Zn in cattle serum. A large 
number of serum samples were collected in this 

study to minimize the effects of biological 

factors on district means. Despite this precau- 
tion, these biological factors may largely explain 
why the levels of Zn in cattle serum do not 

directly reflect environmental Zn in northeast 
Zimbabwe. Another explanation for the lack of 

correlation between cattle serum Zn and forage 
Zn may be the uncer ta in  cont r ibut ion  of 
individual grass and browse species and the 

proportion of grass and browse material in the 
dietary intake of cattle in this study. 

Table 6. Spearman Rank correlation coefficients be- 
tween Zn in serum, grass, soil and leaves for  the 15 

districts and other elements in various media (based on 
district mean concentrations). 

Zn serum Zn grass Zn leaves Zn soil 

Zn grass -.200 
Zn leaves -.293 .575 
Zn soil .392 .732 .886 
Zn sediment -.359 .600 .836 .796 
Cu grass .150 .461 .300 .271 
Cu leaves -.117 .521 .793 .654 
Cu soil -.112 .586 .725 .689 
Fe grass -.299 .511 .843 .775 
Fe leaves -.112 .357 .764 .618 
Fe soil -.392 .621 .857 .896 
Mn grass -.035 .214 .411 .214 
Mn leaves - 273 .368 .735 .175 
Mn soil -.366 .632 .893 .957 
Ca leaves -.350 -.461 -.909 -.186 
Ca soil -.442 .582 .625 .814 
P soil -.317 .807 .825 .861 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 
(Koch & Link 1970). 

Although statistical correlations do not prove 
a causal relationship, the strong spatial and 

statistical correlations between sediment, soil 
and forage Zn suggest that increased levels of Zn 

in soils result in increased uptake of Zn by 
plants. However, ingestion of plants containing 

higher levels of Zn does not  result in an increase 

in the Zn levels found in cattle serum. In fact, Zn 

in serum appears to decrease slightly as Zn in 
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forage increases (Table 6). One possible expla- 
nation may be the antagonistic relationships 
present between elements as they are absorbed 
during digestion by the cattle. Fe and Zn are 
known to have an antagonistic relationship 

during absorption in humans (Sandstrom et  al. 

1985; Mertz 1987) and in rats (Quarterman 
1985). In addition, antagonistic relationships 

between Mn, Fe and Zn have been reported in 
humans (Christophersen 1994). Lebdosoekojo et  

al. (1980) suggest that high levels of Fe and Mn 
may interfere with the metabolism of other trace 

elements in cattle. Several clinical studies in 

animals and humans have identified a mutually 
antagonistic relationship between Cu and Zn 

(Mertz 1987). In northeast Zimbabwe, the area 
of high Zn in soils and forage coincides with 

high Cu, Fe and Mn in soils and forage (Tables 

4, 6), therefore it is possible that uptake of these 

elements is inhibiting the absorption of Zn in 
cattle. 

Zn concentrations in serum tend to decrease 

slightly as the Ca content of leaves and soil and 
the P content of soil increase (Table 6). High Ca 

and P ingestion have been shown to reduce Zn 
absorption in humans, pigs and poultry but 
these relationships are less clear in cattle (Mertz 
1987). 

Copper 

There are significant correlations between dis- 

trict average values for Cu in sediment and soil 
(Table 4) and between Cu in soil and leaves 

(Table 7). However, Cu in serum exhibits no 

correlation with Cu in soil, grass or leaves (Table 
7) or average forage (Fig. 6). Therefore although 

there is some evidence to suggest that higher 

levels of Cu in the environment are taken up by 

vegetation, these higher levels are not reflected in 

the Cu content of serum. Similar results are 
reported by McDowell (1976) who found that 
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the Cu content of  soils and forage did not  
correlate with the Cu status of cattle. Evidence 
from the present study suggests that, as with 
Zn, this lack of correlation may partly reflect 
antagonistic relationships between elements dur- 

ing uptake. 

Table 7. Spearman Rank correlation coefficients be- 

tween Cu in serum, grass and leaves for the 15 districts 

and other elements in various media (based on district 

mean concentrations) 

Cu serum Cu grass Cu leaves 

Cu grass -.195 
Cu leaves .032 .446 
Cu soil .009 .371 .696 
Cu sediment -.019 .452 .374 
Zn grass -.496 .461 .521 
Zn leaves -.356 .300 .793 
Zn soil -.347 .271 .645 
Zn sediment -.489 -.398 .500 
Mn grass -.593 .204 .354 
Mn leaves -.675 .464 .139 
Mn soil -.340 .204 .614 
Mn sediment -.640 .504 .543 
Fe grass -.381 .329 .657 
Fe leaves -.349 .189 .486 
Fe soil -.277 .336 .629 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 
(Koch & Link 1970). 

The most significant negative correlations are 
between serum Cu and (i) Mn in stream 
sediment, grass and leaves and (ii) Zn in stream 

sediment and grass (Table 7). In addition the 
correlations between Cu in serum and Fe in soil 
and forage are slightly negative (Fig. 6). These 
negative relationships suggest that Zn, Mn and 
possibly Fe ingested in forage and soil may be 
inhibiting the absorption of Cu in cattle. Clinical 
trials have demonstrated that high levels of 
dietary Zn reduce Cu absorption in rats, pigs 
and sheep although the relationship in cattle is 
less clear (Mertz 1987). The inhibitory effects of 
dietary Fe on Cu absorption are well documen- 
ted (Mertz 1987). For example, Humphries et  al. 

(1985) found dietary intakes of 350mgkg -1 of 
Fe in forage were sufficient to significantly 
reduce the Cu content of the liver in young 
calves. Russell et al. (1985) demonstrated that Fe 
ingested from soil has a negative effect on Cu 
absorption in sheep. Up to 25% of the Fe 
content of soils can be extracted during simu- 
lated digestion in sheep (Brebner et al. 1985). 
Since the level of Fe in soils is 100 times the 
content of forage in northeast Zimbabwe (Table 
8), ingestion of high Fe soils may exert a greater 
inhibitory effect on Cu uptake than Fe in 
forage. 

1.2 

1 go �9 
," I .  

�9 �9 �9 

O O  

nna 

m 0 . 4  

~ 0 . 2  

0 i i i i i i 

1.5 3 .5  5 .5  7 .5  

CU FORAGE mg/kg 

1.2 

--  1 

E O . 8  

r r 0 . 6  
I L l  

000. 4 

L~ 
0.2 

I I I u n n 

�9 �9 ) �9 
�9 �9 0 0 

i i i i i i 

50 150 250 350 

FE FORAGE rng/kg 

1 . 2  . I . I �9 I �9 I �9 I �9 l 

ego 
E O . 8  �9 �9 �9 

g 

�9 �9 �9 

n-0 .6  �9 
uJ 
r 0. 4 

r 
0 . 2  

�9 i �9 i �9 i �9 u �9 ! �9 

0 20000 40000 60000 

FE SOIL rng/kg 

Fig. 6. Plots of district average values of Cu in serum versus Cu in forage, Fe in forage and Fe in soil. (Average 
forage values represent the average of grass and leaf compositions for each district.) 



G E O C H E M I S T R Y  A N D  CATTLE M I N E R A L  STATUS IN Z I M B A B W E  33 

Table 8. Average element values in serum, forage and soils from the present study compared to studies from other 

areas o f  mineral deficiency in grazing ruminants 

Media Country Ca Mg P Fe Mn Co Cu Zn 

Serum (mg/1) 

Forage (mg/kg) 

Soil ~ (mg/kg) 

a Zimbabwe 80 23 45 nd nd nd 0.8 0.7 

b Swaziland na na 39 na na na na na 

h Malawi 76 na 56 na na na 0.3 na 

d Indonesia na na na na na na 0.6 0.8 

e Bolivia 112 18 70 na na na 0.9 1.0 

f Bolivia 80 21 67 na na na 0.6 1.1 

a Zimbabwe* 4409 1713 1444 234 109 nd 1.9 19.0 

t 16189 3575 1750 165 179 nd 6.1 17.0 

b Swaziland 4050 1500 5500 224 86 na 5.6 9.0 

c Guatemala 3100 1850 2500 520 92 0.4 14.0 32.5 
d Indonesia na na na 742 88 0.3 9.3 5.0 

e Bolivia 4400 1850 1900 170 390 0.5 5.2 24.0 

f Bolivia 2100 1600 1500 134 133 0.2 5.9 30.0 

g Colombia 1300 1550 1300 563 143 0.1 1.8 13.5 
g Brazil 5050 2550 5000 238 145 0.1 4.0 26.5 

a Zimbabwe 2807 3653 251 23537 517 8.1 15.4 43.1 
b Swaziland 524 191 12 na 4 na 1.0 1.1 

c Guatemala 1860 387 10 52 59 na 2.4 5.8 
d Indonesia na na na 98 24 na 1.6 4.6 
e Bolivia 648 204 4 115 17 na 0.5 3.0 
f Bolivia 192 34 1.2 24 0.3 na 0.3 1.3 

a, present study; b, Ogwang (1988); c, Tejada et al. (1985); d, Prabowo et al. (1991); e, McDowell  et al. (1982); 

f, Peducass6 et al. (1983); g, Miles et al. (1989); h, Mtimuni et aL (1983). nd, not determined; na, not available. 
* Mean concentrations for grass samples; t mean concentrations for leaf samples; ~ soils were digested with hot  
concentrated HC1 in the present study whereas published results from Guatemala, Indonesia, Bolivia and the 

USA are for partial extraction with 0 .05NHCI+0 .025NH2SO4.  Soil data for Swaziland are for partial 
extraction with ammonium acetate. 

Table 9. Spearman Rank correlation coefficients between Ca in serum, grass and leaves and Mg  in serum for  the 15 

districts and other elements in various media (based on district mean concentrations) 

Ca grass Ca leaves Ca soil P grass P leaves Mggra s s  Mg Laves 

-.279 -.039 -.093 -.461 -.007 - .254 .321 
-.207 .136 .257 -.218 .446 .089 

-.209 -.096 .543 -.286 -.479 

-.157 .389 .043 .318 .625 - .296 -.282 

Ca s e r u m  

Ca grass 

Ca leaves 
Mg serum 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 (Koch & Link 1970). 

Table 10. Spearman Rank correlation coefficients between P in serum for the 15 districts and other elements in 

various media (based on district mean concentrations) 

P soil P grass P leaves Fe soil Fe grass Fe leaves 

P serum -.079 -.025 .243 -.311 -.343 -.321 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 (Koch & Link 1970). 
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CaIcium and magnes ium 

Ca and Mg in soils correlate closely with all the 
other elements in soils as a result of the strong 
influence of  bedrock geochemical variations 
(Table 4). Ca and Mg in soils do not correlate 
significantly with Ca and Mg in forage or serum 
samples (Table 9). Increased uptake of these 
elements by plants and animals as a result of  
higher levels in soils is not evident. 
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Fig. 7. Plots of district average values of P in serum 
versus Fe in forage. (Average forage values represent 
the average of grass and leaf compositions for each 
district.) 

Phosphorus 

P in serum does not correlate significantly with P 
in any of the other sample media (Table 10). 
Although there is a strong positive correlation 
between Fe and P in soil, strong sorption of P by 
Fe oxides in soils normally reduces the avail- 
ability of P to plants. This may explain why P in 
forage and cattle serum does not increase with P 
in soils; indeed P in serum tends to decrease 
slightly as Fe in soil and forage increases (Table 
10; Fig. 7). This suggests that elevated levels of" 

Fe in soil and forage may cause P deficiency in 
cattle. Additional significant relationships be- 
tween P and other elements are mentioned in 
previous sections. 

Iron and manganese  

In addition to the relationships discussed above, 
significant correlations exist between Fe in soil 
with grass and leaves (Table 11) and Mn in 
sediment with soil (Table 4), grass and leaves 
(Table 11). This demonstrates that Fe and Mn in 
sediments and soils can be used as indicators of 
levels of these elements in forage. No indicators 
of cattle mineral status were obtained for Fe and 
Mn. 

Deficiency levels 

Table 8 shows the average element concentra- 
tions in cattle serum, forage and soil from the 
present study compared with published data 
from other parts of the world where deficiencies 
in cattle serum, forage and soils have been 
recorded. Cattle mineral status studies com- 
monly classify animal, forage and soil samples 
with respect to deficient, marginal and toxic 
element concentrations (McDowell et al. 1993). 
Samples below the critical level are termed 
deficient. The use of marginal bands acknowl- 
edges the uncertainty of predicting the precise 
level at which deficiency is induced. Applying the 
critical levels and marginal bands used in the 
published studies (Table 12) to the data from 
northeast Zimbabwe, it is clear that a high 
proportion of  cattle serum and forage samples 
are marginal in Zn (Table 13). 

Discrepancies between the percentage of 
samples below the critical levels and marginal 
bands in serum, forage and soil have been 
observed in previous studies (references from 
Table 8). This is confirmed by the present study 

Table 11. Spearman Rank correlation coeJ~cients between Fe in grass, leaves and soil for the 15 districts and Mn in 
various media (based on district mean concentrations). 

Fe leaves Fe soil Mn leaves Mn soil Mn sediment 

Fe grass .428 .743 .346 .828 .825 
Fe leaves .671 .089 .628 .632 
Fe soil .314 .936 .796 
Mn grass .578 .246 .486 
Mn leaves .225 .493 

r 95% = 0.457; r 99% = 0.612; r 99.95% = 0.780 (Koch & Link 1970). 
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in which only 26% of the cattle are Cu deficient 

whereas nearly 100% of forage samples are 

below the critical concentration (Table 13). 

Table 12. Deficiency critical levels and marginal bands 

for elements in cattle serum and forage 

Media Element Critical value Marginal 
deficient band 

Serum (mg/1) Ca* < 80 
Mg 
P* < 45 
Cu < 0.65 
Zn 

< 10-20 

< 0.6-0.8 

Forage (mg/kg) Ca < 3000 
Mg < 2000 
P < 2500 
Co < 0.1 
Cu < 10 
Fe < 30 
Mn 
Zn < 30 

< 30-40 

All values taken from McDowell et al. (1993) except 
* from Peducass6 et al. (1983) 

Summary and conclusions 

1. Stream sediment geochemical maps for Zn 
and Mn provide a reliable indication of the 
relative distribution of these elements in soil 
and forage (grass and leaves). Cu in stream 
sediments can be used to predict the levels of 
these elements in soil and grass, but less 
reliably in leaves. Fe in soils provides a 
reliable indication of levels in grass and 
leaves. Although hot hydrochloric acid ex- 
tractable Ca, P and Mg in soil reflect 
variations in the chemical composition of 
the underlying rocks, this information can- 
not be used to predict relative concentrations 
of these elements in forage. 

2. Ca, Cu, Mg, P and Zn in cattle serum do not 

correlate positively with these elements in 
forage, soil and sediment samples. Therefore, 

it appears that it is not possible to use the 
concentrations of these elements in forage, 

soil or stream sediments to predict the 

mineral status of cattle. 

3. The lack of direct relationship between cattle 

mineral status and forage status probably 

reflects the influence of biological factors 
including plant species and maturity and 

cattle gender and age on element uptake. The 

relationship may also be influenced by the 
uncertain contribution of grass and leaf 

species in the dietary intake of the cattle. 
4. The results of this study suggest that inter- 

actions and antagonist ic  effects between 
elements as they are absorbed by plants and 

animals may influence the mineral status of 
cattle in northeast Zimbabwe. High concen- 
trations of Fe and Mn in soil and forage 
appear to inhibit the availability of P to 
plants and the absorption of Cu and Zn in 
cattle. These findings may have wide ranging 
implications due to the preponderance of 
ferrallitic soils in many countries in tropical 
regions. 

5. Although stream sediment, soil and forage 
geochemical maps cannot be used to predict 
the mineral  status of grazing ruminants  

directly, they can serve to indicate those 
areas where Zn, Cu and P are likely to be low 
in soils and forage and those areas where 
higher levels of Fe (and/or Mn) may induce 
low Zn, Cu and P status in cattle despite 
higher levels of these elements in soils and 

forage. 
6. Discrepancies between the percentage of 

deficient serum and percentage of deficient 
forage samples found in previous studies are 
also apparent in northeast Zimbabwe. This 

suggests that  the critical levels Used to 
determine deficiency may require further 

investigation. 
7. The l imitat ions inherent  in the use of 

univariate rank statistical tests to assess what 
are almost certainly multivariate relation- 

ships are acknowledged. A mult ivariate  

Table 13. Percentages of northeast Zimbabwe serum and forage samples with elements below critical levels and 
marginal bands (Table 12) 

% Deficient % Marginal 

Ca Mg P Cu Fe Zn Mg Mn Zn 

Serum 47 - 55 26 nd - 17 nd 86 
Grass 10 77 94 100 0 92 - 6 - 
Leaves 0 2 88 98 0 100 - 0 - 

Marginal, < 20 mg/1 Mg serum; < 0.8 mg/1 Zn serum and < 40 mg/kg Mn forage, nd = no data. 
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statistical approach to data interpretation is 
currently under investigation and will include 

consideration of Fe in cattle serum. 

8. It is recommended that additional studies 

should be carried out over a variety of 

geographical and geological conditions in 
order to confirm the findings of this study. 

This study forms part of the British Government 
Overseas Development Administration (ODA) Tech- 
nology Development and Research Programme 'En- 
vironmental Geochemical Mapping' Project (R5547, 
91/6). 
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Abstract: The influence of botanical (pasture species), geographical (altitude) and 
pedological (bedrock type, soil pH and extractable mineral concentration) factors on 
mineral concentrations in dry season pasture was studied in samples of topsoil and herbage 
from 135 sites on 84 farms in the Mt Elgon region of western Kenya. Of the four major 
elements measured in herbage, only S was affected by geology, low values being found above 
Tertiary volcanic (TV) and metamorphic gneiss (MG) bedrocks. By contrast, only P was not 
affected by species, Setaria being low and Kikuyu grass usually high in macro minerals. Of 
the seven trace elements analysed in herbage, geology influenced only one: Cu; low values 
were again found above TV and MG but Cu availability to grazing ruminants would be 
relatively high because of the associated low S values. By contrast, only Se was unaffected by 
species, Kikuyu grass being high in all but Mn. Soil bedrock had a greater influence on soil 
composition but correlations between extractable soil and herbage mineral concentrations 
were poor for all elements, even within botanical species after correction for soil pH and soil 
contamination. Concentrations of Ca, P, Mg, S, Cu and Zn were often less than tabulated 
requirements for grazing livestock. However, risks of deficiency could not be predicted from 
the pedological factors measured. 

The prediction of mineral deficiencies in grazing 
livestock requires good correlations between 
convenient markers of mineral status and animal 
health or productivity. Correlations are likely to 
become weaker in moving from animal to 
pasture to soil in pursuit of a predictor because 
of  the many factors which influence mineral 
uptake at each interface. However, soils are the 
easiest to characterize and correlations might be 
improved by removing the effects of known 
sources of variation. The influence of botanical 
(pasture species), geographical (altitude) and 
pedological (bedrock type, soil pH and extrac- 
table mineral concentration) factors on mineral 
concentrations in dry season pasture was, there- 
fore, assessed in a region of Kenya where the 
forages are commonly  deficient in several 
macro-  and micro-elements (Jumba et al. 
1996a, b) The effects of botanical composition. 
on the mineral content of dry season forage were 
substantial (Jumba et al. 1995a, b) and in this 
paper we contrast those effects with the minor 
influence of soil bedrock and extractable mineral 
concentrations in the soil. 

Materials and methods 

At least three samples of topsoil and herbage 
were gathered from each of 135 sites on 84 farms 
in the Mt Elgon region of western Kenya in the 
dry season (wet seasons surveys present logis- 

tical problems) between January and March 
1987 (Jumba 1989). The underlying parent  
bedrock was determined from 1:125000 geolo- 
gical survey maps and altitude from topogra- 
phical maps. The botanical composition of the 
pasture sample was recorded. Distribution of 
principal botanical species and all bedrock types 
amongst the sample sites are indicated in Table 
1. Most of  the sites (51%) lie between 2000 and 
2333 m above sea level (a.s.1.) with 28% between 
1666 and 2000m, 16% between 1333 and 1666m 
and the remainder (5%) between 2333 and 
2777m. Soil pH and total Se or extractable 
concentrations of Ca, P, Co, Cu, Fe, Mn, Mo 
and Zn were determined in duplicate for the 
pooled samples from each site by standard 
methods as were total mineral concentrations 
in unwashed herbage (Jumba et al. 1995a, b, 
1996a, b). Methods for extractable mineral con- 
centrations in soils were chosen after compar- 
isons for each element based o n  opt imal  
recovery of  the added element from soil solu- 
tions (Jumba 1989). Table 2 gives the extraction 
method selected and those rejected. Soil Mg and 
S were not  measured. 

Statistical analysis used a residual maximum 

likel ihood (REML) approach (Patterson & 
Thompson 1971) to fit a mixed model to obtain 
fitted means for the unbalanced datasets, Wald 
statistics (distributed as a Chi square) being used 
to assess significance (Genstat 5.3 program, 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 39-45 
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Table 1. The associations between herbage species and soil bedrock at 132"* of the sample sites 

Bedrock* 

Herbage species (abbreviation) Common name TV IG MS MG SSG AD 

Pennisetum purpureum (Pp) Napier 4 8 5 15 1 6 
Setaria sphacelata (Ss) Setaria 2 0 0 6 0 1 
Chloris guyana (Cg) Rhodes 7 4 0 23 5 9 
Pennisetum clandestinum (Pc) Kikuyu 4 1 0 2 1 1 
Ss/Cg mixtures 2 1 1 8 1 0 
Mixed natural grasses (mng) 1 3 2 5 1 2 

** Single samples of three sown species are excluded from this table and Tables 3-5. 
* TV, Tertiary volcanic; IG, igneous granite; MS, metamorphosed sedimentary; MG, metamorphic gneiss; SGG, 
sedimentary sandstone and grits; AD, alluvial deposits. 

Table 2. Outcome of preliminary screening of extraction methods for assessing the available mineral concentrations 
in soils 

Method Evaluated Preferred for Preferred to 

A 
B 

C 
D 
E 
F 
G 
H 

1 M Ammonium acetate pH 7 Ca, Mn, Zn, Mo E, F 
1 M Ammonium acetate pH .8 Fe C, F 
1 M Ammonium acetate in 0.05 M HCI; pH 3 None 
0.5 M NaHCO3, pH 8.5 None - 
0.5 M Acetic acid, pH 2.5 Co None 
0.1M HC1 in 0.0125M n 2 s o  4 P, Cu A, E, F(P); A, G(Cu) 
0.05 M EDTA: pH7 None - 
1 M Ammonium oxalate pH 3 None - 

copyright 1994; Lawes Agricultural Trust). The 

model allowed the mean pH (Tables 3 and 4) or 
extractable mineral concentration in soils asso- 

ciated with a particular species or soil bedrock to 

be calculated, since any such associative effects 

would be confounded with the main effects of 

species and bedrock. Where appropriate, the Ca 

model was augmented by including the contin- p 

uous variables, altitude, soil pH and soil Mg 

extractable mineral concentration as covariates. S 
In the augmented model factors were fitted in 

the order altitude, extractable concentration in 
Co 

soil, soil pH, soil bedrock and finally herbage Cu 

species. For each covariate, Wald statistics were Fe 

calculated ignoring terms fitted later in the Mn 

model but standard errors for each term were Mo 

generated on a 'best fit' basis allowing their Se 

significance to be accurately assessed. Zn 

R e s u l t s  

Pasture  minerals  and cattle requirements  

The overall mean and range of mineral concen- 

trations in the pastures are presented with 

estimates of  the dietary requirements of beef 

cattle for those minerals in Table 3. Pasture 

Table 3. Means and ranges of mineral concentrations in 
western Kenya pastures compared with dietary require- 
ments published by ARC (1980) for beef cattle 

Element Mean Range Requirement 
(gkg -1 DM) 

1.5 0.3-3.2 1.7--6.7 
1.4 0.04-3.5 1.1-3.4 
1.6 0.6-2.6 1.0-2.0 
1.5 0.5-3.1 1.1-1.6 

(mgkg -1 DM) 

0.2 0.03-0.96 0.08-0.10 
4.0 1.8-9.4 8-15 
300 30-270 30-100 
220 50-590 20-25 
1.1 0.1-4.2 ? 

0.1 0.009-0.62 0.03-0.05 
24 5-97 12-35 

concentrations of Ca and Cu were generally 

below the requirement of ruminants, Mg, P, S 

and Zn were marginal, Co and Se occasionally 

low while Fe and Mn were adequate. The 

mineral composition of the herbage in relation 

to soil bedrock and pasture species are shown in 

Tables 4 and 5 respectively. 
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Table 4. Effects of soil bedrock on the macro- (g kg -1 DM) and micro- (mg kg -1 DM) mineral concentrations in dry 
season herbage 

TV IG MS MG SSG AD s.e.d.m.* 

n = 20 17 8 59 9 19 min max W 

(mgkg -~ DM) 
Mo 1.1 1.4 0.9 1.3 1.4 1.0 0.22 0.40 4.0 
Fe 355 270 280 349 341 338 42.9 80.4 9.2 
Mn 210 240 213 236 231 228 22.0 41.4 5.7 
Zn 22.7 25.1 24.7 27.6 27.6 26.1 3.02 5.68 1.1 
Set 67 52 70 75 95 61 0.105 0.217 3.0 
Cu 4.0 4.6 5.5 3.9 4.5 4.3 0.36 0.65 19.1 
Co 0.29 0.25 0.24 0.25 0.25 0.24 0.037 0.068 4.0 

(gkg -I DM) 
Ca 1.2 1.5 1.6 1.3 1.4 1.4 0.13 0.24 2.9 
P 1.8 1.4 1.7 1.3 1.8 1.3 0.14 0.30 9.3 
Mg 1.7 1.7 1.5 1.6 1.9 1.5 0.13 0.23 6.6 
S 1.3 1.7 1.8 1.2 1.9 1.5 0.13 0.23 28.6 
Soil pH 5.7 5.2 4.9 5.2 5.0 5.2 0.16 0.30 13.2 

For explanation of  soil bedrock abbreviations, see Table 1. 
*Standard errors of the differences between means (s.e.d.m.) are given for the smallest and largest classes along 
with Wald (W) statistics to indicate the significance of class differences; with W > 11.07, p is < 0.05; W > 15.09, 
p < 0.01; W > 20.52, p < 0.001. 
t For  Se units are #g kg -1 DM and derived means are given with s.e.d.m, for log10 transformed data. 

Table 5. Effects of botanical composition on the mineral concentrations in dry season herbage (mean soil pH at sites 
occupied by the species also given) 

Pp Ss Cg Pc mng s.e.d.m. 

n = 39 9 48 9 14 min max W* 

(mgkg -1 DM) 

Mo 1.1 0.9 0.9 1.7 1.4 0.16 0.34 15.1 
Fe 179 264 311 416 406 34.3 73.0 37.8 
Mn 181 304 239 152 205 17.8 38.0 32.6 
Zn 22.8 17.7 19.5 30.1 27.7 2.5 5.3 29.5 
Se t 65 47 74 74 80 0.058 0.124 7.0 
Cu 4.2 3.9 3.7 6.0 4.9 0.24 0.50 39.4 
Co 0.19 0.23 0.21 0.35 0.29 0.025 0.055 19.2 

(g kg -1 DM) 

Ca 1.3 1.1 1.7 1.4 1.4 0.10 0.21 26.2 
P 1.5 1.3 1.4 1.9 1.7 0.14 0.30 5.8 
Mg 1.7 1.4 1.5 1.9 1.7 0.10 0.21 11.4 
S 1.1 1.4 2.0 1.7 1.5 0.10 0.21 82.6 
Soil pH 5.2 5.1 5.1 5.4 5.2 0.07 0.16 9.5 

See Table 1 for explanation of herbage species abbreviations. 
* Levels of significance are the same as for Table 4. 
t Units for Se in #g kg -I DM with s.e.d.m, for log10 transformed data. 

Variation in pas ture  mineral  concentrations 

Soil bed rock  h a d  little influence on he rbage  

compos i t ion .  O f  the  four  macro-e lements ,  only  S 

was  affected by geology,  low values being f o u n d  

above  T V  and  M G  b e d r o c k  (Table 4). Of  the  

seven t race  e lements  analysed,  geo logy  influ- 

enced only  one  (Cu)  (Table  4); low values were 

again  f o u n d  above  T V  a n d  M G  b u t  C u  avail- 

abili ty to grazing r u m i n a n t s  w o u l d  be relatively 

h igh  because  o f  the  associa ted  low S values.  By 

cont ras t ,  P was the  on ly  m a c r o - m i n e r a l  n o t  
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affected by species, Setaria (Ss) being low and 
Kikuyu (Pc) usually high in macro minerals 
(Table 5). Similarly, only Se of the micro 
elements was unaffected by species, Kikuyu 
(Pc) being rich in all but Mn (Table 5). 

Variation in soil  mineral  composi t ion 

Soil bedrock influenced soil composition parti- 
cularly extractable Cu, Mn and Co (Table 6) but 
simple correlations between soil and herbage 
usually accounted for less than 10% of the 
variation in pasture composition (maximum r 
values 0.48 for P; 0.35 for Co). When corrections 
for species, altitude and pH effects were made in 
the augmented model, the correlation coeffi- 
cients for P, Cu and Co showed tittle or no 
increase (for example, the corrected r value for P 
was 0.53). The influence of species on herbage 
Co decreased if herbage Fe was used as a 
covariate, the W value decreasing from 19.2 to 
10.5. Since soil is richer in Co and Fe than the 
herbage, this suggests that contamination by soil 
Co varied between species of different growth 
habit (at one extreme, Napier is a tall, erect 
forage species while at the other, Kikuyu has a 
short, prostrate habit ideal for grazing). Soil pH 
was generally low and its use as a covariate did 
little to improve soil/plant relationships. 

Herbage Cu increased and Se decreased in 
curvilinear relationships with altitude (Table 7) 
but the maximal effect of altitude over the range 
encountered remained small. 

Table 7. Regression coefficients for the effects of altitude 
(A) on herbage Cu and Se (mgkg -1 DM) (where A = 

2 metres above sea level and A is the variate) 

Coefficient s.e. W* 

Herbage Cu (• 4) 1.56 0.600 18.5 
log10 herbage Se --0.375 0.1689 8.5 

s.c., standard error. 
* W, Wald statistic for the continuous variate altitude; 
when W is > 4.1, p is < 0.05. 
Effects of species, bedrock and soil pH were taken into 
account as covariates. 

Discussion 

The results indicate that there are prospects of 
multiple mineral deficiencies in the pastures of 
western Kenya but geochemical variables had 
surprisingly little influence on the macro- or 

micro-mineral composition of the dry season 
forage. To some extent the results may be 
peculiar to the region which is dominated by 
one particular bedrock (MG) and consists of 
heavily-weathered, acid soils in which the 
influence of geological origin may have been 
dissipated. However, there were marked differ- 
ences in extractable mineral concentrations 
between soils of different geological origin and 
their influences were either masked by the 
overriding influence of plant uptake or were 
artefacts of the extraction methods. Removal of 
the larger species effects on herbage composition 
did little to improve soil/plant relationships. 
Although evidence of species variation in soil 
contamination of the herbage was obtained, 
the correlation between herbage and soil Co 
remained weak after using both species and 
herbage Fe as covariates for Co. Three parti- 
cular aspects of the prediction of mineral 
deficiencies in livestock from geochemical or 
plant data merit further discussion. 

Deficiencies o f  soil  ex tract ion me thods  

The double-acid method chosen for soil Cu (and 
P) is similar to that used by McDowell et aL 

(1982) and Fig. 1 illustrates its inability to 
predict marginally deficient Cu values in her- 
bage. Since good correlations were found 
between each of the chosen extraction methods 
and those rejected for a particular element 
(Table 2; Jumba 1989), predictions would not 
have been greatly improved by using different 
methods. McLaren et al. (1984) showed that 
another extractant, EDTA, was increasingly 
imprecise when it came to predicting the Cu, 
Mn and Zn concentrations of single species 
(lucerne) pastures in New Zealand, the respec- 
tive correlation coefficients being 0.53, 0.31 and 
0.26. For elements such as Cu for which soil 
organic matter (OM) has a strong influence on 
availability to plants, the predictive value of the 
EDTA extraction test can be improved by 
correcting for soil OM content (Silanpaa 1982). 
It would, however, be far more sensible to use 
either a weaker extractant (e.g. dilute acids) 
which, like the plant, has difficulty in removing 
organic matter-bound Cu from the soil or a 
strong acid mixture to give total extraction, 
avoiding unwarranted assumptions about avail- 
ability. 

The poor predictive value of soil extraction 
methods for minerals other than Cu in soils from 
western Kenya agrees with the findings of a 
global study involving maize and wheat (Silan- 
paa 1982). If  soil tests are of as little use in 
predicting mineral concentrations in wet season 
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Fig. 1. A comparison of extractable copper concentrations in soils, total copper concentrations in herbage and 
respective standards of adequacy or plants (COSAC 1982) and livestock (ARC 1980; low molybdenum diets). See 
footnote to Table 1 for explanation of bedrock abbreviations: values for TV are derived means. 
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Fig. 2. A comparison of species differences in herbage Zn set against the range of tabulated Zn requirements given 
by ARC (1980). The interpretation of species effects depends greatly on the class of livestock which vary Widely in 
their estimated requirement for Zn. See Table 1 for explanation of herbage species abbreviations. 

forage as they are in the dry season, then 
herbage analyses must be relied upon for 
assessing soil mineral availability to herbage 

species in the region. 

Species differences and geochemical 

reconnaissance 

The usefulness of geochemical reconnaissance 
data for predicting the mineral status of grazing 
livestock has yet to be established (Appleton 
1992). In view of the large effects of species on 
the herbage concentrations of  most of  the 
elements studied in western Kenya, geochemical 
reconnaissance data should be evaluated either 

by sampling the commonest herbage species in a 
region or by using the statistical approaches 
presented here to correct for species bias where it 
is impractical to assess mineral status in live- 
stock directly. The robustness of the REML 
technique was confirmed by omitting poorly 
represented subsets from the statistical analysis 
and showing that there were minimal changes in 
predicted mean values or W statistics for any 
element in any species. 

Species differences and animal requirements 

Predictions of mineral deficiences in animals are 
complicated by variations in the seasonal con- 
tribution different species make to total dietary 
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intake and by seasonal fluctuations in animal 

requirement (Table 3). The nutritive value of dry 

season forage is so low that it would not be 

expected to sustain high levels of production 

without supplementation. Caution must, there- 
fore, be exercized when selecting the standard of 

nutritional requirement. Figure 2 illustrates the 

species variation in herbage Zn concentration in 

relation to the range of Zn requirements quoted 
by one authori ty (ARC 1980). The lower limit of 

the requirement range is for maintenance, which 
is all that  could be expected of dry season 
Setaria or Rhodes grass: on average, the Zn 

provided by these species would probably meet 
the maintenance need. White et al. (1991) 

showed that where pasture quality and quantity 
are poor, Zn requirements for growth and wool 
production in ewes and lambs can be met on 
pastures containing only 10-20 mg Zn/kg DM. 
Similarly with P, cattle are able to tolerate diets 

with concentrations well below all published 
nutritional standards for long periods (e.g. Call 
et aL 1986) and they are less tolerant than sheep 
of P deficiency (Read et al. 1986). The presence 

of Zn and P concentrations well below standards 
of nutritional requirement does not guarantee 
that production would benefit from Zn or P 
supplementation and the same is true for other 
minerals. 

C o n c l u s i o n s  

Macro- and trace mineral deficiencies may occur 

in grazing livestock during the dry season in 
western Kenya since pasture mineral concen- 
trations fall well below published standards of 

requirement for several elements. This conclu- 
sion needs to be verified by gathering data on 
wet season pastures and on the mineral status of 
animals grazing in the area. Any risk of 
deficiency is likely to be influenced by botanical 

composition of the pastures and to a much lesser 
extent by the topographical and pedological 

factors considered in this study. 
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Abstract: Concentrations of trace and major elements are examined in several soil profiles 
from national parks and wildlife reserves in Kenya. Broad variations in soil trace element 
concentrations between locations are largely attributable to differences in parent material 
and variations in soil pH are related to sodium and calcium concentrations. However, 
element concentrations and distributions are also influenced by soil forming processes. The 
process of sodication in alkaline solonetz soils in Lake Nakuru National Park appears to 
have lowered the concentrations of copper, cobalt and nickel in the surface horizon. At 
Amboseli National Park, a marked accumulation of molybdenum, sodium, potassium, 
calcium and magnesium in the surface horizon of an alkaline solonchak is probably due to 
salinization processes. Apparent mobilization of copper, cobalt and nickel down the profile 
of a humic nitisol in the Aberdares Salient is associated with eluviation and leaching 
processes. In two andosols and an ando-humic nitisol, copper, cobalt and nickel tend to 
accumulate in the surface horizon in association with organic matter. In vertisols from 
Amboseli National Park and Lewa Downs Wildlife Reserve, the relatively constant trace 
element concentrations in the A and B horizons are linked to the self-swallowing processes 
that characterize this soil type. The elevated pH in the solonetz and solonchak soils at Lake 
Nakuru and Amboseli National Parks results in enhanced uptake of molybdenum in the 
grass species Sporobulus spicatus. At Lake Nakuru National Park, high molybdenum 
concentrations in this and other plant species are associated with low copper status of 
impala. The implications of soil geochemistry for the trace element nutrition of wild animals 
in small conservation areas are discussed. 

The trace element status of animals depends 
strongly on that of their diet (Underwood 1977). 
For  wildlife, studies have demonstrated that the 
distribution and seasonal movements of some 
species are related to concentrations of major 
and trace elements in grasses (McNaughton 
1988, 1990; Ben-Shahar & Coe 1992). The 
enclosure of wildlife within relat!vely small 

national  parks has focused attention on the 
capacity of  soils to release adequate trace 

elements into the food chain. The uptake of a 
trace element into a plant depends on the plant 
species and on a number of soil properties which 

determine the bioavailability of the element in 
the soil. These soil properties include the total 
concentration of  the element, soil pH, moisture 

content, organic matter content, clay content 

and redox conditions and are ultimately deter- 
mined by both the parent material and the soil 

forming processes. 
Previous geochemical studies in nat ional  

parks and wildlife reserves in Kenya have shown 

*Present address: School of the Environment, Benedict 
Building, St George's Way, University of Sunderland, 
Sunderland SR2 7BW, UK 

that  broad variat ions of the trace element 
content of soils were largely attributable to 
differences in soil parent material (Maskall & 
Thornton  1991). In a study of Mole National  
Park in Ghana,  Bowell & Ansah (1993) found 

that bedrock geology was the major control on 
concentrations of cobalt, copper, manganese 
and selenium in soils. However, within particu- 
lar locations, local pedogenic and hydrological 
factors appeared to influence the total concen- 
trat ion of trace elements in surface soils and 
their  b ioavai labi l i ty  to plants  (Maskal l  & 

Thornton  1991). To investigate the influence of 
these factors in greater detail, the geochemistry 
and pedology of a number of soil profiles from 

wildlife conservation areas in Kenya was exam- 

ined, and the implications for the trace element 
nutrit ion of wild animals evaluated. 

Methodology 

Soil profiles were examined at naturally occur- 

ring or man-made soil exposures or by digging 

a pit  to a maximum depth of 2m. Individual 
horizons were characterized for colour using 

Munsell soil colour charts and for texture and 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 47-62 
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Fig. 1. Sampling locations in Kenya. 

wetness by hand (Faniran & Areola 1978). One 
soil sample was taken from each horizon or sub- 
horizon which varied in thickness according to 
the profile characteristics. Each sample com- 
prised between 800 and 900 g of material which 
was removed from a freshly exposed face of the 
profile using a trowel. All soil samples were sun- 
dried, disaggregated, homogenized and passed 
through a 2mm sieve in Kenya. For the soil 
samples, c. 400 g of material was transported to 
Imperial College, London. On arrival, samples 
were redried, rehomogenized and c. 35g of 
material ground to less than 180mm. 'Total' 
concentrations of trace and major elements were 
determined by digesting a 0.25 g sample of the 
<180#m soil fraction with a concentrated 
nitric/perchloric acid mixture and analysing by 

Inductively Coupled Plasma Atomic Emission 
Spectrometry (ICP-AES) (Thompson & Walsh 
1983). The total soil molybdenum concentration 
was determined by ICP-AES after extraction 
into heptan-2-one giving a detection limit of 
0.06 l /~gg- (Thompson & Zao 1985). Soils were 
analysed for pH by the method of Allen et al. 

(1974). Organic matter in non-sodic, non-calcic 
soils was determined using a soil ignition 
method. The loss in weight of a 5 g soil sample 
was measured after ignition at a temperature of 
450~ (Allen et al. 1974). At Amboseli National 
Park, surface soils (0-15 cm) and grass samples 
were also taken as part of the reconnaissance 
survey of the area. Surface soils were collected 
using a 2.5cm diameter soil auger and each 
sample comprised a composite of nine subsam- 
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Table 1. Climate and altitude o f  sampling sites 
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Location Mean temp. (~ Annual rainfall (mm) Altitude (m) 

Lake Nakuru N.P. 18 876 1800 
Aberdares Salient East 18 700 1900 

West 13 1300 2300 
Amboseli N.P. 23 350-400 1250 
Lewa Downs W.R. 18-20 450-900 1800 

Sources: Sombroek et al. (1982); Vareschi (1982); Western (1969). 

0 1 2 3 4 5 k m  

Lake Nakuru 

A A A /~ A 

L 
L 

~ ~Deep, dark greyish brown, calcareous, 

saline, aodlc, silt loam to clay (Solonetz) 

Well dralned, moderately 
deep, brown loam (Andosols) 

Well dralned, deep, dark reddish 
brown clay loam (Andosols) 

Well drained, shallow, dark brown, stony 
clay loam (Regosols and Phaezema) 

~ Complex of: Imperfectly drained, deep, 
brown, sandy clay to clay (Camblaola) 
and Well drained, deep, dark brown, 

sandy clay loam (Phaezeme) 
Soll Plt Site 

Fig. 2. Soils of Lake Nakuru National Park. Source: Sombroek et al. (1982). 

ples taken on a 4 x 4 m square. Soils were then 
treated as described above. Grass samples were 
collected using scissors within the 4 x 4 m  
square, sun-dried in Kenya and transported to 
Imperial College. Plant samples were redried, 
milled and analysed for trace element content by 
ICP-AES after digestion with nitric and per- 

chloric acids (Thompson & Walsh 1983). Data  
were assessed for accuracy and precision using a 
quality control system integral to the analytical 
procedure (Ramsey et  al. 1987). All data  
achieved the precision and accuracy targets of  
10%. 
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Fig. 3. Profile 1: variation of major element concentra- Fig. 4. Profile 1: variation of trace element concentra- 
tions with depth, tions with depth. 

Site descriptions and results 

Four conservation areas were studied, their 
locations in Kenya are shown in Fig. 1 and 
climatic data are given in Table 1. Ten soil 
profiles were examined and the full datasets have 
been deposited with the Geological Society 
Library and the British Library Document 
Supply Centre, Boston Spa, Wetherby LS23 
7BQ, UK, as Supplementary Publication No. 
SUP18110 (13 pp). The Supplementary Publica- 
tion contains data on pH and the following 
elements in the ten profiles: sodium, potassium, 
calcium, magnesium, aluminium, manganese, 
iron, cobalt, copper, nickel, zinc and molybde- 
num. In addition, the organic matter content is 
given for Profiles 5, 6, 9 and 10. In this paper, 
data for eight elements and soil pH are presented 
for Profiles 1, 5, 6, 8 and 10 only. 

Lake Nakuru National Park 

The park covers an area of 180 km 2 in the Rift 
Valley of which 40 km 2 are occupied by the lake. 
The floor of the Rift Valley around Nakuru 

belongs to a Tertiary-Quaternary volcanic suite 
with associated alkaline sediments (McCall 
1967). Lake Nakuru is the low point in a 
catchment basin of c. 1800 km 2 bounded to the 
west by the fault scarp of the Mau. To the east 
of the lake lies Lion Hill, originally a subsidiary 
volcano of the lower Menengai succession. Lake 
Nakuru is a hypereutrophic, alkaline-saline 
closed basin system which deposits trona at 
times of low water (Vareschi 1982). Soils on the 
Rift Valley floor are derived from sediments of 
volcanic and lacustrine origin, giving rise to 
dark, poorly drained clays being more calcar- 
eous, saline and sodic near to the lake (Fig. 2). 
The Mau escarpment and Lion Hill are mantled 
by andosols developed over phonolites and 
phonolitic trachytes (Sombroek et al. 1982). 

Five profiles were studied: 
Profile 1: solonetz developed on lake sediments 
located 200m south of Lake Nakuru on fiats 
with a patchy covering of the grass Sporobulus 
spicatus. 
Profile 2: solonetz developed on lake sediments 
located 500m west of Lake Nakuru in dense 
Acacia xanthophloea forest. 
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Fig. 5. Profile 5: variation of major element concentra- Fig. 6. Profile 5: variation of trace element concentra- 
tions with depth, tions with depth. 

Profile 3: solonetz developed on lake sediments 
located 2000m south of  Lake Nakuru in open 
Cynodon dactylon/Chloris gayana grassland. 
Profile 4: humic andosol  developed on a 
phonolitic trachyte located on Lion Hill in 
Tarchonanthus camphoratus scrub. 
Profile 5: vitric andosol developed on a phono- 
lite located on the Mau Escarpment in mixed 
Acacia xanthophloea/Tarchonanthus camphora- 
tus woodland. 

The solonetz soils feature a relatively narrow 
A horizon with a sandy loam or sandy silt loam 
texture and a thicker B horizon with a clay-rich 
texture. The profiles have a high pH (6.6-11.1) 
and elevated concentrations of sodium (4190- 
19660#gg -1) and calcium (1705-51800#gg-1). 
Trace element concentrations in the surface 
horizon of the solonetz soils are low; mean 
concentrations of cobalt, copper, nickel and 
molybdenum are 3.9, 3.5, 2.9, and 0 .9#gg  -1 
respectively. In general, elemental concentra- 
tions tend to reach a maximum in the B horizon 
and this is illustrated for Profile 1 in Figs 3 and 
4. Soil pH also increases with depth reaching a 

maximum in the B horizon (Fig. 13). 
The andosols both comprise a dark reddish- 

brown humic A horizon with a silty clay loam 
texture which directly overlies the C horizon. 
The geochemistry of both profiles is similar and 
the elemental data for Profile 5 are presented 
here. Sodium and calcium concentrations in- 
crease down the profile whereas potassium and 
magnesium decrease with depth (Fig. 5). The pH 
of the A~ horizon is 6.7 which increases to 8.7 in 
the C horizon (Fig. 13). Trace element concen- 
trations in the surface horizon are 6.2/zgg -1 
cobalt, 4.2 #g g-1 copper, 5.0 #g g-~ nickel and 
2.3 #gg-I  molybdenum. The trace elements are 
accumulated in the A horizon relative to the C 
horizon (Fig. 6) and may be associated with 
organic matter. 

Amboseli National Park 

Amboseli is located in the south of Kenya a few 
kilometres from the Tanzanian border (Fig. 1). 
The area has a lower rainfall, lower altitude and 
higher temperatures compared with the other 
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Fig. 7. Profile 6: variation of major element concentra- 
tions with depth. 
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Fig. 8. Profile 6: variation of trace element concentra- 
tions with depth. 

sites (Table 1). A small part of the park of about 
2 30km in area was studied, located in the O1 

Tukai/Longinye area. The emergence of the 
Ki l imanjaro  volcanics in the late Pliocene 
produced basaltic lavas which flowed into the 
south of the study area. Subsequent infilling of 
the Amboseli basin occurred by deposition of 
gravels, silts and sands from rivers to the north 
and west and deposition of ashes, clays and 
conglomerates  from Kil imanjaro (Williams 
1972). 

Two soil profiles were studied. 
Profile 6: orthic solonchak located on the O1 
Tukai salt pan developed on a parent material of  
days,  calcareous silts and silty clays. The pan 
supports a patchy covering of the grass Sporo- 
bulus spicatus. 
Profile 7: chromic vertisol located to the south of 
the Engong Narok  swamp developed on infill 
from basaltic rocks. No vegetation cover. 

The solonchak comprises a light grey crust 
underlain by a narrow, sandy, pale brown A 
horizon, an intermediate A/C horizon and a 

dark greyish-brown C horizon with a silty sand 
loam texture. The water table was present at a 
depth of 1.2 m. The profile has a high pH (9.2- 
10.7) and high concentrations of sodium (2372- 
26980 #g g-l) and calcium (17240-54500 #g g-l). 

Sodium, potassium, calcium and magnesium are 
accumulated in the A horizon (Fig. 7) which also 
has the highest pH (Fig. 13). The molybdenum 
concentra t ion  in the A horizon is nearly 
100/zgg -1, over ten times that in the C horizon 
(Fig. 8). In contrast, cobalt, copper and nickel 
concentrations are low and tend to increase with 
depth. 

Aberdares Salient 

The Salient is a wedge-shaped area on the slopes 
of the Aberdare mountain range composed of 
the footridges of old basaltic volcanoes. It covers 
an area of  about  70km 2, the predominant 
vegetation being montane forest and associated 
scrub and clearings. The area receives a rela- 
tively high level of rainfall particularly on its 
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Fig. 9. Profile 8: variation of major element concentra- Fig. 10. Profile 8: variation of trace element concen- 
tions with depth, trations with depth. 

upper slopes to the west (Table 1). The Salient is 
entirely underlain by lavas of the Laikipian and 
Sattima series (Shackleton 1945). In the east of  
the Salient, soils are classed as humic nitisols 
and in the west as a complex of ando-humic 
nitisols and humic andosols (Sombroek et al. 
1982). This classification reflects the increase in 
the proportion of  volcanic ash in the soil parent 
material in the west. 

Two profiles were studied. 
Profile 8: humic nitisol developed on basalt from 
the extreme east of the area at an altitude of 
1920 m. The exposure is located in a clearing in" 
dry intermediate forest. 
Profile 9: ando-humic nitisol developed on 
basalt/volcanic ash in the northwest of the 
salient at an altitude of 2280m. Vegetation is 
dominated by dense montane forest. 

The nitisols are both relatively deep, dark 
reddish-brown, silty clay loams and the humic 
nitisol has a thick argillic B horizon. Soil organic 
matter is generally in the range 10-12% but is 
markedly higher (21.5%) in the Az horizon of 
the ando-humic nitisol. Base cation concentra- 

tions are relatively low l!Fig. 9), particularly for 
sodium ( 8 9 - 2 6 1 # g g - )  and calcium (163-  
2761 #gg-l)  and the soils have a relatively low 
pH (4.2-6.4). The nitisols are relatively rich in 
trace elements; the A1 horizon of the humic 
nitisol contains 40.6, 37.9, 63.4 and 4.2/zg g-1 of 
cobalt, copper, nickel and molybdenum respec- 
tively. In the humic nitisol (Profile 8) cobalt, 
copper and nickel concentrations increase down 
the soil profile (Fig. 10) but in the ando-humic 
nitisol (Profile 9), trace element concentrations 
are higher in the A horizon. 

Lewa Downs Wildlife Reserve 

Lewa Downs is a small wildlife reserve located 
on ranchland in the central highlands at an 
altitude of about 1800m (Table 1). The 14km z 
area is predominantly underlain by the Osirua 
basalts which vary from olivine-augite basalts to 
mugearites and basanites (Hackman 1988). Data  
are presented here for the predominant soil type: 
Profile 10: chromic vertisol developed on basalt 
located in open grassland. 
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Fig. 11. Profile 10: variation of major element Fig. 12. Profile 10: variation of trace element concen- 
concentrations with depth, trations with depth. 

The soil profile features a dark grey A horizon 
with a clay texture and significant cracking and 
crumbly consistency. The B~ and B2 horizons are 
relatively deep and show relatively little differ- 
entiation although there is some cracking in the 
B1. Soil pH remains at a constant 8.5 (Fig. 13). 
The soil contains high concentrations of calcium 
(13430-15560#gg -1) and magnesium (13280- 
14290#gg -1) throughout the profile (Fig. 11). 
Concentrations of copper, cobalt, zinc and 
nickel show little significant variation with depth 
(Fig. 12). However, molybdenum is depleted 

1 in the A horizon (0.1 # g g - )  relative to the 
1 Bl horizon (0.4/~gg-) and the B2 horizon 

(0.7 #g g-l). 

D i s c u s s i o n  

The influence o f  parent material on element 

concentrations in soils 

Throughout Africa, relatively high concentra- 
tions of copper and cobalt have been reported in 
a variety of soils derived from basic rocks; from 

basalts and amphibolites in Nigeria (Cottenie et 
al. 1981); from amphibolites in the Central 
African Republic (Boulvert 1966); from dolerite 
and basalt in Chad (Pias 1968); and from basic 
rocks in Ghana (Burridge & Ahn 1965) and 
Angola (Fragoso 1959). Low concentrations cf 
copper and cobalt have been reported in soils 
developed on volcanic ash and lake sediments in 
Kenya (Chamberlain 1959; Nyandat & Ochieng 
1976; Maskall & Thornton 1991). The broad 
variations in soil trace element concentrations 
between the study locations are largely attribu- 
table to differences in parent material. Thus at 
Lake Nakuru National Park, the solonetz soils 
which are developed on old lake sediments and 
the andosols which are developed on phonolites 
and phonolitic trachytes contain relatively low 
concentrations of copper, cobalt and nickel. 
Conversely, soils developed on basalts at the 
Aberdares Salient, Amboseli and Lewa Downs 
have relatively high copper, cobalt and nickel 
concentrations. It is interesting to note that 
concentrations of iron correlate significantly 
with those of copper (r = 0.59), cobalt (0.85) 
and nickel (0.53) for all sites. In some profiles, 
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Fig. 13. Variation of soil pH with depth. 

the concentrations of major elements in soil are 
influenced by the chemical composition of the 
parent material as indicated by the geochemistry 
of the C horizon. The high calcium concentra- 
tions in the solonchak at Amboseli appear to 
derive from the calcareous nature of the 
sedimentary parent material. Similarly, the high 
concentrations of calcium and magnesium in the 
vertisol at Lewa Downs probably originate from 
the underlying basaltic rocks. The relatively high 
sodium concentrations in the andosols at Lake 
Nakuru National Park reflect the composition" 
of the underlying phonolitic trachytes and 
phonolites which are both relatively rich in 
sodium (McCall & Hornung 1972). 

The influence o f  pedogenic processes on 

element distribution in soil profiles 

Previous work has indicated that variations in 
soil trace element concentrations were influenced 
by the action of pedogenic processes, particu- 

larly in ferrisols and ferralsols (Aubert & Pinta 
1977). In the Central African Republic ferrisols 
derived from charnockite, gneiss or migmatite 
had either very low (traces-1 #gg-l), average 
(10-30 #g g-l) or very high (100-200 #g g-l) total 

copper concentrations, depending on the degree 
of rock weathering and soil leaching (Boulvert 
1966). For ferralsols derived from basalts in 
Polynesia, the cobalt concentration varied from 
5-25/zgg -1 depending on the state of soil 
degradation (Tercenier 1963). Nalovic (1969) 
reported that in Madagascar, the range of soil 
cobalt concentrations expected from soil parent 
materials appeared reversed and attributed this 
to soil degradation factors; ferralsolic soils 
developed on basalts had lower concentrations 
of cobalt (trace-3 #gg-X) than those developed 
on granite or limestone (15-20#gg-1). In this 
study, there is evidence that pedogenic factors 
can affect the trace element distribution in a 
range of soil types. 

Solonetz soils develop in the presence of 
sodium cations and carbonate and bicarbonate 
anions, high concentrations of which have been 
reported in Lake Nakuru (McCall 1967). In the 
lake water, sodium accounts for 96% of the 
total cations whilst carbonate and bicarbonate 
account for 84% of the total anions (Vareschi 
1982). According to Buringh (1979) the presence 
of highly soluble salts such as NaHCO3 and 
Na2CO3 results in some calcium ions being 
replaced by sodium ions on the soil exchange 
complex. This process, termed sodication, allows 
clay particles and humus to be easily eluviated 
from the A horizon to the B horizon given 
sufficient rainfall. Thus, trace elements bonded 
to clay particles and humus would also be 
eluviated, or possibly leached, from the A 
horizon to the B horizon. This process creates 
a typical solonetz profile with an A horizon of a 
mineral, coarse-grained nature and a natric B 
horizon, rich in clay with higher concentrations 
of trace elements. Profile 1, 200m from Lake 
Nakuru, fits this description almost exactly, 
suggesting that sodication is active in this area. 
At Profiles 2 and 3, the textural and chemical 
gradients associated with the solonetz profile 
are also present but are not as marked as in 
Profile 1. 

In semi-arid areas, rainfall can be insufficient 
to remove soluble salts from the soil (Bridges 
1978). Instead, salts in solution are drawn 
upwards through the soil profile by capillary 
action and are deposited at the surface as the 
water is evaporated. This process of salinization 
produces solonchak soils such as that examined 
at Amboseli National Park. In this case, the 
upward movement of water containing high 
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Table 2. Element concentrations (#g g-1) in surface soils (0-15 cm): orthic solonchak, Amboseli National Park 

Arith. mean Range SD n 

Sodium 13897 6010-26120 6535 6 
Potassium 13038 7080-22740 5005 6 
Calcium 53375 23870-85300 19230 6 
Magnesium 27322 14910-38500 7744 6 
Molybdenum 25.2 3.0--41.0 13.6 6 

concentrations of sodium, potassium, calcium 
and magnesium has resulted in the accumulation 
of these elements in the A horizon. In addition, 
the same process appears to have led to the 
accumulation in the A horizon of molybdenum, 
a phenomenon which has not been previously 
reported. At the prevailing pH of 9.2-10.7 in this 
soil, the most stable form of molybdenum over a 
wide range of Eh is the highly soluble molybdate 
anion (Brookins 1988). The accumulation of 
sodium, potassium, calcium, magnesium and 
molybdenum in surface soils may be occurring 
throughout the O1 Tukai Salt Pan. In the 
reconnaissance survey of the area, where sam- 
ples were taken on a 2km grid, elevated 
concentrations of these elements were found in 
the top 0-15 cm of the solonchak soil (Table 2). 
Relatively high molybdenum concentrations of 
between 11 and 16#gg-1 have also been 
reported in the top 30cm of a solonchak in 
Mole National Park, Ghana (Bowell & Ansah 
1993). 

Nitisols develop in a relatively intense weath- 
ering regime and in the Aberdares Salient this is 
reflected in the soils by the low concentrations of 
base cations. Similar geochemistry has been 
recorded for ferralsols (Bowell 1993) although 
in general these soils develop in hotter, more 
humid environments than nitisols. In the eastern 
Salient, the characteristic argillic B horizon in 
the humic nitisol results from the eluviation of 
clay down the profile (Sombroek et al. 1982). 
Trace elements associated with clay particles 
appear to have been eluviated from the A 
horizon to the B horizon although leaching 
may also be responsible. Variations in trace 
element concentration have been associated with" 
clay content in other tropical soils (Nalovic 
1969; Bleeker & Austin, 1970). In the andosols 
in Lake Nakuru National Park and the ando- 
humic nitisol in the western Aberdares Salient, 
some trace elements are accumulated in the A 
horizon. Combining the data for these three 
profiles, concentrations of cobalt, copper and 
nickel show a significant relationship to organic 
matter content (p < 0.05). Similar trace element 
enrichment by organic matter has also been 
reported in ferralsols in Ghana (Bowell 1993). 

Vertisols develop on parent materials rich in 
calcium and magnesium in hot climates with 
pronounced seasonal contrasts (Duchaufour 
1982). A characteristic homogeneous profile is 
produced by the 'self-swallowing' process result- 
ing from the alternate shrinking and swelling of 
montmorillonite clays. In the dry season, surface 
soil falls down the deep cracks formed by clay 
shrinkage whilst in the wet season, clay swelling 
causes the cracks to close and squeezes material 
back up to the surface. The vertisols at both 
Amboseli and Lewa Downs have an A horizon 
with a loose, powdery consistency and have 
cracks extending to a depth of at least 50 cm. In 
addition, both profiles have the high calcium 
and magnesium concentrations associated with 
montmorillonite clays. Concentrations of cobalt, 
copper and nickel are relatively constant in the 
A and B horizons at both sites. This may be 
related to the homogenization of soils due to the 
self-swallowing processes active in the profiles. 

Soil-plant uptake o f  trace elements 

The transfer of a trace element from soil to plant 
depends not only on the total amount of the 
element present but on soil factors which affect 
its bioavailability and plant factors which 
determine its rate of uptake. The soil parent 
material has been found to have some influence 
on trace element bioavailability such as in the 
Kenyan Rift Valley where soils derived from 
volcanic ash, pumice and lake sediments have 
been found to be low in acetic acid extractable 
cobalt (Chamberlain 1959) and in EDTA 
extractable copper (Nyandat & Ochieng 1976; 
Maskall & Thornton 1992). Soil pH has a strong 
influence on metal availability and in alkali soils 
the elevated pH generally results in increased 
bioavailability of molybdenum and selenium 
whilst the bio-availability of copper, cobalt and 
nickel decrease (Adriano 1986). Copper uptake 
in wheat was found to decrease with increasing 
pH in several Kenyan soils (Nyandat & Ochieng 
1976). An increase in the trace element content 
of plants in the wet season has been observed for 
pastures in the Kenya highlands (Howard et al. 

1962), for grass species adjacent to Lake Nakuru 
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in the Rift Valley (Maskall 1991) and for several 
grass and browse species in Mole National Park" 
in Ghana (Bowell & Ansah 1993). Trace element 
concentrations in tropical pastures can fall as the 
plant matures (Gomide et al. 1969) and during 
periods of rapid growth (Fleming 1973). Sig- 
nificant differences in trace element content can 
occur between plant species in tropical areas, 
particularly between grasses and browse plants 
(Tartour 1966; Reid et al. 1979; Ben-Shahar & 
Coe 1992). 

In the soils under study the bioavailability of 
trace elements appears to be strongly influenced 

by the soil pH which varies considerably and is 
related to the concentrations of sodium and 
calcium (Figs 14, 15). At Lake Nakuru National 
Park, the elevated pH of soils has been linked 
with the high molybdenum content of several 
plant species (Maskall & Thornton 1992). 
Particularly high concentrations of molybdenum 
up to a maximum of 69 #g g-~ were found in the 
alkali tolerant grass species Sporobulus spicatus 

which grows on the solonetz soils adjacent to the 
lake (Table 3). Grasses sampled in the park 
tended to contain higher concentrations of 
copper and cobalt and lower concentrations of 
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Table 3. Trace element concentrations (#g g-1 D.M.) in plants, Lake Nakuru National Park 

Mean I n 1 Mean 2 n 2 

Cynodon dactylon Cu 11.1 89 3.5 33 
(Star Grass) Co 0.4 89 0.2 33 

Mo 2.2 89 3.4 33 
Se 0.2 80 - - 

Themeda triandra Cu 18.5 6 7.6 8 
(Red Oat Grass) Co 0.5 6 0.2 8 

Mo 2.4 6 2.6 8 
Se 0.1 6 - - 

Sporobulus spicatus Cu 11.7 4 5.4 18 
(Soda Grass) Co 0.7 4 0.2 18 

Mo 8.9 4 18.1 18 
Se 0.3 4 - - 

Acacia xanthophloea Cu 2.6 50 1.9 9 
(Yellowthorn Tree) Co 0.1 50 0.2 9 

Mo 2.5 50 1.7 9 
Se 0.6 40 - - 

Solanum incanum Cu 5.7 24 5.1 23 
(Sodom Apple Bush) Co 0.3 24 0.3 23 

Mo 3.2 24 2.3 23 
Se 0.4 24 - - 

1 Reconnaissance survey, Maskall & Thornton (1991). 
2 Biogeochemical zones survey, Maskall & Thornton (1992). 

Table 4. Trace element concentrations (#g g-I D.M.) in Sporobulus spicatus, Amboseli National Park 

Arith Mean Range SD n 

Cobalt 0.4 0.3--0.8 0.2 5 
Copper 3.6 1.7-5.4 1.7 5 
Molybdenum 86.2 19.4-152.0 50.9 5 

selenium than did the browse plants (Table 3). 
High molybdenum levels averaging over 80 #g g-i 

were also found in Sporobulus spicatus on the 

alkaline solonchak soils at Amboseli National 
Park  (Table 4). This was at t r ibuted to a 
combination of enhanced molybdenum uptake 

into the grass and the presence of windblown 

soil particles on the leaf surfaces of the plant. 

Implicat ions f o r  wildlife nutrit ion 

McNaughton & Georgiadis (1986) proposed 
that many African herbivores were existing in 

a vague, qualitative state of undernutrition and 

that this had a strong influence on their foraging 
behaviour and dynamics. A subsequent study 

showed that the spatial distribution of animals 
in the Serengeti National Park in Tanzania 

was related to the mineral content of forages 

and that magnesium, sodium and phosphorus 
appeared particularly important (McNaughton 

1988). A further study found that the seasonal 
movements of migratory grazers in the Serengeti 

were also related to grass mineral content 
(McNaughton 1990). In this case, the important 
elements identified were calcium, copper, nitro- 

gen, sodium, zinc and also, for lactating females 

and growing young, magnesium and phos- 
phorus. In South Africa, Ben-Shahar & Coe 
(1992) showed that the movements of migratory 

grazers were related to monthly variations in the 

nitrogen and phosphorus content of grasses. 
Thus the enclosure of wildlife within relatively 
small national parks may restrict their opportu- 

nity through migration to acquire adequate 
major and trace elements. 

Soils in the area of the Kenyan Rift Valley 

around Nakuru  have long been associated with 

mineral problems including copper deficiency in 

wheat (Pinkerton 1967) and copper and cobalt 

deficiencies in cattle (Hudson 1944; Howard 

1970). Lake Nakuru  National Park has been 
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Table 5. Copper concentrations in animals (#molL -1 blood plasma) 

59 

Mean Range n 

Impala 
Lake Nakuru N.P. 

All Kenya 

1986 11.0 4.0-18.9 25 (D) 
1987 14.2 4.8-29.7 7 (D) 

19.8 81 (S) 
20.3 21 (D) 

Waterbuck 
Lake Nakuru N.P. 1987 

Black Rhino 
Solio W.R. 
Zimbabwe 

White Rhino 
Solio W.R. 

13.4 11.2-17.0 3 (D) 

1987 16.9 3.8-24.6 14 (D) 
25.6 19.2-36.4 20 (D) 

81 (S) 
1987 20.8 18.6-23.1 21 (D) 

D, drug immobilized; S, shot. 
From Maskall & Thornton (1991). 

associated with suspected copper deficiencies in 
waterbuck (Kobus defassa) and impala (Aepy- 
ceros melampus) since the early 1980s. A low 
copper status of impala in the Park was reported 
by Maskall & Thornton (1991) based on 
concentrations of copper in blood plasma (Table 
5). This was attributed to a high dietary intake 
of molybdenum which can interfere with the 
utilization of copper in ruminant animals 
(Underwood 1977). The mean molybdenum 
contents of plants in Lake Nakuru National 
Park _qTable 3) are generally in excess of the 
2/zg g- level considered by Thornton (1977) to 
be sufficient to induce copper deficiency in 
domestic ruminants. In summary, the low 
copper status of impa la  at Lake Nakuru  
National Park is related to the low copper status 
of soils combined with an elevated soil pH, 
particularly in the solonetz soil, which results in 
enhanced molybdenum uptake into plants. 

Molybdenum-induced copper deficiency has 
been reported in other wild animals including 
Grant ' s  Gazelle (Gazelle granti) from the 
Kenyan Rift Valley; in this case the plant 
molybdenum content ranged from 0.5-5.6 #g g-1 
(Hedger et al. 1964). Plant molybdenum con- 
centrations of less than 2 #g g-1 were considered 
contributory to copper deficiency in moose 
(Alces alces gigas) in Alaska (Kubota 1974; 
Flynn et al. 1977a,b). In San Diego Wild Animal 
Park, USA, hypocuprosis in several exotic 
species was associated with alfalfa with a 
molybdenum content of l l -16#gg  -1 (Nelson 
1981). On the basis of these data, molybdenum 
concentrations in Sporobulus spicatus at Ambo- 
sell National Park, which have an average of 

86#gg -1 (Table 4), are probably capable of 
inducing copper deficiency in certain wild 
ruminant species. 

The high molybdenum content of solonchak 
soils at Amboseli could also affect animals which 
directly ingest earth at salt licks. In some cases, 
wildlife species preferentially ingest sodium-rich 
soils perhaps as a response to sodium deficiency 
(Fraser et al. 1980). Mule deer in Colorado were 
estimated to be ingesting between 8 and 30g 
of soil per day from deliberate consumption of 
earth (Arthur & Alldredge 1979). In domestic 
ruminants soil ingestion has been shown to 
increase cobalt and selenium status (Healy 1973; 
MacPherson et al. 1978) although copper 
absorption and utilization can be inhibited 
(Suttle et al. 1984). However, little is known at 
present of the effects of earth eating behaviour in 
wild animals in terms of nutritional benefits or 
otherwise. 

Conclusions  

Broad variations in the concentrations of some 
trace and major elements in soils between the 
wildlife conservation areas studied are attribu- 
table to differences in soil parent material. 
However, pedogenic processes influence the 
distribution in soil profiles of trace and major 
elements, of which the latter can affect soil pH 
and trace element uptake into plants and 
animals. At Lake Nakuru National Park, the 
process of sodication at the lake margins has 
produced an alkaline solonetz soil which has 
particularly low concentrations of several nu- 
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tritionally essential trace elements in the surface 

horizon. Salinization processes in an alkaline 

solonchak at Amboseli National  Park have 

contr ibuted to a marked  accumulat ion of 

molybdenum, sodium, potassium, calcium and 

magnesium in the surface horizon. At the 

Aberdares Salient, apparent mobilization of 
trace elements in a humic nitisol is associated 

with eluviation and leaching processes. Trace 

elements are accumulated in the A horizon in 

two andosols and an ando-humic nitisol possibly 
in association with organic matter. In vertisols at 
Lewa Downs Wildlife Reserve and Amboseli 

National  Park, the relatively constant concen- 
trations of trace elements throughout the A and 

B horizons may be linked to homogenization of 
the profile by self-swallowing processes. 

The conservation of wild animals and the 
associated tourism industry represent a signifi- 
cant source of income for many countries in the 
developing world and particularly in Africa. 
There is increasing evidence to suggest that the 
seasonal movements of grazing wildlife in Africa 
are related to changes in mineral status of forage 
species. The enclosure of wild animals within 
relatively small, enclosed National Parks may 
restrict their opportunities through migration to 
acquire an adequate intake of major and trace 
nutrients. In such cases, the health of the animal 
population, which may include rare or endan- 
gered species, depends on the ability of the 

conservation area to supply sufficient minerals. 
This in turn is influenced by the concentrations 

and bioavailabilities of major and trace elements 
in soils and the local vegetation and climate. The 
pressure on land resources for agriculture and 
settlement in developing countries increases the 

l ikel ihood that  conservat ion areas will be 
located on land of marginal quality. This study 
has shown that the presence of sodic and saline 
soils of low agricultural quality in conservation 
areas may have deleterious effects on the health 
of particular species. At Lake Nakuru National 

Park, the presence of solonetz soils of low trace 
element status and high pH lead to an elevated 

molybdenum content of plants and a low copper 
status in impala due to excess dietary molybde- 
num. At Amboseli National Park, the high pH 

and molybdenum content of a solonchak have 

resulted in elevated molybdenum concentrations 
in plants which are capable of inducing copper 

deficiency in grazing ruminants. The incidence of 
molybdenum induced copper deficiency in live- 

stock can be alleviated through supplementation 

with mineral mixes. Additional major and trace 
elements could be provided to wild animals in 

areas of low mineral status by addition of 

mineral supplements to salt-lick soils. 
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Abstract: Herbivores such as the African elephant receive most of their nutrient uptake 
through digested vegetation or water. When these nutrient sources do not fulfil dietary 
requirements, eating and digestion of soil and rock can be a common phenomenon. In the 
Mount Elgon National Park on the Kenya-Uganda border, elephants have taken this 
activity one step further. Deposits of calcium-sodium-rich alkaline rocks show evidence of 
quarrying by elephants on the surface, but most of the activity takes place underground in 
caves. The Na--Ca-Mg-rich rocks are leached by groundwater which reacts with animal 
excreta in the humid environment of the cave floor to form a series of secondary carbonate, 
sulphate, halide, nitrate and phosphate minerals by evaporation. Additionally some salts are 
precipitated on the cave walls by direct evaporation of the cave waters. Inside the caves, 
elephants tusk and ingest the salt-enriched rock fragments. In an area like Mount Elgon, 
where supergene processes leach chemical elements essential for dietary requirements from 
the surface ecosystem, the secondary salts in the caves are potentially an important mineral 
supplement for wildlife nutrition. Although elephants are the principal exploiters, other 
wildlife species and humans (for livestock) also utilize the cave salts and surface diggings. 

Wildlife species, such as the African elephant 
(Loxodonta africana (Blumenbach 1797)), spend 
most of  their time foraging for food and vital 
nutrients (Wyatt & Eltringham 1974) with most 
o f  their  nu t r i t iona l  requirements  satisfied 
through vegetation and water. Little is known, 
however, of the effects of nutritional imbalances 
on wildlife or of their ability to respond to such 
deficiencies (Bell 1982; Maskall & Thornton 
1989, 1991; McNaughton 1990; Ben-Sharhar & 
Coe 1992; Bowell & Ansah 1993, 1994). In a 
series of studies on the nutritional needs of the 
African elephant,  Weir (1969, 1972, 1973) 
identified the importance of  water soluble 
sodium in its daily diet and the importance of 
salt licks. All animals require a balanced intake 
of mineral salts and if there is a deficit they can 
go to great lengths to correct it (Denton 1972; 
Weeks & Kirkpatrick 1976; Dethier 1977). T h e  
dietary requirement for Ca, I, Mg, K and Na 
may be met by forage, water soluble forms or by 
soil ingestion (FAO 1961; Dougall & Sheldrick 
1964; McCullagh 1969a, b; Weir 1972, 1973). 
The use of mineral salts tends to be seasonal 
with the most frequent utilization during the dry 
season when water and forage, the principal 
sources of macronutrients for elephants, are in 
short supply (Weir & Davidson 1965). The 
utilization of mineral salts by wildlife has been 

documented for other herbivores in Africa 

(French 1945; Weir 1969; Henshaw & Ayeni 
1971; Ansah 1990; McNaughton 1990; Schulkin 
1991) and elsewhere (Cowan et al. 1949; Dalke 
et al. 1965). As African wildlife is increasingly 
confined to well fenced reserves, both to protect 
the animals from poaching and to protect farms 
and crops, the utilization of salt-licks is more 
apparent. Consequently animals can no longer 
range over a wide area and become increasingly 
reliant on their immediate environment  to 
satisfy their nutritional requirements (Maskall 
& Thornton 1989, 1991; Bowell & Ansah 1993, 
1994). 

In the Mount  Elgon National Park on the 
Kenya-Uganda border (Fig. 1) elephants have 
taken this activity a stage further, exploiting 
mineral salts deposited in the caves (Redmond 
1982, 1991, 1992; Redmond & Shoshani 1987). 
To reach and exploit this nutrient  source, 
elephants have worn a narrow path to several 
caves, the largest of which is the Kitum cave. 
From a 40 m wide, letterbox-shaped entrance in 
a cliff at the head of a small valley, Kitum cave 
extends more or less horizontally into the 
mountain for 160m (Oilier & Harrop 1958; 

Sutcliffe 1973; Redmond 1982). Inside the cave 
widens to more than 100m, a cul-de-sac with 
interior walls scalloped by years of mining 
activity (Fig. 2). As well as tusking directly from 
the cave walls, elephants have been seen tusking 
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Fig. I. Simplified topographic and geology map of Kenya and North West Tanzania showing location of the 
study area 

at huge sections of fallen roof and picking up 
smaller, broken rock fragments from the floor to 
eat. They have also been observed pulling large 
fragments of rock from the cave roof, which 
then lie on the cave floor. Salt crusts form on the 
fallen rock fragments. Rock types quarried by 
the elephants are characterized in appearance by 
the presence of calcite-zeolite veins and vugs. 
Where no zeolites are present there is little or no 
evidence of  elephant exploitation above or 
below ground. These rock types are softer than 
the other lithologies and so are relatively easy to 
mine. 

The temperature of the cave interior remains a 

constant 13.5~ so extended visits by the 
elephants during the night could be to keep 
warm, given that at this altitude (2 600 m) night 

temperatures can fall to 8~ The caves repre- 
sent a warm safe haven for the elephants with 
available water as well as salts. Also, the other 
main cave occupants are bats (chiefly fruit bats, 

Rousettus spp.) which are most active at night 
so the elephants tend to have the caves to 
themselves. Other cave visitors such as local 

tribesmen, bushbuck (Tragelphus scriptus (Pal- 
las)), baboons (Papio cynocephalus (Linnaeus 
1758)) and leopard (Panthera pardus (Linnaeus 
1758)) only make use of the  caves during the 
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day. The knowledge of the caves and their 
mineral content is passed down from elephant to 
elephant through the generations, from mother 
to calf. The extensive poaching of the 1980s 
reduced elephant numbers from a 1970 estimate 
of 1200 to as few as 100 today (Redmond & 
Shoshani 1987; Redmond 1992). Poachers some- 
times ambushed elephants in the cave mouth, 
which led to a reduced use of the cave salts and 
greater use of the surface soil licks. Intriguingly 
this period coincided with poorer tusk develop- 
ment in many elephants possibly due to a 
deficiency in mineral salts in their diet (P. 
Malisa, pers. comm.). Greater control on 
poaching in the area has led elephants to return 
once again to the caves. Use of the cave salts 
imprints its characteristic mark on salt-digging 
elephants who show worn down tusks (Fig. 3). 
Although elephants are the principal exploiters 
of the salts, other wildlife species, particularly 
bushbuck, are reported to visit the caves and, in 
addition, make use of the elephants diggings on 
the surface (for both salt and water). Local 
people also use the salts as dietary supplements 
for livestock. 

The purpose of this contribution is to describe 
the geochemistry of the cave salts and surface 
salt-licks, to present possible models for their 
formation and to discuss the possible benefit of 
utilizing the caves' salts as a source of nutrients 
by the elephants and other herbivores. 

Methodology 

Field sampling and analysis 

Samples of rocks, soils and waters were collected 
from the Mount Elgon National Park and from 
a government borehole 5 km to the east of the 
park. Soil and salt lick samples in the park were 
collected by use of a soil auger with at least 1 kg 
of material collected at each site. Water samples 
were collected from salt licks and areas away 
from salt licks by means of a soil auger and 
extraction using the procedure of Patterson et al. 
(1978). Groundwater was sampled by means of a 
hand pump and deep drilling by the Kenya 
Water for Health Organization, just outside the 
Mount Elgon National Park. Three 11 water 
samples were collected at each site: unfiltered; 
unfiltered and acidified with 10% (v/v) HNO3 
acid; filtered through a 0.45#m Durapore 
membrane filter and acidified with 10% (v/v) 
HNO3 acid. Measurements of Eh, pH, electrical 
conductivity (E.C.), temperature and dissolved 
oxygen were made at each sample site using 
Oakton field instruments. 

Faecal coliforms were enumerated in the field 

using a DelAgua water testing kit (DelAgua 
Ltd., University of Surrey, Guildford, UK). 
Immediately upon collection, water samples 
(100ml, 50ml or 10ml) were passed through a 
0.45 #m sterile filter membrane. Each membrane 
was placed onto a pad containing Membrane 
Lauryl Sulphate Broth and incubated for 14-18 
hours at 44~ Colony forming units of faecal 
coliform bacteria were then counted. 

Mineralogy and lithogeochemistry 

Mineral identification was carried out by optical 
and electron microscopy (Hitachi 2500S) and 
confirmed by X-ray diffraction (XRD, Phillips 
1820 with Co-filtered C u - K a  radiation) using 
the programme PCIDENTIFY and single grain 
determinations. Fourier transform infra-red 
spectroscopy (Perkin Elmer 1720) was also 
carried out on some of the cave salts. Chemical 
analysis of the rocks and soils was carried out by 
inductively coupled plasma atomic emission 
spectrometry (ICPAES, Fisons ARL3410 Mini- 
torch). Trace elements were extracted from 5 g of 
material by digestion with 15ml of nitric acid 
(70%), 15 ml of hydrofluoric acid (40% v/v) and 
15ml of perchloric acid (70%). Precision of the 
technique was checked against known standards 
and found to be 2%. 

Hydrogeochemistry 

Waters were analyzed by ion-chromatography 
(Dionex-300) using for anion analysis, an AS4A- 
AMMS column with Na2CO3 (1.8mM) eluent at 
a flow rate of 2.5ml/min and for group I/II 
cation analyses, a CS 12 column with methane 
sulphonic acid eluent (20 mM) at a flow rate of 
2ml/min and detection by a pulsed electroche- 
mical detector in conductivity mode. Transition 
metal analysis was accomplished with a Dionex 
CS 5 column with pyridine-di-carboxylic acid 
eluent and 4 (2-pyridylazo) resorcinol post 
column derivitization and measurement by a 
variable wavelength detector in the range 520- 
530 nm. All water samples were also analyzed by 
ICPAES. 

Results 

Mineralogy and geochemistry of the Kitum 

cave volcanics 

The Kitum caves occur within the Elgon 
volcanics which are largely alkaline-marie lavas 
and tufts of foidite, phonolite, tephriphonolite 
and phonotephrite compositions (Davies 1952; 
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~g. 2. Photographs of elephant and bushbuck utilization of cave salts in the Kitum cave. Photographed by IR. 
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Fig. 3. Photograph of elephant with one worn tusk, probably due to extensive rock and soil digging 
(photographed by IR). 

Searle 1952; Le Bas 1977). These Miocene to 
Pliocene volcanics are underlain by metamor- 
phosed Proterozoic granitoids and amphibolites. 

In the Kitum Cave, the main rock type is a 
melilitite lava overlain by melilite melanepheli- 
nite lavas and a phonolitic nephelinite tuff 
(Table 1). The phonolite has the appearance of 
a friable clay-calcareous agglomerate which is 
highly porous. Following emplacement of the 
volcanic sequence, hydrothermal activity led to 
the precipitation of zeolites and other minerals. 
The zeolite assemblage in the alkaline rocks 
comprises natrolite, analcime, laumonite, apo- 
phyllite and gmelinite. Calcite is also a common 
vesicle mineral phase. Natrolite is the most 
common zeolite with minor harmotome, anal- 
cime, thomsonite, laumontite, stilbite, apophyl- 
rite and gmelinite. Calcite is the major compo- 
nent of the breccia matrix which also includes 
apatite, biotite, fluorite, ilmenite, magnetite, 
pectolite and rutile. Apatite, ilmenite, magnetite 
and rutile are probably relict magmatic phases 
while biotite and hornblende are alteration 
products of magrnatic ferromagnesian silicates. 
The general order of infill in the veins are: Na- 

zeolite and biotite then Na,Ca-zeolites, then 
calcite and fluorite. All the rocks in Kitum cave 
have been subjected to a lesser or greater degree 
to interaction with groundwater. 

The dominant mineralogy of the nephelinite 
rocks of Mount Elgon is given by Davies (1952) 
as olivine, clinopyroxene (augite and diopside), 
nepheline, melilite, ilmenite, magnetite and 
rutile. For the phonolite rocks the dominant 
minerals are melilite, nepheline, feldspar, augite, 
apatite, magnetite and rutile along with silicate 
glass. These minerals are present in the Kitum 
rocks along with the products of hydrothermal 
alteration (zeolite minerals, calcite, biotite, 
hornblende and quartz) in parts of the phonolite 
tuff, which has also been variously described as a 
'dyke' and 'breccia' (Davies 1952; Sutcliffe 1973; 
Redmond 1982). In the Kitum rocks other 
minerals, presumably formed by supergene 
processes, are also present and have been 
observed partially to replace the primary miner- 
als. These secondary minerals include the clay 
minerals kaolinite and smectite (others have 
also been reported by Davies (1952)), quartz, 
goethite, allophane, leucoxene, gypsum and 



CAVE SALTS: UTILIZATION BY ELEPHANTS 

Table 1. Geochemistry of silicate rocks from the Kitum cave, Mount Elgon 

69 

Component Phonolitic nephelinite Melilite melanephelinite Melilitite 

wt% oxide 
SiO2 43.0 40.3 37.5 
TiOz 2.33 2.59 2.51 
A1203 12.7 10.2 9.23 
Fe203 13.1 14.7 13.1 
MnO 0.23 0.28 0.67 
MgO 5.02 6.72 10.8 
CaO 11.4 14.6 19.0 
Na20 5.52 3.67 2.16 
K20 2.52 2.18 1.62 
P205 0.41 0.58 0.51 
LOI 3.77 4.23 2.92 

ppmelement 
S 509 219 244 
Sc 29 26 21 
V 259 198 232 
Cr 61 189 219 
Co 80 62 79 
Ni 29 79 111 
Cu 13 36 44 
Zn 60 113 88 
Ga 12 16 16 
Rb 49 33 38 
Sr 650 556 529 
Y 33 29 21 
Zr 214 226 136 
Ba 1120 971 965 
Pb 1.4 3.2 2.0 
La 89 98 82 
Ce 153 165 118 

possibly secondary calcite. The major element 
changes which result from the supergene altera- 
tion are loss of Ca and Mg and consequent 
relative enrichment of Si, A1 and Fe. 

On the assumption that the elements leached 
from the rocks are then precipitated from 
solution at the rock surface in the chamber, 
the encrustations that the elephants find pala- 

table must be rich in salts of Ca, Na  and Mg. In 
order to study the nature of the salts, samples 
were collected from a fallen roof block on the 

floor of the cave and precipitates on the wall of 
the cave where tusking was regularly observed. 

Mineralogy and geochemistry o f  the cave 

salts 

A greater number of mineral species (Table 2) 
and a greater volume of salts are formed on the 

fallen rocks than are precipitated on the cave 
wall. Only those salts which were observed by 

more than one technique are shown; several 

other phases were also observed by bulk X-ray 

diffraction but await confirmation. 
Anhydri te ,  calcite, epsomite, hexahydrite,  

mirabilite, natron, polyhalite, sylvite and syn- 

genite are present on the cave walls. Although 
no reliable bulk sample could be collected which 
was not contaminated by wallrock phases the 

major element chemistry, based on the miner- 
alogy, is essentially Ca-Mg-K-Na-C1-S .  These 

salts are precipitated on the surface of the 
wallrock minerals. 

The salt crust developed on the rock debris on 
the floor of the cave differs in being considerably 
thicker (30 cm as opposed to < 1 cm on the wall) 

and is mineralogically more complex. The major 
differences are: gypsum is present in the cave 

floor assemblage but anhydrite is absent; the 

presence of Fe-A1 secondary salts (halotrichite 

and a phase of the tschermigite-lonecreekite 
series) and of N-salts (stercorite, mohrlite, 

nitromagnesite and tschermigite-lonecreekite); 

also trona is present along with natron. Other 

possible phases include nitrates, phosphates, 

other sulphates and a calcium iodide (seen in 

an infra-red pattern). NH4 was observed in the 
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Mineral Wall salt crust Floor-rock boulder salt crust 

Calcite (CaCO3)* 
Halite (NaC1) 
Gypsum (CaSO4.2H20) 
Anhydrite (CaSO4) 
Arcanite (K2SO4) 
Polyhalite (K2MgCa2(SO4).2H20) 
Epsomite (MgSO4.7H20) 
Natron (Na2CO3) 
Aphthitalite (K, Na)3Na(SO4)2 
Sal-ammoniac (NH4C1) 
Magnesite (MgCO3) 
Mirabilite (Na2SO4.10H20) 
Hexahydrite (MgSO4.6H20) 
Halotrichite 2+ (Fe A12(SO4)4.22H20) 
Sylvite (KC1) 
Mohrlite ((NH4)2SO4.3H20) 
Stercorite(NaNH4HPO44H20) 
Blodite (Na2Mg(SOa)2.4H20) 
Syngenite (K2Ca(SO4)2.H20) 
Nitromagnesite (Mg(NOa)2.6H20) 
Trona (Naa(COa)(HCOa).2H20) 
Tschermigite-Lonecreekite 

3 +  ((NH4)(Fe ,A1)(SO4):.12H20) 

XX 

XX 

xx 

XX 

X �84 

XX 

XX 

X 

XX 

XX 

XX 

XX 

XX 

XX 

XX 

XX 

XX 

X 

XX 

XX 

X 

X 

X 

X 

X 

X 

X 

X 

X 

* Calcite may be a residual hydrothermal phase or precipitated by evaporation/supergene mineral-water reaction. 
xx, common mineral; x, uncommon/trace mineral. 

infra-red spectra of some natrolite grains but 
further quantitative work has so far failed to 
confirm this. The salt crust can be divided into a 
'mixed layer or zone' in which the secondary 
salts (listed in Table 2) are intermixed with 
primary minerals and supergene products (such 
as the zeolites and smectite; Fig. 4 a, b) and an 
'outer crust of hydromorphic salts' with very 
little (< 20%) wallrock material. 

Using this division, a number of chemical 
changes can be observed in the composition of 
the overall salt crust. CI-, I-, SO42- and P, 
increase in concentration going from unreacted 
rock to the outer crust of salts (Fig. 5). An 
increase in Na, K, Ca and Mg is also apparent 
going from rock to salt crust with a large 
increase in the mixed layer and, as predicted 
from the mineralogy, further increases in the salt 
layer. Conversely, the concentrations of SiO2, 
A1, Fe, all decrease substantially as do the trace 
elements Cr, V, Zr, Cu and Co (Fig. 5). 

Mineralogy and geochemistry o f  surface salt 

licks 

During the late Pliocene to Recent, active 
chemical weathering in a tropical regime has 

taken place in the area, leading to extensive 
leaching of alkalis and other mobile elements 
from the rocks and formation of thick residual 
lateritic and volcanic soils (up to 4 m thick). The 
surface soils consist largely of kaolinite, smec- 
tire, mica, goethite, quartz, magnetite, leucoxene 
and chlorite. The soil geochemistry is essentially 
SiO2--AI2Oa-Fe203 with minor CaO and TiO2 
(Table 3). At a few surface locations, such as at 
Saito dam, a surface salt pan is formed with 
halite, gypsum and natron present as a surface 
crust. These crusts are comparable in bulk 
geochemistry with the floor-rock salt crusts in 
the Kitum cave. The higher P concentration 
(Table 3) of the salt-licks compared to the cave 
floor-rock salt crust is probably a reflection of 
the higher volume of apatite in surface soils 
compared to the precursor rock and possibly a 
greater volume of animal excreta as the diversity 
and biomass of species visiting the surface salt- 
licks are that much greater than in the Kitum 
cave. The surface salt-lick sites also have higher 
concentrations of SIO2, TiO2, V, W, Ni and Zr 
(Table 3) reflecting the presence of soil minerals 
in the salt pans. It should be noted that the sites 
of'the salt pans are often in more open terrain so 
utilization of the salts by animals may also be 
influenced by the location, with a lower chance 
of ambush in these more open sites. 
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Element Salt-tick 1 SaitoDam Soilt near Kitum Cave Salt~ 

surface 120cm surface 100cm surface 100cm 

wt% 
SiO2 10.6 48.9 22.4 40.8 50.9 49.7 16.9 
TiO2 0.64 2.52 0.96 2.73 1.77 1.80 0.38 
A1203 10.6 18.3 11.8 21.8 21.3 19.8 6.23 
Fe203 5.46 7.92 4.98 8.33 14.5 14.0 4.78 
MnO 0.11 0.21 0.13 0.20 0.12 0.19 0.30 
MgO 10.3 2.34 6.43 2.23 0.29 0.89 10.2 
CaO 11.3 4.54 10.6 5.42 2.71 5.22 7.10 
Na20 14.9 6.76 12.1 7.94 2.31 3.22 18.3 
I(20 10.6 2.11 9.89 2.14 0.86 0.99 8.23 
P205 4.98 2.34 8.16 2.77 0.31 0.29 1.78 
LOI* 20.6 4.03 12.6 5.65 4.98 3.90 25.8 

ppm 
8042- 779 428 622 312 408 327 10000 
V 258 264 270 279 261 282 78 
Cr 67 80 29 52 139 149 60 
W 29 33 34 51 25 33 19 
Co 49 50 60 72 71 85 48 
Ni 105 118 83 91 96 131 65 
Cu 44 67 62 72 18 31 59 
Zn 35 44 49 64 79 105 37 
Rb 48 56 39 49 26 41 39 
Sr 960 670 689 669 312 397 689 
Zr 124 124 120 123 112 120 98 
Ba 989 959 668 690 528 608 722 

* LOI, Loss on ignition (measure of volatile content), t Soils collected 150 m west of Kitum cave. ~t Cave salt from 
Surface of fallen rock in Kitum cave. 

H y d r o g e o c h e m i s t r y  

The surface and groundwater of the Mount  
Elgon area are essentially alkaline N a - C a -  
HCO3 waters with minor Mg, K, SO42-, C1- 
and variable F -  content. In comparison with 
waters at major salt occurrences elsewhere in 
East Africa (such as Lake Magadi; Eugster 1970; 

Jones et al. 1977) all the waters, except the Saito 
dam, are dilute. 

The soil porewaters from the National Park 
tend to be more acidic and less saline than other 
waters, except at the salt-lick sites (Figs 6, 7). 

However, the soil porewaters extracted from the 
borehole at Saboti village 5 km to the east of 

Mount  Elgon are much more saline and more 

acidic than those in the park and also have much 

higher total A1 and Fe concentrations (Table 4). 
The salt-lick soil porewaters from Saito dam are 

more saline and alkaline than any other waters 

analyzed from the park and will be greatly 

influenced by the saline chemistry of Saito dam 

(total dissolved solid, (TDS) content of 3690 
mg 1-1, Table 4). 

Non-saline soil porewaters have a lower Na  
content than groundwater but similar ranges of 
Ca, K, Mg, A1 and Fe concentrations and only 

slightly lower SiO2 content (Table 4). This would 
suggest tha t  the groundwaters  are largely 
meteoric with little or no geothermal contribu- 
tion as has been proposed in earlier studies 
(Davies 1952). The highest A1 and Fe concentra- 
tions are associated with low pH and high 

salinity in porewaters extracted from soils of the 
Saboti borehole. These are total metal concen- 

trations and will include particulate material as 
well. Both A1 and Fe were below the 0.1 mg 1-1 

detection limit in filtered porewater and ground- 

water extracts. In the salt-lick porewater, Fe and 

A1 concentrations are in the range 3-5mg1-1, 

which is higher than non-saline acidic soils from 
elsewhere in the National  Park (Table 4). The 

high mobility of Fe and A1 may be influenced by 

the high salinity of the waters. 

Nitrate and phosphate levels are highest in 

surface soils and decrease with depth; for 

example in the park soil porewaters concentra- 

tions in the top 20 cm are 1.4mg1-1 for nitrate 
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(0 
Fig. 4. Electron micrographs of salt crusts from Kitum caves: (a) analcime, natrolite and mesolite in vug; (b) 
smectite, gypsum and polyhalite on natrolite and calcite; (c) salt crust surface. 

1 and 0.12mgl- for phosphate. At a depth of 40- 
60cm these have dropped to 0.34mgl-" nitrate 
and 0.06 mg 1-1 phosphate (Table 4). Despite the 
high soil P level at the salt-licks (8.16 wt% P205, 
Table 3), the porewater concentration is low 

1 3-- (0.29 mg 1- PO4 ) suggesting that much of the 
P is in a non-labile form, such as apatite. By 
comparison the cave waters show a much higher 
level of phosphate in solution (0.37 and 
0.99mg1-1, Table 4) despite a lower content of 
P in the cave salts (1.78wt% P205, Table 3). 
This P is largely held in guano and precipitated 
phosphate evaporites and as such is more readily 
leached. 

The Kitum cave waters are similar to ground- 
water collected from the Saboti borehole with 
similar pH and bicarbonate ranges but higher 
chloride contents (Figs 6, 7). The cave waters 
also contain higher levels of nitrate, phosphate, 
sulphate, iodide, Na, K, Ca and Mg, with a 
similar concentration range for TDS, A1, Fe and 

SiO2 but much lower fluoride (Table 4). 
Waters were tested for the presence of faecal 

coliform bacteria, which are indicators of faecal 
contamination. The presence of high numbers of 
faecal coliforms ( > 250 per 100 ml) in the stream 
and soil porewater samples is not surprising 
given that a variety of animals regularly utilize 
these resources. However, their presence in deep 
groundwater, albeit at low concentrations, was 
not expected. These findings suggest that nu- 
trient levels in the groundwater will influence, 
and to some extent be influenced by, the biota 
(protists and bacteria) present in the subsurface. 
However, the very high faecal coliform count of 
65 per 100ml at 45m depth in the borehole also 
coincides with increased concentration of chlor- 
ide, iodide, nitrate, K, A1 and Fe (Table 4). 
These results should be treated with caution as 
they may be due to contamination of the sample 
by faecal matter or soil porewaters during 
collection, rather than to high microbial activity 
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Fig. 7. Cl/SO4 v. HCO3- for all Mount Elgon groundwaters, cave waters and soil porewaters. NP, National Park. 

at this depth in the aquifer. As would be 
anticipated, the cave waters have a much higher 
faecal coliform count than the groundwater 
(Table 4). 

Discussion 

The process of salt formation in the caves is 
likely to be complex and involve evaporation of 
the cave waters, re-solution of the evaporite salts 

and percolation into the wallrock, additional 
leaching of wallrock minerals, interaction with 
organic matter and further precipitation of 
evaporite salts. The formation of the salts is 
likely to occur through multiple cycles of 
dissolution-evaporation-reprecipitation and 
will be an important control on water chemistry. 
The multiple cycles and percolation of salt-rich 
cave waters into the rocks is reflected in the 
complex stratigraphy formed in the cave floor 
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ANIMAL EXCRETA: 
high P, K, NO~, 
Organics, acidic pH 

 M,XEOZONE ! 
/ ~ CRUST OF HYDRO/V~ORPHIC SALTS ~ 

~ largely NaCI KCI, MgS04, CaS04 % 
Decrease in Fe, AI, Si, trace metals ~, % 
Increase in K, Na, Ca, Mg salts " ~  . ~ 

ALKALINE VOLCANIC ROCK ~ *'~ 
high: ~ Na, Ca, Mg, Fe ~ Ill 

G ROU N DWATE R: 
high Cl, S024 , Na, K, 
neutral mildly alkaline pH 

Fig. 8. Schematic diagram of salt crust stratigraphy. 

salt crusts (Fig. 8). This stratigraphy of a mixed 
salt-wallrock minerals zone and an outer hydro- 
morphic salt crust is reflected in the chemical 
changes observed through the crust with the 
more soluble salts precipitated in the outer crust 
(rich in Mg, Ca, K and Na). 

Experimental studies of evaporite salt forma- 
tion have shown that the salts will precipitate 
out in sequence from the least soluble, such as 
Ca-carbonates, to the most soluble such as Mg- 
sulphates, regardless of the total concentration 
of the brine (Harvie & Weare 1980). The salts 
developed in the Kitum cave follow this general 
sequence and show two similar assemblages 
although these have some major differences as 
well. The evaporite salts precipitated on rock 
debris on the floor of the Kitum cave are 
volumetrically greater and are more varied in 
mineral species present (21 as opposed to 10 on 
the cave walls) and chemistry of the salts (the 
floor salts contain nitrates, phosphates, NH4 +, 
Fe and A1 evaporite salts) than those on the cave 

walls. But apart from the presence of gypsum in 
the floor salts and the presence of anhydrite in 
the wall evaporite assemblage, most of the other 
major salts are present in both assemblages 
(calcite, epsomite, halite, hexahydrite, mirabilite, 
natron and polyhalite) suggesting a common 
mechanism of formation. However, the chemical 
differences between the two assemblages suggest 
that elements from additional sources are avail- 
able to form evaporite salts on the rock debris 
on the floor of the cave. These sources have 
provided nitrate, phosphate, NH4 +, Fe, A1 and 
additional sulphate, Na,  Mg and K. The 
additional sulphate, Na, Mg and K may be a 
product of a greater volume of cave water on the 
floor of the cave or, alternatively, cave waters 
may be additionally enriched by mineral-water 
interaction by percolating through unaltered 
rocks exposed to supergene leaching by elephant 
quarrying. Such a process could also enhance Fe 
and A1, although the concentrations of these 
elements in the cave waters are no different to 
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borehole groundwater chemistry (Table 4). 
The additional source of phosphate, nitrate 

and NH4 + is most likely from groundwater 
interaction with animal excreta particularly from 

bat guano, which is known to be rich in P and N 

(Ukumi 1990), and elephant excreta which is 

volumetrically more important in the Ki tum 

cave. Despite the high nutrient content of bat  

guano it is only utilized as a nutrient source by a 

few species such as waterbuck (Kobus defassa, 

Ruppell) (Ukumi, 1990) because of the low pH 
(3.8-5) and high content of dissolved organic 

acids. The importance of animal excreta as an 
additional source of components for the evapor- 

ire salt crusts is reflected in observations by 
Sutcliffe (1973) who found a much lower volume 

of  salts in caves not frequently visited by 
e lephants  in the Moun t  Elgon area. The 
common presence of zeolites in rocks which 
are frequently utilized as a nutrient source in the 
caves is unclear and possibly only a coincidence 

as the nutrients are more concentrated and 
soluble in the evaporites. However, the expand- 

able nature of zeolites and their ability to sorb 
nutrients (Tsitsishvili et al. 1992; Bish & Guthrie 
1993) could possibly contribute in the formation 
of the salt crusts or the use of their lithologies as 
a target of elephant quarrying. However, it must  
be remembered that those rock units which host 
zeolites have been hydrothermally altered and 
are mechanically softer than unaltered equiva- 

lent rock types. 
The similarities in major nutrients between the 

salt-licks and cave salts (Table 3) suggest that  no 

additional nutritional benefit is gained from 
utilization of the cave salts. Nevertheless from 
the hydrogeochemistry data it is clear that for 
some elements, such as P, a greater portion is in 

a labile form in the cave salts than in the soils at 
the salt-lick. The superiority of the cave salts 
may have more to do with location than  
nutritional benefit over surface salt-licks. 

C o n c l u s i o n s  

In the Kitum cave, Mount  Elgon National Park, 
a suite of alkaline volcanic rocks is undergoing 

supergene leaching with the loss of mobile 

elements such as Na, K, Mg and Ca and 
consequent relative enrichment of more immo- 

bile elements such as A1, Fe and Si. The 
formation of hydromorphic salt crusts occurs 

through evaporation of groundwater enriched 

by mineral-water reactions with wallrock and 

leaching of organic matter in the caves. Multiple 

cycles of dissolution-evaporation-reprecipita- 

tion lead to a two-zone stratigraphy of salts on 

the wallrock. 

From analysis of surface salt-licks and waters 

from throughout the national park it is apparent 

that  nutrients are readily available. The surface 

salt-licks are very similar in composition to the 

cave salt crusts based on hydrogeochemistry and 
possibly only inferior in the availability of P. 

Consequently although the cave salts are a rich 

source of nutrients in a soluble form, their 

utilization by elephants is more likely to be 
influenced by the physical environment of the 

caves, which provides a warm safe haven with 

available water where they can quarry the cave 
wallrock and salt crusts on the cave floor. The 
salts being more soluble than wallrock minerals 

would be a more efficient source of nutritional 
elements. However, any preference for the salt 

crusts may be related more to the ease of mining 
the soft salts over the harder wallrock salts. 
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Abstract: Environmental monitoring of metals on two trophic levels is presented: a 
biogeochemical technique developed at the Geological Survey of Sweden, using aquatic 
mosses and roots of aquatic plants, and a bioanalytical--chemical technique developed at the 
National Veterinary Institute based on organ tissues from the moose (Alces alces L.), a wild 
ruminant living in the Swedish forests. 

The usefulness of the techniques is exemplified by monitoring of Cd in southern Sweden. 
The results of both monitoring systems are in close agreement. Together with analysis of 
crops and drinking water the results indicate a region with elevated Cd burden. Also the 
changing environment is monitored by the moose. Decreasing concentrations of essential 
and toxic metals (cations) and increasing molybdenum concentration (anion) were found in 
a strongly acidified region of Sweden by comparison with a reference material from 1982. 
pH increase of the environment of the moose is indicated, probably by liming. It resulted in 
severe copper and chromium deficiency of the moose and was suggested as the cause of a 
'mysterious' disease in the moose. 

Comparison of the techniques confirms the advantage of using metal-monitoring maps in 
interpreting biological data and also the predictive value of the monitoring maps in 
biological contexts. 

The Centre for Metal Biology was established in 
1993 on the initiative of Swedish politicians. The 
members of the Centre are Uppsala University, 
the Swedish University of  Agricultural Sciences, 
the Geological Survey of Sweden, the National 
Veterinary Institute, the University Hospital at 
Uppsala and the municipality of Uppsala. The 
Centre was created as a scientific platform with 
the important tasks of performing research and 
informing various target groups such as politi- 
cians, physicians, veterinarians, teachers and 
students about the present state of knowledge 
in the field of heavy metals and diseases related 
to them in humans and animals. 

In order to solve intricate biological/environ- 
mental problems in modern society, and to work 
towards explaining the interactions between 
metals, scientists working in different fields of 

biology, toxicology, nutrition and health, were 
brought together to facilitate interdisciplinary 
co-operation. The broad spectrum of partici- 
pants, representing different scientific fields, 
enables the Centre to cover knowledge and 
research in many areas with impact on human 
and animal health. The Centre is expected to 
provide guidelines and to propose studies with 
environmental impact, including suggestions on 
solving, eliminating or counteracting problems 

identified. Such measures could be exemplified 
by detoxifying agents and agents for large-scale 
metal elimination from, for example, industrial 
waste water. 

A model problem which was identified at an 
early stage was the study of  the possible adverse 
effects of  mercury f rom dental amalgams. 
Approaches to shed fight upon this problem 
have been proposed and tried by physicians at 
the Amalgam Unit  at the University Hospital. 
Knowledge emanating from the toxicological 
research within the centre proved to be of great 
value in this ease and  is an example of  
interdisciplinary co-operation. 

Through the Centre for Metal Biology op- 
portunities for co-operation between disciplines 
are thus greatly increased. The present paper is a 
result of such an interdisciplinary co-operation 

between the Geological Survey of Sweden and 
the National Veterinary Institute. 

Environmental monitoring 

Introduction 

Contamination of the environment with hazar- 

dous compounds and elements of anthropogenic 
origin is of increasing concern because of the 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 81-89 
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effect on the whole biosphere, i.e. the micro-flora 
and -fauna of soils, plants and higher life, 
including humans and animals. Use of different 
monitors at various trophic levels has been 
suggested to collect relevant information. Bio- 
logical monitoring should be designed to obtain 
and make use of the optimum amount of 
available information by complementing exist- 
ing environmental studies, or through the 
simultaneous collection of other environmental 
data (Wren 1983). Monitors have recently been 
defined as organisms in which changes in known 
characteristics can be measured to assess the 
extent of environmental contamination so that 
conclusions on the health implication for other 
species of the environment as a whole can be 
drawn (O'Brien et al. 1993). Monitors may 
provide information about the environmental 
concentration of essential as well as toxic metals 
of importance for life, displaying deficiency and 
toxicity, respectively. 

Some elements may derive from environmen- 
tal pollution while some enrichments may be 
natural. The metals may affect life on different 
trophic levels. Essential and toxic elements in 
bedrock or soils may become a direct risk for 
human and animal health and may be the 
underlying cause of both deficiency and toxicity 
(Crounce et al. 1983; Lag 1990, 1991). Aerial 
deposition of sulphuric and nitric oxides (acid 
rain) may influence weathering of bedrock and 
soils. The concentration of metals in upper soil 
layers may change as a result of mobilization 
and the metals become more available via plants 
to grazing animals. Elements that are easily 
mobilized are Ca, Mg, Mn, A1, Ni, Zn and Cd, 
and to a lesser extent Hg, Pb and Cu. When the 
buffering capacity of the soil is insufficient, acid 
rain may cause deficiencies in plants and via 
plants in herbivorous animals as a result of 
leaching and eluting of metals essential to plants 
and animals. Certain essential trace elements, 
such as Se and Mo, become less soluble in acidic 
environment and their availability to plants 
decreases. Changes in the uptake via plants 
may result in changed metal concentrations as 
well as changed relationships between metal 
concentrations in organ tissues, with severe 
consequences for grazing animals. 

Cadmium 

Cadmium found in soils, waters, plants and 
other environmental matrices not affected by 
pollution, can be regarded as natural. There is 
tittle difference among the igneous rocks in Cd 
content while among sedimentary rocks, the 
carbonaceous shales, formed under reducing 

conditions, contain the most Cd. The Zn]Cd 
ratio in terrestrial rocks is about 250 (Thornton 
1986). In non-contaminated, non-cultivated 
soils, Cd concentration is largely governed by 
the amount of Cd in the parent material (Purves 
1985; Adriano 1986). In an extensive survey of 
Swedish soils Andersson (1977) found an aver- 
age of 0.22 mg Cd kg -1 (0.03-2.3 mg/kg range) 
for both cultivated and non-cultivated Swedish 
soils. The soil geochemical mapping carried out 
by the Geological Survey of Sweden so far has 
analysed 10000 samples from all parts of 
Sweden. The median value of these samples is 
0.1 mg Cd kg -x in natural unweathered podzolic 
soils, while the 90th percentile is c. 0.4m8kg -x, 
and the maximum value is 6 .4mgkg- '  (M. 
Andersson, pets. comm.). 

Cd is readily taken up by roots and is 
distributed throughout the plants. The uptake 
in plants can be both active and passive 
(Kabata-Pendias & Pendias 1992), however, 
these aspects will not be discussed in the present 
context. The amount of uptake is influenced 
by soil factors such as pH, cation exchange 
capacity, redox potential, phosphatic fertiliza- 
tion, organic matter, other metals and other 
factors. In general, there is a positive, almost 
linear correlation between the different Cd 
concentrations in the substrate and the resulting 
Cd concentration in the plant tissues (Adriano 
1986). 

In a Filipendula ulmaria meadow ecosystem 
Balsberg (1982) found that water solutions of 
different Cd concentrations added to the soil, 
< 10% of the total Cd in the ecosystem was 
retained in the plant biomass. Root concentra- 
tions exceeded those in the soil and were several 
times the concentration in above ground organs. 
The Cd concentration in various plant parts 
decreased in the order: new roots > old roots 
> rhizomes > stem leaf-stalks > stem leaf- 
blades > reproductive organs. 

In the present paper two examples are given of 
monitoring metals, in this case especially cad- 
mium, in the environment by use of (i) aquatic 
mosses and the roots of aquatic higher plants, a 
technique developed at the Geological Survey of 
Sweden; and (ii) organ tissues of the moose 
(Aloes aloes L.), a wild ruminant used for 
monitoring by the Chemistry Department of 
the National Veterinary Institute since 1980. 

Aquatic roots and mosses as environmental 

monitors 

In order to delineate the geochemical distribu- 
tion of metals, the Geological Survey of Sweden 
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started a nationwide mapping programme in 
1980. The purpose o f  the programme is to 
compile a geochemical atlas of the entire 
country. The maps give a general outline of the 
distribution for heavy metals in the surficial 
environment. A new method is used, whereby 
metal concentrations are determined in organic 
material consisting of aquatic mosses and roots 
of aquatic higher plants. These are barrier-free 
with respect to trace metal uptake and reflect the 
metal concentrations in stream water (Brundin 
et aL 1987). 

Aerial parts of many plant species do not 
generally respond to increasing metal concentra- 
tions in the growth medium because of physio- 
logical barriers between roots and above ground 
parts of plants. These barriers protect them from 
uptake of toxic levels of metals into the vital 
reproductive organs (Kabata-Pendias & Pendias 
1992; Kovalevsky 1987). The roots and mosses 
respond closely to chemical variations in back- 
ground levels related to different bedrock types 
in addition to effects of pollution (Brundin & 
Nairis 1972; Brundin et al. 1988; Selinus 1988, 
1989; Nilsson & Selinus 1991). Variation of 
uptake with growing season and between plant 
species is of concern only for above earth parts 
of plants but not for the roots (Brundin et al. 

1988). 
Due to chemical weathering processes, the 

metal concentrations in the stream water reflect 
the chemical composition of the surrounding 
bedrock and soils. When the groundwater 
reaches surface waters some of the metals may 
precipitate. Enrichment takes place both in the 
roots and in iron- and manganese hydroxides. 
The exchange of metals between the water and 
the roots is a slow process whereby the influence 
from seasonal variations is of minor importance. 
One great advantage of using biogeochemical 
samples instead of water samples is that the 
biogeochemical samples provide integrated in- 
formation of the metal contents in the water for 
a period of some years. Water samples suffer 
from seasonal and annual variations depending 
on, for example, precipitation. One great ad- 
vantage of using biogeochemical samples instead 
of water samples is that the biogeochemical 
samples provide integrated information of the 
metal contents in the water for a period of some 
years. The biogeochemical samples also provide 
information on the time-related bioavai lable  

metal contents in aquatic plants. 
All sampling points are chosen in such a way 

that they each represent a drainage area (one 
2 sample every 6 km ). All samples are analysed 

after ashing by X-ray fluorescence (XRF) for A1, 
As, Ba, Ca, Co, Cr, Cu, K, Mg, Mo, Nb, Na, Ni, 

P, Pb, Rb, S, Si, Sr, Ti, U, V, W, Y, Zn, Zr. 
Every fifth sample is also analysed by Atomic 
Absorption (AAS) for Hg, Se and Cd. After 
analysing the samples, all analytical results are 
normalized with respect to organic content and 
limonite content (Fe and Mn) using stepwise 
regression analysis (Selinus 1983). 

The biogeochemical mapping programme 
now (1996) covers about 50% of the land area 
of Sweden (30 000 sample points), where about 
75% of the population of Sweden lives. This 
means that the Geological Survey now has an 
extensive database of analyses for use in 
environmental and geomedical research. The 
samples are related to the periods in which they 
are sampled, which means that resampling and 
follow-up research will render invaluable mon- 
itoring information in the future. An existing 
sample bank with all biogeochemical samples 
could also be used for future environmental 
research. The geochemical mapping programme 
also includes geochemical soil surveys and bed- 
rock surveys. The soil surveys provide informa- 
tion on the regional variation of major, minor 
and trace element distributions in the unaffected 
part of the till cover of the country. The bedrock 
surveys are used for separating the natural 
background of the metals from anthropogenic 
sources by means of multivariate statistical 
methods (Selinus & Esbensen 1995). 

Cadmium levels in biogeochemical samples 
(roots and aquatic mosses) from southern 
Sweden are shown in Fig. 1 (Ressar & Ohlsson 
1985). The contents are enhanced in the south- 
ernmost counties and along the west coast of 
Sweden. The latter distribution is derived mainly 
from transboundary atmospheric transport and 
deposition of anthropogenic origin. The con- 
tents of Cd in the southernmost part are, 
however, much higher, and the highest levels 
so far detected by the Geological Survey since 
1982 are located in this region. This region is a 
densely populated farming region from which 
growing crops are distributed to the rest of 
Sweden. The important source of uptake of Cd 
for the non-smoking Swedish population is 
cereals. Therefore, a sampling programme of 
wheat in the affected areas was performed by the 
farmers' organizations after contact with the 
Geological Survey. 

In 1989 samples of autumn wheat were taken 
in certain geographical regions, and in the Skhne 
region 54 samples were taken. The results 
showed that samples from Sk~ne had an average 

1 of 73 #g Cd kg- d.w., with several areas exceed- 
ing 100 #g Cd kg -1 d.w. In comparison, an area 
in central Sweden yielded on analysis only 
29 #g Cd kg -1 d.w. on average in autumn wheat 
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Fig. 1. Cadmium in biogeochemical samples (roots and mosses) from southern Sweden. 

(A. Jonsson, pers. comm.). Japan is known to 
have the highest cadmium burden in the world, 
especially in home produced rice. It is note- 
worthy that the concentration of cadmium in 
polished rice was found to be 30-300#gkg -1, 
and an average value from 200 samples of 
polished rice was 66 pg kg -1 w.w. (Friberg et al. 

1974). The Cd contents in wheat from Sk~ne 
could therefore be a matter for concern. In this 
region drinking water is taken from many wells. 
In those that have been analysed for Cd, the 
results show an almost identical distribution of 
high Cd contents as depicted in the biogeochem- 
ical map. For drinking water, the WHO has set a 
limit of 5 #g Cd 1 -l (WHO 1984). In comparison, 
the wells in Skgme, within the region with high 
Cd burden, have average levels of about 
400 #g Cd F 1. 

Several factors may interact with each other 
and contribute to the high Cd concentrations 
found in this region, for example, deposition of 
airborne Cd as well as acid rain from Eastern, 
Western and Central Europe. Cadmium may 
also originate from local sources, for example, 
from phosphate fertilizers used in agriculture or 
sewage sludge, or high contents of natural Cd 
derived from the sedimentary bedrock in Skhne. 
Research is now being carried out in order to 
investigate combinations of these factors. 

The concurring results from biogeochemistry 
(Fig. 1) and analyses of crops and drinking 
water indicate, thus, a region of pronounced 
Cd contents. Similar results were found when 
moni tor ing was per formed by analysing 
samples from a wild herbivorous ruminant, the 
moose. 
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Fig. 2. Average yearly cadmium uptake in moose kidney in southern Sweden expressed in mg Cd kg -x w.w. 

The moose (Alces alces L.) as an 

environmental  monitor  

Cadmium in organ tissues o f  the moose 

In the search for monitors among the wild 
Swedish fauna during 1973-1976 that could be 
used for cadmium, the moose (Alces alces L.) 
was found to be useful (Frank 1986). This large 
wild ruminant is found in most parts of Sweden. 
The moose is relatively sedentary, the range of 
migration within the territory seldom exceeds 
50-80 km to some extent also depending on the 
density of the population. Tissues may be 
obtained through co-operation with the hunters' 
organization during regular hunting seasons in 

the autumn. Regional differences in cadmium 
burden were demonstrated by Frank et al. 
(1981). By far the highest burden was found in 
the region of Skfine (Mattsson et al. 1981; Frank 
1982). 

Prior to the hunting seasons in 1981 and 1982, 
standardized packages for sample collection 
were distributed to the hunters. All but one of 
the 24 counties of Sweden participated in sample 
collection. Tissues of fiver and kidney, as well as 
the left mandible (for age determination by 
cutting the first molar teeth and microscopic 
examination) were collected from more than 
4300 animals (Frank 1989). The samples were 
pretreated by automatic wet digestion (Frank 
1976, 1988). Simultaneous analysis of 13 metals 
using a direct current plasma-atomic emission 
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Fig. 3. Cadmium content (/zg/g d.w.) in terrestrial moss samples collected in 1975. Adapted from Rfihling & 
Sk/irby 1979. (The white area in southernmost Sweden (Sk~.ne) is not sampled.) 

Fig. 4. pH values in the lakes of Sweden in the late 1970s. (1) pH < 5.0 all the year in at least 33% of all lakes; (2) 
pH < 5.5 some time during the year in at least 50% of all lakes; (3) less than 50% of all lakes acidified. (Adapted 
from Monitor 1981, Swedish Environmental Protection Agency.) 

spectrometer (DCP-AES) was applied in deter- 
mination of the tissue metal concentrations 
(Frank & Petersson 1983). The metals deter- 
mined were A1, Ca, Cd, Co, Cr, Cu, Fe, Mg, 
Mn, Ni, Pb, V, and Zn. 

At the time of sample collection, the main 
interest was focused on determination of  the 
cadmium burden in the different geographical 
regions of Sweden. In addition, the  concentra- 
tions of essential elements in liver and kidney 
gave increased knowledge of  normal variations 
in the different regions, which is important  

information from a nutritional point of view. 
All these values represent time-related reference 

values for moose in 1982. Future investigations 
compared with reference values of the same 
geographical region would display changes in 
the environment. 

The renal cadmium accumulation is age 
dependent. To some extent, the rate of accumu- 
lation depends on the total amount of cadmium 
present in the environment. However, influen- 
cing factors are the geochemical background, 
atmospheric transport and deposition of parti- 
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culate matter, oxides of sulphur and nitrogen, 
acid rain, anthropogenic activities etc. - all 
seem to contribute to the flux of cadmium in 
the biosphere. Acidification mobilizes cadmium, 
and its availability for uptake via plants in herbi- 
vorous animals increases. Early investigations 
demonstrated very high Cd burdens in the south 
and southwest of the country. Once again, the 
highest values were found in the two counties 
making up the most southern province of 
Sweden (Frank & Petersson 1984; Frank et al. 
1984). 

A number of statistical models were tested to 
express the cadmium burden of a population of 
animals. Eventually a statistical model allowing 
comparison of the cadmium burden of different 
regions was developed and found most useful 
(Eriksson et al. 1990). It is presented in an 
abbreviated form as follows. A quotient is 
formed by dividing the cadmium concentration 
of the respective organs with the estimated age 
of the animal. From these quotients, median 
values are calculated for each age class and 
region, and the age classes are weighted for age 
distribution. The resulting constant is character- 
istic for the region in question and is the average 
yearly cadmium uptake in liver and kidney 
respectively at the time of sample collection. 
Using this model, the cadmium burdens for all 
the investigated counties were calculated. 

A shaded map expressing the cadmium 
burden of southern Sweden is shown in Fig. 2. 
When this cadmium map was compared with the 
map of atmospheric deposition of cadmium, 
measured by moss analysis (Rfihling & Sk~irby 
1979) (Fig. 3), with the bedrock geological map 
and the acidification map of southern Sweden 
(Fig. 4), the best agreement was achieved by 
comparison with the acidification map. Com- 
parison of Fig. 2 with the biogeochemical map 
based on analysis of roots of water plants (Fig. 
1) shows close agreement in the region of Skhne. 

Secondary  copper deficiency, chromium 

deficiency and an earlier unknown disease 

o f  the moose 

In connection with a new type of moose disease 
of unknown etiology in southwestern Sweden 
(Steen et al. 1989), reexamination of tissue metal 
concentrations was performed in 1988 and 1992. 
Decreased hepatic Cu concentrations in 1988 
and 1992 (30% and 50% respectively) were 
observed in comparison with the corresponding 
value in 1982 (Frank et al. 1994). Decrease of 
other essential and toxic metal concentrations 
was noted in the liver such as Cr (80%), Fe, Zn, 

Pb and Cd. In the kidney, decreases of Ca, Mg, 
Mn indicate severe metabolic disturbances. The 
Cd concentration in the kidney decreased by 
about 30%. 

Decreasing metal concentrations in organ 
tissues of the moose, after such a short period 
of 5-6 years, indicate changes in the concentra- 
tion of metals via plants in the upper soil surface 
layer. Thus, the moose appears to be a sensitive 
monitor of environmental changes. In rumi- 
nants, the utilization and availability of Cu in 
feed is greatly influenced by interactions between 
Cu, Mo and S (Mills & Davis 1987). Increased 
Mo concentrations in respect to Cu in the feed 
causes secondary copper deficiency in ruminants 
with clinical signs in close agreement with the 
signs related to the unknown moose disease. 

When liver from yearlings, collected in 1982 
and 1992, was analyzed for Mo, increased 
hepatic Mo concentrations were found in north- 
ern and southern districts of Alvsborg County 
(24% and 21%, respectively) during the 10 years 
between sample collections (Frank et al. 1994). 

When pH in soils decreases, Mo becomes less 
available to plants and its uptake diminishes. 
Nonetheless, the increased Mo uptake by plants 
in the strongly acidified region is difficult to 
explain. A small pH increase in the environment 
causes a marked increase of Mo uptake by 
plants (Mills & Davis 1987). Thus, the results 
evidently indicate elevated pH in the soils. The 
intensive liming of lakes, wetlands, fields and 
pastures in the western part of Sweden during 
the later 1980s, and to some extent the liming of 
forest areas during recent years, are suggested as 
possible explanations of increased hepatic Mo 
concentrations in this exceptionally acidified 
region. This side effect of liming and its harmful 
consequences for domestic and wild ruminants 
appear to have been overlooked. 

A map showing the ratio of Cu/Mo was 
recently constructed on the basis of biogeo- 
chemical data provided by the Geological 
Survey of Sweden (to be published). This map 
demonstrates the risk areas of secondary copper 
deficiency as well as of copper toxicity in 
ruminants. The area of the former and the 
region for the highest prevalance of the un- 
known moose disease appear to coincide. 

Conclusions 

Two monitoring techniques were compared. 
Both techniques map the bioavailabilty of 
elements in the environment, however, on 
different trophic levels. The map based on roots 
of aquatic plants and aquatic mosses, and those 
of using organ tissues from the moose, a wild 
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ruminant ,  appear  to be remarkably similar, in 

the vicinity of  Sk~ne, where a region of  elevated 

Cd burden  is identified. 

The two examples given in the paper elucidate 

the usefulness of  the mapping  techniques in 

moni tor ing  and detecting toxic metal  burdens of  

regions (biospheres) as well as low prevalence of  

essential elements. 

The maps,  especially the detailed maps of  

biogeochemical  data  comprising about  30 ele- 

ments,  contr ibute to and facilitate interpretat ion 

of  biological data  and  have predictive value in 

biological  contexts.  In  addi t ion,  the moose  

seems to be a reliable moni to r  to detect rapid 

changes in the environment .  
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Groundwater geochemistry and health: an overview 

W. M.  E D M U N D S  & P. L. S M E D L E Y  

British Geological Survey, Wallingford, OXIO 8BB, UK 

Abstract: The natural geological and geochemical environment, in addition to providing 
beneficial mineral content and bioessential elements to groundwaters, may also give rise to 
undesirable or toxic properties through a deficiency or an excess of various elements. In this 
paper the controls on the release of toxic elements are considered together with the 
geochemical conditions that give rise to excess and deficiency. Many studies have pointed 
towards an inverse correlation between water hardness and cardiovascular disease and the 
associated mobility of metals in soft waters may also be a contributory factor. Under acidic 
conditions A1 and Be as well as other metals may be released, whilst changes in redox 
conditions as well as pH will affect the mobility of Fe, Mn and As in particular. Some 
potentially toxic elements such as Ba and F are usually held at acceptable concentrations in 
groundwaters by the respective solubility controls of barite and fluorite; quality problems 
arise from these elements when groundwaters contain respectively low sulphate or low 
calcium concentrations. Deficiencies of Se and I (as well as F) in groundwater are related to 
the low geochemical abundance of these elements in certain environments. In the context of 
groundwater pollution it is important first to define the natural baseline concentrations of 
key elements of health importance. 

The provision of safe drinking water as well as 
water of acceptable quality remain prime targets 

for both advanced and developing countries. By 
far the greatest water qual i ty  problem in 
developing countries is the prevalence of water- 
borne diseases, especially gastro-enteritis which 
is related to faecal pollution and inadequate 
hygiene (Tebbutt 1983). Such problems are 
usually related to poor well siting and construc- 
tion as well as to insufficient water and water 

distribution. Pollution from agricultural chemi- 
cals, for example nitrate and pesticides, once 
considered a problem restricted to rich nations, 
is now also a rapidly growing problem in 
developing countries. 

In addition to the anthropogenic sources, the 
natural baseline geochemistry of groundwaters 

and surface waters resulting from interaction 
with rocks, also creates widespread health and 

acceptability problems in many parts of the 
world, mainly on a regional scale. The concen- 
trations of naturally occurring mobile elements 

often exceed those recommended as the max- 
imum for potable waters, and/or their concen- 
t r a t i o n s  m a y  exceed  l i m i t s  o f  g e n e r a l  
acceptability for domestic use. 

These natural problems of groundwater have 
been exacerbated during the past two decades by 

the widespread installation of rural groundwater 
supplies. Well or borehole water, replacing 

otherwise unhygienic surface supplies, has all 

too often been developed in places where specific 

geochemical conditions may have led to exces- 
sive concentrations of toxic or undesirable 

elements (As, Cr, Fe, Mn, Sb, A1 or F). 

In the present paper, those elements consid- 
ered by international organizations to be toxic in 
natural waters are reviewed with regard to their 
mobility under various hydrogeochemical con- 
ditions. Elements which may give rise to health 
problems due to their deficiency in water 
supplies are also considered, as are those 
elements such as iron which present problems 
of acceptability in water supplies. It is not 
possible to review the vast numbers of studies 
worldwide comprehensively, but rather a selec- 
tive overview of the current problems is pre- 
sented using examples mainly from developing 
countries as a key to future needs, especially 
work of a remedial or preventive nature. 

Essential and non-essential dements 

Nearly all natural waters contain traces of most 

of the chemical elements but often at extremely 
low or unquantifiable concentrations. The typi- 
cal abundance of the elements in natural  waters 

at pH 7 is summarized in Fig. 1. Nine major 

species (HCO3, Na, Ca, SO4, C1, NO3, Mg, K 
and Si) invariably make up over 99% of the 

solute content of natural waters. The abundance 
of minor and trace elements, under 1% of the 

total, can change significantly from the concen- 

trations shown depending on geochemical con- 
ditions. In particular a pH decrease of one unit 

may lead to an increase of more than one order 

of magnitude in the concentration of certain 

metals. A change from oxidizing to reducing 

conditions may have a similar effect on elements 
such as iron. 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 91-105 
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TRACE ELEMENTS IN GROUNDWATER AND THEIR 

SIGNIFICANCE IN TERMS OF HEALTH AND 

ENVIRONMENTAL PROTECTION 

CONCENTRATIONS IN DILUTE, OXYGENATED GROUNDWATER AT pH 7 
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ESSENTIAL ELEMENTS 
Elements considered essential for human 
or animal health. 

Elements probably essential for health. 

Non-essential elements. 

TOXIC ELEMENTS 
Elements considered to be toxic or 
undesirable in excessive amounts and 
for which maximum admissible 
concentrations (MAC) have been set by 
the CEC. 

Other elements considered undesirable 
in excess but for which no statutory limit 
has been set by the CEC. 

Fig. 1. Major and trace elements in groundwater and their significance in terms of health. Concentrations shown 
are those typical of dilute oxygenated groundwater at pH 7. Elements outlined are those considered to be essential 
(or probably essential) for health. Those elements which have guideline or statutory limits set by the CEC or 
WHO (see Tables 1, 2) are indicated. 
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Table 1. Chemicals o f  health significance in drinking water 
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WHO (1993) guideline 
maxima (rag 1-1) 

CEC (1980) guideline CEC (1980) max. admissible 
values (mg 1 "1) concentrations (mg1-1) 

Antimony (Sb) 0.005 (P) 
Arsenic (As) 0.01 (P) 
Barium (Ba) 0.7 0.1 
Beryllium (Be) NAD 
Boron (B) 0.3 1.0 
Cadmium (Cd) 0.003 
Chromium (Cr) 0.05 (P) 
Copper (Cu) 2 (P) 0.1 
Fluoride (F) 1.5 
Lead (Pb) 0.01 
Manganese (Mn) 0.5 (P) 0.02 
Mercury (Hg) total 0.001 
Molybdenum (Mo) 0.07 
Nickel (Ni) 0.02 
Nitrate (NO3) 50 25 
Selenium (Se) 0.01 
Uranium (U) NAD 

0.010 
0.050 

0.005 
0.050 

1.5" 
0.05 
0.05 
0.001 

0.05 
50 
0.01 

Data from WHO (1993) with values from CEC (1980) where appropriate. P, provisional value; NAD, no 
adequate data to permit recommendation of a health-based guideline value; * climatic conditions, volume of 
water consumed and intake from other sources should be considered when setting national standards. 

Table 2. Substances in drinking water that may give rise to complaints from consumers 

WHO (1993) guideline 
maxima (mg F 1) 

CEC (1980) guideline CEC (1980) max. admissible 
values (mg1-1)  concentrations (mg1-1) 

Aluminium (A1) 0.2 0.05 0.2 
Ammonium (NH4) 1.5 0.05 0.5 
Calcium (Ca) 100 
Chloride (C1) 250 25 
Sulphide (H2S) 0.05 
Iron (Fe) 0.3 0.05 0.2 
Magnesium (Mg) 30 50 
Potassium (K) 10 12 
Sodium (Na) 200 20 150* 
Sulphate (SO4) 250 25 250 
Zinc (Zn) 3 0.1 5 

Data from WHO (1993) compared where appropriate with CEC limits. *More than 80% compliance over a 
period of 3 years. 

Those elements currently considered to be 
essential for human health and metabolism 
(Moynahan 1979) are also indicated in Fig. 1, 
together with elements which are considered to 
have harmful effects if present in water supplies 
above certain limits (CEC 1980; World Health 
Organisation 1993). The currently agreed limits 
for inorganic constituents of significance in 
relation to health are summarized in Table 1. 
It should be noted that for some elements (e.g. 

Be, U) no agreed limit has been reached despite 
their known health effects. Some bioessential 

elements (e.g. F and Se) may also have a harmful 
effect if present above certain limits. Those 
elements that  may give rise to acceptability 
problems are summarized in Table 2; some of 
the limits quoted in both tables have qualifica- 
tions placed on them for which reference to the 
original text is recommended. 

Geochemical baseline conditions 

The composition of  surface waters and shallow 
groundwaters  will closely reflect the local 
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geology. Reactions between rainwater and bed- 
rock over a timescale of days or months during 
percolation, followed by emergence as springs or 
as inputs to the water table, give the ground- 
water its essential mineral character. During this 
process the physical properties of the bedrock 
and hence mechanisms of flow (i.e. by inter- 
granular or via fractures) will be of importance. 
The extent of reaction with the host rock will be 
controlled by the residence times of the water 
and the primary mineralogy of the aquifer. In 
this context the initial concentrations of CO2 in 
the soil will determine the amount of reaction of 
carbonate or silicate minerals that takes place in 
the aquifer. The geological map may be used to 
highlight the distribution of carbonate (infinite 
buffering), from non-carbonate (base-poor) ter- 
rains which offer poor buffering capacity and 
can give rise to acid waters and mobilization of 
metals harmful to health (Lucas & Cowell 1984; 
Edmunds & Kinniburgh 1986). 

In contrast to shallow environments where the 
baseline chemistry closely mirrors the surface 
geology, deeper groundwaters can undergo 
significant changes in the baseline conditions 
along flow lines with increasing residence times 
(Edmunds et al. 1987). It is therefore necessary 
to consider the possible changes taking place not 
only between areas with different geology but 
also the sequential changes taking place within 
an aquifer. Classic examples of health effects 
relating to differences in water chemistry along 
flow gradients in aquifers may be found. In the 
confined Lincolnshire Limestone aquifer in the 
UK (Lamont 1959), for example, a zonation in 
dental health could be identified in relation to 
groundwater use. Once recognized as a fluoride- 
related problem, blending of high and low F- 
waters was adopted as a means of eradicating 
fluorosis and of providing an optimum F 
concentration in water supplies. 

Health and acceptability problems are really 
only important for a small number of elements 
and it is convenient to consider these under 
categories relating to geochemical controls. 

Natural water quality problems 

Water hardness 

It has long been suspected that a causal link 
exists between water hardness (i.e. principally 
dissolved Ca and Mg) and cardiovascular 
disease (Gardner 1976; NAS 1977; Masironi 
1979) although water is only one of many factors 
that might be involved (Shaper et al. 1981). In 
Britain, detailed studies were carried out during 
the 1960s and 1970s, especially in towns which 

had experienced changes in the hardness of their 
water supplies (Lacey & Shaper 1984). These 
results supported the hypothesis of a weak 
causal relationship between drinking water 
hardness and mortality, especially in men, from 
cardiovascular disease. More recently the British 
Committee on Medical Aspects of Food Policy 
(COMA 1994) as part of a wider review of the 
nutritional aspects of cardiovascular disease, 
also found a weak inverse relationship between 
water hardness and cardiovascular disease mor- 
tality, but noted that the size of the effect was 
small and most clearly, seen at water hardness 
levels below 170 mg F ~ (as CaCO3). It was also 
pointed out (by COMA) that further studies 
since the 1970s had not altered the balance of 
evidence for the association and that the 
explanation for the association remained un- 
known. Other studies reviewed by Foster (1992) 
have shown that the relationship between water 
hardness and heart disease is not straightfor- 
ward and that the other factors involved (e.g. 
diet, exercise, smoking) are likely to be more 
important. On balance, it is probable that 
hardness may only be a general pointer towards 
other agents connected with the disease. Several 
hypotheses for the link with water have been 
proposed including: (1) potential for Ca and/or 
Mg to protect against some forms of cardio- 
vascular disease; (2) that some trace elements, 
more prevalent in hard water, may be beneficial; 
(3) many metals are more soluble in soft water 
and hence may promote cardiovascular disease. 

From the geochemical viewpoint it is con- 
sidered that more studies are needed that 
investigate the ratio of Mg to Ca in natural 
waters in relation to cardiovascular disease, 
rather than total hardness alone as a factor. 
Elevated sodium in drinking water is also 
implicated in contributing to high blood pres- 
sure (Calabrese & Tuthill 1981) and it seems 
important that further work in this area should 
consider not only sodium (and total mineraliza- 
tion) but also the ratio of Na to other competing 
ions, especially potassium. 

Fewer studies have been carried out in 
developing countries but Dissanayake et al. 

(1982) for example found a similar negative 
correlation between water hardness and various 
forms of cardiovascular disease and leukaemia 
in Sri Lanka. Links between water hardness and 
endemic goitre have also been suggested (Day & 
Powell-Jackson 1972). 

Acid  water and mobilization o f  toxic metals 

Acid groundwater may result either from 
natural processes such as flow through non- 
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carbonate rocks (e.g. granite), from pyrite 
oxidation or from pollution (acid rain). Acid 
water is in itself not thought to be a health risk 
but since many minerals are more soluble in acid 
water, toxic trace metals (e.g. A1, Be, Cd, Pb) 
may be present in higher concentrations. Most 
acid waters are base-poor, soft waters and their 
Ca and Mg deficiencies may also be implicated 
in various forms of heart disease referred to 
above. 

Acid groundwaters are common in many 
parts of Africa, Asia and South America where 
granitic basement rocks with little acid-buffering 
capacity compose large areas of the land mass. 
High trace-metal contents of such waters are 
likely as a result. Acidic water is, for example, 
documented in south-western Ghana where 
Langanegger (1991) found that 45% of ground- 
waters had pH below 6.5. This is supported by 
recent work (Smedley et al. 1996). Two elements 
in particular, A1 and Be, are worth highlighting 
as potentially problematic in acid waters. 

Aluminium (AI) .  The WHO maximum recom- 
mended concentration for A1 in drinking water 
is 0.2 m g F  1 (WHO 1993). A1 is a major element 
in alumino-silicate minerals and is therefore a 
common constituent of most rocks. The solubi- 
lity of A1 is strongly pH-dependent and sig- 
nificant environmental concentrations are only 
found below pH 5.5 where the increasing 
concentrations are related to the solubility of 
microcrystalline gibbsite (Bache 1986). The 
presence of inorganic ligands, notably F and 
SO4 also increase the solubility of aluminium 
(May et al. 1979). At pH greater than 5, it is 
unlikely that labile, monomeric forms of alumi- 
nium will be present in natural waters although 
colloidal aluminium and other aluminosilicate 
colloids and particles may contribute to total 
aluminium in waters. It is customary to measure 
total aluminium in water on samples filtered 
through 0.45#m filters. This will give an early 
warning of high aluminium problems, although 
analysis of the monomeric forms (Driscoll 1984) 
is also needed for health and environmental 
studies where thermodynamic treatment of 
aluminium solubility is desirable. 

The occurrence of high A1 in drinking water 
has been linked to the development of Alzhei- 
mer's disease (e.g. Martyn et al. 1989). Recent 
studies related to A1 toxicity have been carried 
out in relation to acidification by acid rain (Vogt 
1986), although concern has also been expressed 
in relation to the quality of water released from 
water treatment plants where aluminium salts 
are used to clarify water by coagulation of 
organics, particulate matter and bacteria. Alu- 

minium in drinking water forms only a small 
part of the total daily intake. It is more likely to 
be toxic if present in the labile, monomeric form 
in which it may make a disproportionate 
contribution to the amount absorbed from the 
gastro-intestinal tract. The greater bioavailabil- 
ity of A1 in drinking water may therefore render 
it a relatively more harmful source than food 
(Martyn et al. 1989). The role of aluminium in 
Alzheimer's disease (let alone the role of AI in 
water) remains a controversial subject. The 
WHO guideline of 0.2mg1-1 is based on a 
compromise between reducing aesthetic pro- 
blems and retaining the efficacy of water 
treatment; they conclude that it is not presently 
possible to derive a health-based guideline. 

It is likely that high aluminium occurs in 
groundwater in a number of developing coun- 
tries where acid waters are generated. However, 
any health effects are unlikely to have been 
reported due to the absence of long-term records 
and the overriding influence of other diseases. 

Beryllium (Be) .  Beryllium is known to be toxic 
at industrial exposure levels (Griffits et al. 1977), 
yet to date only limited data have been reported 
on its occurrence and toxicity in natural waters 
and elsewhere in the environment. Of particular 
concern is the possibility that beryllium might be 
mobilized along with aluminium under condi- 
tions of increasing acidity (Vesely et al. 1989). 
Beryllium is substituted as a trace component in 
the silicate lattice of some rock-forming miner- 
als. It is also present as the minerals beryl and 
bertrandite (BeaSi207(OH)2) and is concentrated 
in residual deposits of silicic volcanic rocks 
(Brookins 1988). It is especially concentrated in 
acidic waters, being present as dissolved Be 2 + at 
pH < 5.5 (e.g. Edmunds & Trafford 1993) but 
may also be soluble as Be(OH)x complexes at 
higher pH. Beryllium solubility may also be 
enhanced by the formation of F-complexes. No 
WHO guide level has been set for Be in drinking 
water because of insufficient toxicological data 
and on the assumption that its concentrations in 
drinking waters must be very low (WHO 1993). 

R e d o x - r e l a t e d  con t ro l s  

The complete reduction of oxygen in an aquifer 
is accompanied by a sharp decrease in the redox 
potential. The mobility of some species (NO3, 
Se, U for example) is favoured under oxidizing 
conditions whilst others (especially Fe) have 
increased mobility under reducing conditions. A 
redox boundary will be found at shallow depths 
especially in soils or aquifers high in organic 
matter or sulphide minerals which will act as the 
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main substrate (electron donor) for the reduc- 
tion of oxygen but in organic-deficient sedi- 
ments, oxidizing conditions may persist for 
thousands of years. 

Nitrate. Nitrate is often a major concern in 
developed countries as a result of well docu- 
mented concerns about its potential health 
problems, including links with methaemoglo- 
binaemia and stomach cancers. It is not dis- 
cussed in detail here because excessive nitrate 
concentrations are related mainly to pollution 
and have been comprehensively reviewed else- 
where (Foster et al. 1982; Chilton et al. 1994). 
Two points are emphasized, however, in the 
context of this review on geochemical controls. 
In many arid regions the natural baseline 
concentrations may well exceed the recom- 
mended limits due to natural rather than 
anthropogenic factors, for example fixation by 
leguminous plants (Edmunds 1994) or micro- 
organisms (Barnes et al. 1992). Secondly, con- 
centrations of NO3 will persist under oxidizing 
conditions but in-situ denitrification will rapidly 
take place once oxygen has reacted completely if 
electron donors are available in the system. 

lron and manganese. Under reducing conditions 
concentrations of dissolved Fe and Mn can 
reach several mg1- l, although much may be in 
colloidal rather than truly dissolved form. The 
solubility of Fe and Mn is also greater at low 
pH. Manganese is an essential element and is 
readily absorbed. There is limited evidence that 
it may be toxic at high concentrations (Loranger 
et al. 1994) and a provisional limit of 0.5mg1-1 
has been set (WHO 1993). Water with high Mn 
and/or Fe concentrations is usually unpalatable 
in terms of taste, odour, staining of laundry and 
discoloration of food (Gale & Smedley 1989). 
These aesthetic problems may be exacerbated by 
the presence of Fe bacteria (e.g. Thiobacillus 

ferro-oxidans, Gallionella) which obtain energy 
from the oxidation of Fe(II) and are responsible 
for biofouling of aquifers in some Fe-rich areas. 

Most Fe problems relate to dissolution of Fe- 
bearing minerals but problems may also arise 
from corrosion of ferrous casing, pumps and 
pipework in supply boreholes. Iron especially 
is a very common problem in groundwater 
globally. The problem is well documented in 
developing countries where communities may be 
poorly equipped to treat affected supplies. Iron 
problems are reported for example in parts of 
India, Ghana (Pelig-Ba et al. 1991), Thailand 
(Ramnarong 1991) and Sri Lanka, Malaysia, 
Vietnam, Indonesia (Lawrence & Foster 1991), 
South Africa (Chibi 1991) and the former Soviet 

Union (Kraynov & Solomin 1982). 

Arsenic. Arsenic is toxic and carcinogenic. 
Hyperpigmentation, depigmentation, keratosis 
and peripheral vascular disorders are the most 
commonly reported symptoms of chronic ar- 
senic exposure (Matisoff et al. 1982; Chen et al. 

1994; Morton & Dunette 1994), but skin cancer 
and a number of internal cancers can also result. 
Toxicity depends on the form of As ingested, 
notably the oxidation state and whether in 
organic or inorganic form. Reduced forms of 
As are apparently more toxic than oxidized 
forms, with the order of toxicity from greatest to 
least being arsine, organo-arsine compounds, 
arsenite and oxides, arsenate, arsonium, native 
arsenic (e.g. Welch et al. 1988) although there is 
some evidence for in-vivo reduction of arsenate 
species (Vahter & Envall 1983). Arsenic intake 
by humans is probably greater from food (e.g. 
seafood) than from drinking water; however, 
that present in fish is overwhelmingly present as 
organic forms of low toxicity. Drinking water 
therefore represents by far the greatest hazard 
since the species 15resent in groundwater are 
predominantly the more toxic inorganic forms 
(Ferguson & Gavis, 1972; Smedley et al. 1996). 
WHO has recently reduced its recommended 
limit for As in drinking water from 50 #g 1-1 to 
10/zg 1-1 in response to evidence from toxicolo- 
gical studies. Regulatory bodies such as the EU 
and US-EPA are currently considering similar 
revision of the maximum value. 

The crustal average As concentration is 
2mgkg -1 (Tebbutt 1983). Arsenic occurs as a 
trace element in many rocks and minerals but is 
especially concentrated in sulphide minerals 
such as orpiment (As2S3), arsenopyrite (FeAsS), 
realgar (ASS) and enargite (Cu3msS4). Coal may 
contain about 2000mgkg -l As (Onishi 1969) 
and phosphorite may also be enriched. 

Arsenic species in aqueous systems consist 
3-n  principally of arsenite (HnAsO3 ) and arsenate 

(HnAsO4 j-n) oxyanions. These species are highly 
soluble over a wide range of Eh and pH 
conditions. However, under reducing conditions 
in the presence of sulphide, As mobility is 
reduced due to precipitation as orpiment, 
realgar or arsenopyrite (although at low pH, 
the aqueous species HAsS2 may be present). 
Biomethylation of As may also take place 
resulting in the production of monomethyl- 
arsonic acid (MMAA) and dimethylarsinic acid 
(DMAA). In natural waters these are usually 
rare compared to the organic forms but may be 
present in relatively high concentrations in 
organic-rich waters. 

Arsenic is strongly sorbed onto, or coprecipi- 
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tated with, ferric hydroxide (Fe(OH)3), the 
arsenate forms (5 + oxidation state) being more 
strongly sorbed than the arsenite forms (3+ 
oxidation state). This results in potentially much 
greater concentrations of dissolved As under 
reducing conditions, not only because of the 
lower sorption affinity but also because Fe(OH)3 
is more soluble at low Eh. Many studies of 
groundwater and sediments have detected cor- 
relations between As concentration and both Fe 
and Eh (e.g. Matisoff et al. 1982; Belzile 1988; 
Varsfi.nyi et al. 1991). However, As may also be 
present in oxidizing waters, particularly in 
groundwater environments where oxidation of 
sulphide minerals is occurring (Smedley et al. 

1995, 1996). Arsenic is also readily sorbed onto 
aluminium hydroxide (AI(OH)3), except at low 
pH where A1 is itself stable in dissolved ionic 
form. 

Occurrences of high As in drinking water are 
relatively rare. Most recorded cases are asso- 
dated with sources of natural sulphide minerals, 
most notably pyrite and arsenopyrite, and these 
are often exacerbated by sulphide-mining activ- 
ity. In the latter case the high As may be 
generated by oxidation in situ or by the 
processing and disposal of mine wastes. Inci- 
dences of high As have been noticed particularly 
in Taiwan (Tseng et al. 1968), S. America 
(Zaldivar 1974; Henriquez & Gischler 1980), 
Mexico (Cebrian et al. 1994), Ghana (Smedley et 

al. 1996), India (Chatterjee et al. 1995; Das et al. 

1995) and Thailand (Ramnarong 1991). 

E l e m e n t  deficiencies re la ted  to g e o l o g y  

Some water-related health problems are created 
by element deficiencies rather than excesses. 
Such diseases are most apparent in rural 
communities where water and food are locally 
derived and little exotic produce is consumed. In 
'developed' societies, such deficiencies have 
normally diminished due to broader diet, wider 
provenance of foodstuffs and dietary supple- 
ments. It is possible to delineate large areas 
containing element deficiencies which are closely 
related to the local geology and/or geographical 
location. Three elements (Se, F, I) have well 
documented deficiency-related health problems, 
although Se and F also give rise to disease if 
present above threshold values defined earlier. 

Selenium. Trace concentrations of Se are essen- 
tial in the diet of humans and animals (e.g. Old- 
field 1972) and Se deficiency may promote a 
health problem. Symptoms include muscular 
degeneration, impeded growth, fertility disor- 
ders, anaemia and liver disease (LS_g 1984; 

Peereboom 1985). However, at high ingested 
concentrations of 10 mg day -l or greater, other 
problems such as gastro-intestinal ailments, skin 
discoloration and tooth decay may occur (Teb- 
butt 1983). Selenium toxicity in American 
Indians has been reported by Beath (1962). 
The WHO recommended limit for Se in drinking 
water is 10#gl -~, but concentrations in natural 
water rarely exceed 1 #g 1-1. 

The geochemistry of Se is similar to that of 
sulphur. It occurs naturally in four oxidation 
states: 2-, 0, 4+ and 6+.  In its 2-  state, Se 
occurs as HzSe, a highly toxic and reactive gas 
which readily oxidizes in the presence of oxygen. 
In elemental form (Se~ Se is insoluble and 
therefore non-toxic. The element occurs in the 
4 + oxidation state as inorganic selenite (SeO32-) 
which is highly toxic. However, under reducing 
and acidic conditions selenite is readily reduced 
to elemental Se (NRC 1976; Howard 1977). 
Oxidizing and alkaline conditions favour the 
stability of the 6+ form, selenate (SEO42-), 
which is highly soluble. Selenium mobility 
should therefore be greater in oxidizing aquifers, 
although its dissolved concentration may be 
limited by the fact that it readily sorbs onto 
ferric hydroxide which precipitates under such 
conditions (Howard 1977). 

Selenium has a strong affinity for organic 
matter and is readily incorporated into sulphide 
minerals. It is therefore often associated with 
sulphide-bearing hydrothermal veins and is 
present in relatively high concentrations in U 
deposits (Naftz & Rice 1989). It may also form 
the mineral ferroselite (FeSee) if present in 
sufficiently high concentrations. 

Few studies of Se in drinking water in 
developing countries have been carried out, but 
Iyengar & Gopal-Ayengar (1988), for example, 
cited the incidence of endemic Keshan disease, a 
chronic cardiomyopathy thought to be related to 
Se deficiency, in many parts of China. The 
disease afflicted several thousand people, princi- 
pally in hilly and mountainous districts (altitude 
> 1600m). There is also some evidence that 
remoteness from the sea may lead to Se 
deficiency (L~.g 1984). 

Iodine. The association of I deficiency in the 
human diet with endemic goitre has long been 
recognized. Goitre results from enlargement of 
the thyroid in order to compensate for I 
deficiency in hormone production. The condi- 
tion has been recognized in many areas all over 
the world (e.g. Kelly & Sneddon 1960). 

Iodine is not a major element in minerals and 
does not enter readily into the crystal lattice. It 
is, however, chalcophile and may be found in 
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Fig. 2. Iodine concentrations in groundwater from UK aquifers (Chalk, Jurassic limestones, Triassic sandstones). 
Note that only carbonate rocks contribute I from water-rock interaction, over and above rainfall inputs. 

higher concentrations in association with or- 
ganic carbon (e.g. Fuge & Johnson 1986). Iodine 
is also readily adsorbed onto Fe and A1 oxides 
(Whitehead 1984). 

The principal natural source of I is sea water 
(mean value 58#gF1; Fuge & Johnson 1986), 
but additional sources are formation waters, 
fluid inclusions and volcanic emanations. Iodine 
concentrations in the environment are increased 
by man's activities. I is used in herbicides, 
fungicides, sterilants, detergents, pharmaceuti- 
cals and the food industry. Iodine is also 
released into the environment from fossil fuel 
combustion, car exhausts and from sewage. The 
geochemical cycle of I involves volatilization to 
atmospheric I (as iodine gas, I2 or as methyl 
iodide, CH3I), atmospheric transport and sub- 
sequent loss to the biosphere and lithosphere as 
wet and dry deposition (e.g. Whitehead 1984; 
Fuge & Johnson 1986; Fuge 1989). Iodine in 
rainfall over coastal areas is therefore generally 
higher (1.5-2.5#gF1; Whitehead 1984) than 
over inland areas (1/zg1-1 or less; Fuge 1989). 

Soils generally have higher concentrations of I 
than their parent rocks, especially shallow soils, 
presumably owing to the addition of I from the 
atmosphere (Fuge & Johnson 1986). Whitehead 
(1979) found a range of 0.5-98.2mgkg -x (dry 
weight) in surface soils from the UK, the highest 
being in fen peat and the lowest in podzolic 
sands poor in organic carbon. Soil I concentra- 
tion has in some places been enhanced by 

addition of seaweed as a fertilizer (Whitehead 
1984). High natural baseline I concentrations 
may be found in carbonate aquifers probably 
derived from the oxidation of organic matter 
(Edmunds et al. 1989). This is well illustrated for 
the Chalk aquifer of the London basin (Fig. 2) 
where the median concentration is 32#gF 1 and 
the I/C1 ratio is 5.84 x 10 -4 which is about four 
times higher than for non-carbonate aquifers in 
the UK. 

About 20% of the daily I requirement of 
humans is likely to come from drinking water, 
the remaining 80% being derived from food 
(Fuge 1987). Dairy products, meat and fish are 
especially enriched in I, as is iodized salt where 
available. Since drinking water is a relatively 
minor I source, links between concentrations in 
water and occurrence of endemic goitre must be 
relatively tenuous. Nonetheless, they can serve 
as an indicator of I levels in the local environ- 
ment (e.g. soils, local vegetation) and will 
therefore be useful for the determination of 
local health risk. 

Total I concentrations in drinking waters 
range between 0.01 and c. 70#g1-1, depending 
on location, topography and rainfall pattern 
(mean river water content 5#g1-1; Fuge & 
Johnson 1986; Fuge 1989). Concentrations 
much below this mean value are frequently 
associated with the occurrence of goitres. Day & 
Powell-Jackson (1972) for example reported 
concentrations of < 1 #g 1 -~ in goitrous areas 
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Table 3. Impact of fluoride in drinking water on health (from Dissanayake 1991) 
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Concentration of fluoride (mg 1-1) Impact on health 

Nil 
0-0.5 
0.5-1.5 
1.5--4.0 
4.0-10.0 
> 10.0 

Limited growth and fertility 
Dental caries 
Promotes dental health resulting in healthy teeth, prevents tooth decay 
Dental fluorosis (mottling of teeth) 
Dental fluorosis, skeletal fluorosis (pain in back and neck bones) 
Crippling fluorosis 

of Nepal. Kelly and Sneddon (1960) produced 
maps of the distribution of endemic goitre and 
found that almost all countries regardless of 
climate, race or wealth had some recorded 
evidence of the problem although for reasons 
stated above the problem today tends to be 
restricted to rural areas of developing countries 
(Wilson 1953; Coble et al. 1968; Mahadeva et al. 

1968; Kambal et al. 1969; Fuge & Johnson 1986; 
Rosenthal & Mates 1986). It has frequently been 
associated with mountainous areas, especially 
the Alps, Himalayas and Andes and regions 
distant from the coast (Fuge 1987). 

There is therefore a very clear association 
between the geochemical occurrence of iodine, 
especially in natural waters, and the incidence of 
goitre. Remediation through dietary supplement 
is generally effective such that goitre now 
remains a political rather than a geochemical 
problem. 

Mineral -sa turat ion  control 

The upper limits of solubility for some elements 
are naturally maintained due to saturation with 
certain minerals. Health-related problems usual- 
ly emerge when abnormally low concentrations 
of associated ions allow the concentrations of 
the harmful element to increase. These increases 
can be predicted from and described by the 
relevant solubility product (Ks). Mineral satura- 
tion exerts a strong control on F and Ba 
concentrations. 

Fluorine. An extensive literature exists on the 
occurrence of F in natural waters, both in 
industrialized and developing countries. This is 
because it is a fairly common trace element and 
its health effects have been recognized in many 
parts of the world. At low concentrations of less 
than about 0.5mgl -~ total F, dental caries may 
result, whilst at higher concentrations chronic 
exposure can result in dental fluorosis (mottled 
enamel) or skeletal fluorosis (e.g. Rajagopal & 
Tobin 1991). Concentrations above which these 

become problematic are around 2mg1-1 and 
4mg1-1 respectively (Table 3), although poor 
nutrition is also recognized as an important 
contributory factor. The effects are permanent 
and incurable. High F concentrations in drink- 
ing water have also been linked with cancer 
(Marshall 1990). The WHO recommended limit 
for F in drinking water is 1.5mg1-1. 

During the 1950s in the USA and Europe, it 
was found that introduction of F in toothpaste 
and fluoridation of public water supplies to a 
concentration of about lmg1-1 reduced the 
incidence of dental caries by more than 50% 
(Diesendorf 1986). The benefits of water fluor- 
idation in recent years have been much less 
pronounced, probably as a result of long-term 
use of topical F, increased dietary F, improved 
dental health education and reduced sugar 
intake. 

The average crustal abundance of F is 
300mgkg -1 (Tebbutt 1983). Fluorite (CaF2) is 
the most common F-bearing mineral but it is 
also present in apatite (CadC1,F,OH)(PO4)3) 
and in trace quantities in amphibole, mica, 
sphene and pyroxene. Fluoride occurrence is 
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Fig. 3. Fluoride concentration in groundwaters from 
Rajasthan, India showing solubility control by fluorite 
(from Handa 1975). 
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Fig. 4. Barium concentrations in groundwater from UK aquifers (Chalk, Jurassic limestone, Triassic sandstone). 
The Ba concentrations in rain and in groundwaters at saturation with 10 and 100 mg 1-1 SO4 are also shown. Note 
that highest concentrations of Ba occur in sandstone aquifers. 

commonly associated with volcanic activity 
(being especially high in volcanic glasses), 
geothermal fluids and granitic rocks. Thermal, 
high pH waters have especially high concentra- 
tions. 

The principal form of F in water is as free 
dissolved F-  but at low pH, the species HF ~ may 
be stabilized (at pH 3.5 this may be the dominant 
species; Hem 1985). F readily forms complexes 
with A1, Be, Fe 3 +, B and Si. Concentrations of F 
in water are limited by fluorite solubility, such 
that in the presence of 10-3M Ca, F should be 
limited to 3.1 mg1-1 (Hem 1985). It is therefore 
the absence of Ca in solution which allows 
higher concentrations of F to be stable (Fig. 3). 
High F concentrations may therefore be ex- 
pected in groundwater in Ca-poor aquifers and 
in areas where F minerals (or F-substituted 
minerals e.g. biotite) are common. Fluoride 
concentration will also increase in groundwaters 
where cation exchange of Ca for Na takes place. 

In many developing countries high F concen- 
trations have been reported in association with 
rift zones, volcanic rocks and granitic (Ca-poor) 
basement rocks (Bugaisa 1971; Kilham & Hecky 
1973; Hadwen 1975; Nanyaro et al. 1984). High 
F concentrations are noted in the Kenyan part 
of the African Rift Valley (Ockerse 1953; Gaciri 
& Davies 1993) and in Uganda (Moller et al. 

1970) where incidences of dental fluorosis have 
been linked with concentrations of F up to 
3 mg1-1. 

Fluoride problems have also received much 

attention in Asia. Teotia et al. (1981) note that 
endemic fluorosis affects nearly one million 
people in India, the high concentrations of 
dissolved fluoride in drinking water resulting 
from dissolution of fluorite, apatite, francolite 
and topaz in the bedrocks. Handa (1975) noted 
the general negative correlation between F and 
Ca concentration in Indian groundwater (Fig. 
3). Dissanayake (1991) found concentrations o f  
F in the Dry Zone of Sri Lanka up to 10 mg 1 -l 
associated with dental fluorosis and possibly 
skeletal fluorosis. In the Wet Zone, intensive 
rainfall and the long-term leaching of F from 
rocks is probably responsible for low ground- 
water F concentrations. Here, the incidence of 
dental caries is reported to be high. Excessive F 
concentrations in water have also been found in 
Algeria and Kenya (Tjook 1983), Turkey 
(Pekdeger et al. 1992), South America (Lloyd 
& Helmer 1991), Ghana (UN 1988; Amoah 
1990; Smedley et al. 1995) and Ivory Coast 
(especially in granitic areas; Akiti et al. 1990), 
Thailand (Ramnarong 1991; Table 4) and China 
(Zhaoli et  al. 1989). 

Barium.  Barium occurs as a minor element in 
many rock types but is most abundant in acid 
igneous rocks. It is readily released during 
water-rock interaction but its solubility is 
controlled by the solubility of barite. Thus 
concentrations of barium in natural waters 
should be inversely proportional to the sulphate 
concentrations. High barium concentrations are 
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to be anticipated mainly where sulphate reduc- 
tion has occurred and where SO 4 concentrations 
are less than 10mgF 1. Barium has a possible 
association with cardiovascular disease (Brenni- 
man et al. 1981; WHO 1993) and a guideline 
maximum value for drinking waters of 0.7 mg 1-1 

is given by WHO. 
The concentration of Ba rarely exceeds 1 mg 1-1 

in natural waters (Edmunds et al. 1989). Median 
concentrations in waters unsaturated with re- 
spect to barite tend to be highest in ground- 
waters from non-carbonate aquifers (Fig. 4) and 
this reflects the lower geochemical abundance in 
carbonate rocks and the higher Ba in silicate 
minerals such as K-feldspar. 

O t h e r  e l e m e n t s  

Lead.  Lead is present as a major element in 
galena (PbS) and is a common constituent in 
hydrothermal mineral veins. Its average crustal 
abundance is 16mgkg -1. Pb is also produced 
from smelting, motor-vehicle exhaust fumes and 
from corrosion of lead pipework. Lead solubility 
is controlled principally by PbCO3 and low- 
alkalinity, low-pH waters can have higher Pb 
concentrations (Hem 1985). The WHO max- 
imum recommended concentration for Pb has 
recently been reduced from 50 #g 1-1 to 10 #g 1-1 
because of concerns about chronic toxicity, 
although this concentration is rarely exceeded 
in natural waters. There is an extensive literature 
on lead in the environment derived from leaded 
petrol and from lead pipes in soft water areas. 

Lead is a cumulative poison, initiating tired- 
ness, irritability, anaemia, behavioural changes 
and impairment of intellectual functions in 
affected patients (Tebbutt 1983). Ramnarong 
(1991) cites a case of lead poisoning in Thailand, 
where five out of ten patients died in 1979. 
Water from the local well was found to contain 
53.5mg1-1 Pb and soils contained 0.13-4.92 
mg kg -1. as a result of pollution from leachate 
derived from a local refuse dump. Pelig-Ba et al. 

(1991) also reported relatively high natural Pb 
concentrations (around 0.15 mg 1-1) in acid water 
from granitic terrains in Ghana. 

Cadmium.  Cadmium occurrence in the environ- 
ment is from both natural and human sources. It 
is usually associated with zinc ores and may be 
present in volcanic emissions and released from 
vegetation (Robards & Worsfold 1991). Envir- 
onmental levels are greatly enhanced by indus- 
trial operations as Cd is commonly used as a 
pigment, in paint, plastics, ceramics and glass 
manufacture, in metal fabrication and finishing. 
It is also released from smelting of copper ores 

and from sewage sludge (Nicholson et al. 1983). 
Cadmium is an acute toxin, producing symp- 
toms such as giddiness, vomiting, respiratory 
difficulties, cramps and loss of consciousness at 
high doses. Chronic exposure to the metal can 
lead to anaemia, anosmia (loss of sense of smell), 
cardiovascular diseases, renal problems and 
hypertension (Mielke et al. 1991, Robards & 
Worsford 1991). There is also evidence that 
increased Cd ingestion can promote Cu and Zn 
deficiency in humans, both necessary elements in 
metabolic processes (Petering et al. 1971). Cd 
may also be a carcinogen (Tebbutt 1983). 

Exposure of humans to Cd is likely to be 
greatest from food intake and inhalation. 
Drinking water should have lower Cd concen- 
trations unless water sources are affected by 
volcanic exhalations, landfill leachate, or mine 
waters. Evidence of endemic Cd poisoning was, 
for example, found in Toyonia Prefecture, 
Japan. This resulted from the consumption of 
rice grown in irrigation water contaminated by 
local mining effluent (Robards & Worsfold 
1991). 

The WHO limit for Cd in drinking water is 
5 #g 1-1 but Nicholson et al. (1983) detected renal 
damage in seabirds as a result of exposure to 
both Cd and Hg at concentrations below this 
limit. Cadmium solubility is limited by CdCO3 
(Hem 1985) and is therefore found in higher 
concentrations at low pH. Cd may also be 
sorbed onto organic substances such as humic 
and fulvic acids and hence organic, rich waters 
may have higher Cd concentrations given a local 
Cd source. Few data are available on Cd in 
drinking water in developing countries. Concen- 
trations are generally expected to be low, but 
acid waters and especially those close to mines 
and sewage effluents may have higher concen- 
trations. 

Conclusions 

Not all elements relevant to human health have 
been considered in detail in this paper. Other 
potentially harmful dissolved constituents in 
some groundwaters include U, Sb, Th, CN, 
Hg, Ni and Cr. It is clear that health relates not 
only to excesses of trace elements in drinking 
water supplies, but may also relate to deficien- 
cies (e.g. Se). With some elements health 
depends upon a delicate balance between the 
two (e.g. I, F, Se). The relationships between 
trace elements in water and health are very 
complex. Water is not their only dietary source 
and often relationships may be masked by the 
effects of other elements. Competition between 
different elements in the body for example, can 
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either exacerbate health problems or effect some 
form of protection (e.g. the protective effects of 
Fe, Cu and Zn on Cd toxicity; Underwood 
1979). Water may, however, be a useful indi- 
cator of the local environmental levels of trace 
elements (e.g. in food, soils, rocks, atmosphere). 
The links between excesses or deficiencies of 
particular trace elements and health are likely to 
be more noticeable in developing countries 
especially in rural areas because of a much 
greater dependence on water and food of local 
provenance. 

Trace element mobility is dependent upon 
physico-chemical conditions and interaction of 
other chemical constituents but varies with each 
individual element. A1, Be, Pb, Cd, Fe and Mn 
for example are preferentially mobilized under 
acidic conditions. Arsenic (along with Fe and 
Mn) may be more soluble under reducing 
conditions, whilst Se and U are more mobile in 
oxidizing environments. Fluoride is most mobile 
in alkaline conditions, given low dissolved Ca 
concentrations and I may be a largely conserva- 
tive element, depending mainly on I concentra- 
tions in local input sources. Deficiency in both I 
and Se have been observed in regions remote 
from the sea, particularly at high altitudes. 
Microbiological processes also exert an impor- 
tant  influence on trace element speciation. 
Disregarding the additional effects of industry 
and agriculture on trace element content of 
groundwater, acid-mobile elements should be 
concentrated in mining effluent, especially those 
associated with pyrite oxidation, and in hydro- 
thermal and geothermal areas. Likewise, As, Se 
and U should have elevated concentrations in 
groundwater of hydrothermal and geothermal 
areas. High F concentrations have been reported 
in zones of  extensional tectonism and volcanism 
(e.g. the East African Rift) and in association 
with F-bearing hydrothermal mineral veins. 

Further geochemical work on natural baseline 
variations in the chemistry of surface and 
groundwaters is still required for those elements 
for which few data currently exist. In addition 
there is a need to convey more information on 
natural baseline conditions to those working in 
water agencies who may wrongly assign anom- 
alous inorganic concentrations to pollution 
origins. Geochemical studies have sometimes 
been 'ahead'  of  related epidemiological and 
especially clinical studies and it is recognized 
that it is much easier to define a particular 
geochemical province for a given element than 
to establish the relationships with health effects. 
Water of high quality is nevertheless of such a 
high priority worldwide that hydrogeochemical 
databases are an essential component in epi- 

demiological studies. 
From the practical point  of view, some 

conclusions may be drawn in relation to studies 
connected with rural water schemes. The pro- 
blem of arsenic which is mainly related to 
sulphide oxidation can be avoided or minimized 
by preventing oxidation through good manage- 
ment practice (e.g. avoiding excessive draw- 

down). The other  main  area of  concern,  
fluoride, is difficult to manage, although ground- 
water with shorter residence times in general 
should be more likely to contain lower levels of 
fluoride. Those responsible for development 
schemes must be aware of these geochemical 
provinces likely to give rise to problems. 
Furthermore, there is a tendency in many aid 
schemes to specify a certain depth and design 
and then to complete many boreholes to this 
specification. If  concentrations of iron and 
manganese are too high, villagers will abandon 
the wells. Therefore, it is most important that a 
pilot investigation of the water quality is carried 
out before large wellfield projects are under- 
taken. 

This paper has benefited from reviews by R. Fuge and 
one anonymous reviewer; it is published with the 
approval of the Director, British Geological Survey 
(Natural Environment Research Council). 
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Abstract: Analysis of groundwaters from the Makutuapora aquifer in the Dodoma region of 
central Tanzania has revealed a relationship between mineral-water interactions, water 
chemistry, bedrock geology, and microbiology. Groundwaters were s~ghtly alkaline (pH 6- 
7.8) and essentially Na-Ca-HCO3-C1, with minor K, Mg, F, and SO4 -. Variations in water 
chemistry, particularly Ca/Na and Mg/Ca, ratios are related to the progressive alteration of 
feldspars and ferromagnesium minerals. The constant Na/Ca and Mg/Ca ratios noticed over 
mature aquifers and wells indicates that a steady-state is attained between aluminosilicates 
and groundwater. While erratic Fe/Mg and Na/K ratios denote a more open system or 
rather a greater diversity in minerals hosting these dements participating in mineral-water 
reactions. In places total concentrations of Fe, Mn, and A1 can each exceed 1 mg 1-1 with 
most of the metal held in particulate form ( > 0.45 #m). The increase in metals suggests an 
imbalance in the steady-state reactions between magmatic minerals and leachate, possibly 
related to microbial activity. Fifty percent of the groundwaters were contaminated by 
significant numbers of thermotolerant coliforms indicating considerable risk of contamina- 
tion by faecal pathogens. Numbers of faecal coliforms were positively correlated with K, 
Na, NO3-, PO43- and BOD. Groundwater chemistry also affected the activity of the 
indigenous microbial community. Microbial biomass appeared to be unaffected by 
differences in groundwater chemistry. The numbers of selected physiological bacterial types 
(e.g. organisms contributing to the nitrogen and sulphur cycles) and the range of protist 
morphotypes, isolated from the tropical groundwater systems, were broadly similar to those 
found in temperate groundwater. Total concentration of metals such as A1, Fe, Co and Mn 
certainly exceed levels at which these metals could be considered toxic although if these 
metals are present in non-labile forms (as suggested by other studies) then the potential 
toxicity would be negligible. At present the major concerns for health are high seasonal 
salinities in the groundwaters and high faecal contamination. 

Groundwater makes up over 95% of the world's 
available freshwater resources and is the main 
source of drinking water for a large percentage 

of the world's population. Historically ground- 

water has been considered a safe source of water 

protected by the soil layer which removes 
pollutants as the water percolates downwards. 

In many developing countries groundwater is 
not treated or even monitored prior to con- 

sumption. If  these groundwaters contain high 

concentrations of  potentially toxic elements 

(PTEs) or faecal contaminants there may be 

serious health implications. 
Current understanding of the biogeochemical 

processes occurring in subsurface environments 

is based largely on studies carried out in 
temperate regions. Little is known about these 

processes in tropical regions where environmen- 
tal conditions are thought to play an important 

role in determining the quality of groundwater; 

rocks weather more quickly and leaching is more 
intense than in temperate zones (Trescases 

1992). Recent research has highlighted the high 

concentrations of potentially toxic elements in 

African groundwaters (Ogbukagu 1984; Laher- 

mo et al. 1991; McFarlane & Bowden 1992; 
Bowell et al. 1994). 

A wide range of microbial types contributes to 
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Fig. 1. Bedrock geology map of the crystalline basement in the Makutuapora area, Dodoma, Tanzania. 

the biogeochemical cycles through oxidation/ 
reduction reactions, alkylation and dealkylation 
processes, fossilization and solubilization, or 
mineralization reactions. Some microorganisms 
contribute to all the elemental cycles, e.g. 
heterotrophic bacteria are involved in the 
degradation and mineralization of organic mat- 
ter, while others contribute significantly to one 
cycle, e.g. ammonia oxidizing bacteria to the 
nitrogen cycle. The presence of diverse and 
complex microbial communities in soils (Smith 
1982), and shallow and deep groundwater 
systems is well established (Sinclair & Ghiorse 
1989; Johnson & Wood 1992). It is likely that 
many different microbial populations within 
these communities contribute to element trans- 
formations and cycling in groundwater systems. 
This may have implications for the fate of PTEs 
in groundwater. Contamination of groundwater 
by faecal pathogens has considerable implica- 
tions for human populations using the ground- 
water resource. The longevity of enteric 
pathogens in groundwater systems is determined 
by environmental factors including geochemistry 
and the indigenous microbial community. 

Recent studies have shown that eukaryotic 
microorganisms (protists) are also widely dis- 
tributed in subsurface sediments (Sinclair & 

Ghiorse 1989; Novarino et al. 1994). Protists 
are important bacterial predators in aquatic and 
terrestrial environments and may play a sig- 
nificant role in the population dynamics of 
groundwater bacteria. They have also been used 
in bioassays for a range of organic and inorganic 
elements and compounds. Consequently it may 
be possible to use protists as indicators of 
bacterial activity and to monitor any variations 
in groundwater chemistry which will influence 
biogeochemical processes. The aim of this 
research was to study the relationships between 
water chemistry and microbiological activity in 
deep (collected below 30 m, hosted by unweath- 
ered bedrock) and shallow (above 30m, hosted 
in the weathered rocks and soils) groundwaters 
of the main aquifer in the Dodoma region of 
Tanzania at Makutuapora (Fig. 1). An assess- 
ment is made of possible advantages in using 
groundwater for drinking water rather than the 
traditional supplies of potable water available at 
the surface. 

Methodology 

Groundwater, sediment, soil and rock samples 
were collected in two field seasons in 1992: 
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April-May (wet season) and October-Novem- 
ber (dry season). Thirty-two sites were sampled 
comprising 8 surface water sites, 11 shallow 
groundwater sites (34 samples from various 
depths) and 13 deep groundwater sites (22 
samples from various depths). Sites designated 
as deep groundwater holes are those which draw 
water from below 30m. Above this the bore- 
holes were generally cased with clay or PVC 
lining. Exceptions to this were three holes which 
had yet to be cased and from which samples 
could be taken from the water-table to a depth 
of between 75 and 100m. The shallow ground- 
water sites were designated as those which 
drained the weathering profile and were gener- 
ally drilled by a WATERAID Landrover- 
mounted soil auger. None of these holes was 
lined. 

Groundwater samples were collected by one 
of three methods: (1) From pre-drilled concrete- 
lined boreholes using hand-, wind- or diesel- 
operated pumps; (2) from traditional hand-dug 
wells; (3) from freshly-drilled aquifer material 
collected either by hand augering or percussion 
drilling. 

In some cases a stainless steel sampler was 
employed for collecting water at known depths 
down the water column. In the monitoring study 
of two newly drilled boreholes (sites 2 and 17) 
sampling was conducted at the surface during 
the first five days of pumping. For microbiolo- 
gical sampling all equipment was sterilized 
beforehand whenever possible. 

For each sample of water three sub-samples 
were taken; unfiltered and unmodified (natural 
water); unfiltered and acidified with 10% (v/v) 
HNO3; filtered through a 0.45#m Durapore 
membrane filter and acidified with 10% (v]v) 
HNO3. Field measurements of Eh, pH, electrical 
conductivity (EC), temperature and biological 
oxygen demand (BOD) were made at each site 
using OAKTON field instruments. 

Mineralogy and lithogeochemistry 

Mineral identification was carried out by optical 
and scanning electron microscopy and con- 
firmed by X-ray diffraction (XRD) and Fourier 
transform infra-red spectroscopy. Chemical 
analysis of the rocks and soils was carried out 
by inductively coupled plasma atomic emission 
spectrometry (ICPAES, Fisons ARL3410 Mini- 
torch). Elements were extracted from 5g of 
sediment by digestion with 15 ml of HNO3 (70% 
v]v) 15ml of HF (40% v/v) and 15ml of 
perchloric acid (70% v/v). Precision of the 
technique was checked against known standards 
(Williams et al. 1993). 

Hydrogeochemistry 

All waters were analysed by ion-chromatogra- 
phy (Dionex-300) using an AS4A-AMMS col- 
umn with Na2CO3 (1.8 mM) eluent at a flow rate 
of 2.5mlmin -1 for anion analysis, a CS 12 
column with methane sulphonic acid eluent 
(20 mM) at a flow rate of 2 ml min -l for group 
I/II cation analyses. A pulsed electrochemical 
detector in conductivity mode was used for 
detection. Transition metal analysis was accom- 
plished with a Dionex CS 5 column with 
pyridine-di-carboxylic acid eluent and 4(2-pyr- 
idylazo) resorcinol post-column derivitization 
and measurement by a variable wavelength 
detector in the range 520-530 nm. 

Microbiology 

Bacterial enumeration was performed on repre- 
sentative samples (4) of selected soils and bore- 
hole sediments (deep 30--100 m; shallow 0-30 m). 
One gram (wet weight) of each sample was 
suspended in phosphate buffered saline (pH 7.3) 
and prepared as a dilution series (to 10-6). 
Bacterial numbers were then determined as 
follows. 

(i) Total viable count (TVC) for aerobic 
heterotrophs. One ml volumes of sample dilu- 
tions were grown on peptone yeast extract agar 
at 26~ for 7 days before counting. The results 
were expressed as colony forming units (CFU) 
g-X (wet weight) soil. 

(ii) Denitrifying bacteria. Replicate (5) MPN 
(Most Probable Number) tubes containing 
nutrient broth supplemented ' with 10raM 
KNO3 were inoculated with 1 ml of sample 
dilutions and incubated at 20~ to 22~ for 7 
days. Gas production indicated the presence of 
denitrifying bacteria. 

(iii) Ammonia-oxidizing bacteria. One ml 
volumes of diluted sediment/soil samples were 
inoculated into Alexander and Clarke medium 
containing 0.05% (w/v) (NH4)zSO4. Five 200 #1 
volumes of each sample were transferred to 
MPN microtitre plates which were incubated in 
a humid environment at 20--22~ for 14 days. 
Griess-Ilosvay reagent was added to determine 
the presence of nitrite. 

(iv) Nitrite-oxidizing bacteria. Microtitre 
plates were prepared and incubated as described 
above using Alexander and Clarke medium 
containing 0.006g KNO2 per 11 medium. The 
presence of nitrite was examined (above). 

(v) Sulphate reducing bacteria (SRB). Repli- 
cate (5) sediment/soil sample dilutions were 
prepared in 5ml volumes of anoxic Baars 
medium supplemented with yeast extract and 



110 R.J. BOWELL E T  AL. 

reducing agents. The tubes were incubated 
anaerobically for 14 days at 20~ to 22~ before 
determining the presence of SRBs by the 
formation of black coloration. 

The numbers of bacteria, determined by MPN 
methods, were expressed as numbers per gram 
wet weight of sediment/soil. 

Faecal coliforms were enumerated in the field 
using a DelAgua water testing kit (DelAgua Ltd, 
University of Surrey, Guildford, UK). Immedi- 
ately upon collection, water samples (100ml, 
50ml or 10ml) were passed through a 0.45#m 
sterile filter membrane. Each membrane was 
placed onto a pad containing Membrane Lauryl 
Sulphate Broth, and incubated for 14 to 18 
hours at 44~ Colony forming units of thermo- 
tolerant faecal coliform bacteria were then 
counted and expressed as number per ml of 
sample. 

Bacterial biomass and activity were deter- 
mined by the analysis of biochemical markers. 
Biomarkers used for biomass determination 
were DNA and lipid phosphate (a cell mem- 
brane component). Adenylates (ATP, ADP and 
AMP) and RNA were used as indicators of 
activity. Samples were freeze dried and the 
biomarkers were extracted by sonication in a 
suspension of chloroform, methanol and 10mM 
phosphate buffer (pH 7.4) in a ratio of 1:2:0.8 
for 2 hours at room temperature. The phases 
were then separated and reduced to dryness by 
rotary evaporation. The upper aqueous phase 
(containing DNA, RNA and adenylates) was 
resuspended in 18 Mf~ water and the chloroform 
phase (containing lipid phosphate) was filtered 
and resuspended in chloroform. 

The aqueous  phases were mixed with 
10 mg m1-1 polyvinyl polypyrollidone (PVPP) 
and centrifuged to remove humic contaminants 
from the extracts. Nucleic acids were extracted 
from the supernatant by adding buffered chloro- 
form (pH 8). The phases were separated and the 
nucleic acid precipitated from the aqueous 
phase, and resuspended in 10mM phosphate 
buffer (pH 7.4). The DNA content of each 
sample was quantified after binding with 
Hoechst 33258 by fluorescence detection at 
350nm excitation and 450nm emission. Total 
nucleic acids were measured by absorbance at 
260nm and RNA concentration was then 
derived by difference. DNA and RNA content 
in the samples were expressed as ngg -i dry 
weight sediment/soil. 

AMP, ADP and ATP extracted from the 
aqueous phase were derivatized using chlorace- 
taldehyde to produce the fluorescent N6 etheno 
derivatives. The derivatized samples were sepa- 
rated by ion pairing on HPLC and quantified by 

fluorescence at an excitation of 280 nm and an 
emission of 400 nm. After peak area integration, 
AMP, ADP and ATP sample content was 
expressed as p mole g-l dry weight sediment/ 
soil. The energy charge was also calculated as 
(ATP + 0.5 ADP)/(ATP + ADP + AMP). 

Lipid phosphate present in the chloroform 
fraction after soil extraction was quantified 
using persulphate digestion and the phospho- 
molybdate reaction followed by reaction with 
malachite green. Absorbance was measured at 
615nm. Lipid phosphate soil content was 
expressed as n moles g-1 dry weight soil/ 
sediment. 

Samples were screened for the presence of 
protists. One gram of sediment or 1 ml of 
groundwater was transferred into Erdschreiber's 
Soil Extract medium in a sterile Petri dish and 
incubated at 20~ for 4-7 days. Dishes were 
examined daily by light microscopy for the 
presence of protists. Uniprotistan cultures were 
obtained either by micromanipulation of indivi- 
dual cells with a micropipette or by the 'dilution 
to extinction' method. 

Geology of the Dodoma region 

The lithologies of the Dodoma area are part of 
the Archaean-Lower Proterozoic Tanzanian 
shield (Cahen & Snelling 1984) which extends 
north beneath Lake Victoria and into southern 
Uganda and Kenya. In the Dodoma area 
the lithologies consist of migmatitic gneisses, 
amphibolites, feldspathic quartzites, siliceous 
marbles, garnet-kyanite schists, and quartz- 
feldspathic gneisses, metamorphosed to amphi- 
bolite and granulite facies. They represent an 
ancient granitoid-supracrustal terrane dated at 
2850 and 2600 Ma (MADINI 1992). 

Due to the extreme weathering which has 
occurred in central East Africa, a thick weath- 
ering mantle has been developed above the 
bedrock. This varies in thickness from usually 
30m but up to 40 m on the plains to less than 
1 m on steep slopes. The bulk change to bedrock 
occurs as the coherent, dense, rock composed 
largely of anhydrous or weakly hydrated miner- 
als are altered to friable units with a lower 
density consisting mainly of microcrystalline 
strongly hydrated phyllosilicates, oxides and 
hydroxides. The major mineralogical variations 
in the weathering profile are shown in Fig. 2. 
The main geochemical changes in the conversion 
of bedrock to saprolite and soils is the loss of 
elements such as Ca, Mg, Rb and retention of 
more immobile elements such as Ti, Fe and A1 
(Table 1). On plateaus a laterite ferricrete is 
present and consists largely of Fe and A1 oxides 
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Fig. 2. Schematic representation of mineralogical variations with depth of the Makutuapora core samples. 

and hydroxides. The soils in the area are largely 
ferrasols and vertisols but andosols and nitosols 
are present on peneplains (Bowell et aL 1995). 

From mass balance reactions (Brimhall & 
Dietrich 1987; Brimhall et al. 1988) of the 
Dodoma weathering profiles, element behaviour 
can be quantified (Table 2). Elements such as 
Ca, Na, and K show a strong depletion as 
intensity of weathering increases. This is a 
reflection of the instability of primary silicate 
minerals (Velbel 1989, 1992). Aluminium is 
enriched in the day-rich saprolite and surface 
soils. Similarly Si is retained in the saprolite and 
clay-rich soils but is lost from the surface soils. 
Iron is enriched during weathering with a larger 
enrichment in the ferricrete horizon, or cuirasse 
(over 600% v. average hypogene concentration) 
at the top of the mottled clay zone, possibly as a 
result of iron hydrolysis at the water table, or 
'ferrolysis' (Mann 1983). However, the mass of 
added iron required to account for the enrich- 
ment in the overlying soils is much too great to 

be an in si tu product. Given the sluggish 
mobility of iron in the oxide zone (Mann, 
1983), some of the added iron must be due to 
mechanical concentration, possibly related to 
profile denudation. Trace elements such as Mn 
are largely depleted in the profile, although a Mn 
enrichment is observed in the zone of ferrolysis 
(ferricrete, Table 2) and is probably related to 
the same mechanism as Fe enrichment (Mann 
1983). Like Zr, Nb is largely immobile but the 
strain indicators based on Nb v. Zr reveal a 
collapse zone in the soils. 

The Dodoma region is similar to other areas 
of crystalline basement rocks in Africa, with 
groundwater occurring in two forms (Farquhar- 
son & Bullock 1992; Wright 1992). Superficial 
deposits above the granitic basement are com- 
posed of thin sand and gravel which retain 
infiltration water in its downward movement. 
These formations are shallow and are similar to 
palaeodambos identified elsewhere (Wright 
1992). The recharge of these aquifers is depen- 
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Table 2. Element mass balance* in Dodoma weathering profiles (all rock types) 

113 

Element Saprolite Clay zone Ferficrete Soil 

SiO2 98 112 65 82 
Fe203 139 180 438 374 
A1203 109 148 108 180 
TiO2 103 105 114 151 
MnO 85 70 108 43 
CaO 88 33 6 1 
MgO 65 19 2 1 
Na20 62 10 3 4 
K20 81 52 15 3 
P205 77 39 28 22 
Zr 100 100 100 100 
Nb 105 100 97 180 
Cr 109 167 355 305 
V 110 119 276 198 
Cu 93 86 17 7 
Rb 65 12 2 1 
Sr 61 15 3 1 
Ba 78 54 22 11 

*Mass balances calculated using equations of Brimhall & Dietrich (1987) and Brimhall et al. (1988). T% of 
protolith concentration, assuming no variation in Zr concentration. 

Schematic representation of geology of the Makutuapora Aquifer 
(after Mail, 1988) 
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Fig. 3. Schematic cross-section and hydrological section of the Makutuapora aquifer (after MAJI 1988). (a) 
Geology: A-B represents position of cross-section as shown in Fig. 1; Ca) hydrology: arrows show direction of 
flow. 
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Table 3. Geochemistry of  deep groundwaters (analysed by ICPAES and ion chromatography, n = 22) 

Wet season Dry season 

Min. Max. Min. Max. 

pH 5.5 8.2 5.0 8.5 
EC 200 2750 262 43200 
Eh 198 622 211 708 
Temp. ~ 19 42 20 42 
TDS 50 1450 43 1670 
DOC < 0.1 0.2 < 0.1 0.15 
BOD 0 2.2 0 1.2 
FC 0 88 0 50 
HCO3- 23 320 36 350 
SO42- 1.9 22 5.9 39 
NO3- < 0.01 0.18 0.09 0.31 
PO43- 0.1 0.42 0.25 0.53 
Li < 0.01 1.6 0.23 2.21 
Na 93 231 148 265 
K 2 16 12 24 
Mg 16 40 22 44 
Ca 23 91 43 116 
Sr 0.27 2.18 0.18 2.97 
Ba 0.09 0.42 0.05 0.23 
B 0.88 1.13 0.57 0.98 
A1 0.12 33.95 1.51 21.40 
Si 16.95 42.85 12.34 19.58 
Mn 0.013 0.221 0.012 0.162 
Fe 0.11 1.21 0.19 0.65 
Cu < 0.01 0.19 < 0.01 0.06 
Zn < 0.01 0.39 < 0.01 0.30 

All anion and element concentrations in mg 1-1. 
EC, electrical conductivity in/~S crn-1; Eh, redox potential in mV; TDS, total dissolved solids in mg 1-1; DOC, 
dissolved organic content in mg 1-1 (technique of Ertel et al. 1986); BOD, biological oxygen demand, a measure 
of biological activity, in mg 1-1; FC, faecal coliform counts expressed as number of coliforms in 100 ml of water. 
Elements analyzed below detection: Br, I (< 0.1 mgl-1), Be, So, Zr, V, Cr, Mo, Co, As (< 0.01 mgl-1). 

dent on infiltration rates and is subject to large 

seasonal fluctuations. Due to the variable 

morphology of the region these aquifers have a 

wide dis t r ibut ion.  They give a low yield 
(4 .51min -1 per well on average) and are 

exploited by means of manual hand pumps. 

The major aquifers in the region occur within 

fractured crystalline rocks, granites and their 

metamorphosed equivalents, such as at Maku- 

tuapora. From a study of drill core from 

Makutuapora,  a schematic cross-section was 

constructed (Fig. 3a). Most drill sites which hit 

water were closely associated with the major 

Kitoe fault system or within subsidiary fractures 

(Fig. 1). 

Hydrogeochemistry 

The physicochemical characteristics of ground- 

water  and  some surface waters from the 

Makutuapora aquifer are shown in Tables 3-5 

for wet and dry season sampling. In general 

surface waters were weakly alkaline, at ambient 

temperature and had a high total dissolved solid 

concentration. The particulate solid load was 

slightly greater in the wet season than in the dry 

season, but the dissolved load was higher in the 

dry season. Most of the deep groundwaters were 

above pH 7 and were essentially N a - C a -  
HCO3--C1, with minor K, Mg, F and SOa 2-. 

In the dry season the higher salinity reduces 

water quality and would be a major factor in 

determining the use of water resources from 

individual wells as well as the whole aquifer. 

Most groundwaters had a lower range of total 

dissolved solid (TDS) content and metal content 

than surface water and shallow groundwaters. 

Seasonal variations existed in the wells for 

trace element concentration depending upon 

whether or not  the element was associated 
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Wet season Dry season 

Min. Max. Min. Max. 

pH 4.6 6.9 4.7 6.5 
EC 157 680 187 822 
Eh 221 565 228 608 
Temp. ~ 15 29 19 33 
TDS 60 720 73 895 
DOC 0.15 0.39 0.23 0.45 
BOD 0.4 6.9 0 6.2 
FC 0 128 0 50 
HCO3- 45 346 50 225 
F-  < 0.1 1.2 < 0.1 2.3 
C1- 10.6 178 12.9 212 
SO42- 0.9 16.2 0.8 15.8 
NO3- < 0.01 0.39 0.05 0.49 
P042 0.1 0.56 0.36 0.95 
Li < 0.01 0.98 0.15 0.89 
Na 36 295 42 312 
K 10.5 21 13 26.50 
Mg 12 72 16 81 
Ca 20 63 23 68 
Sr 0.15 0.96 0.15 1.01 
Ba 0.05 0.31 0.06 0.23 
B 0.65 0.89 0.58 0.72 
A1 3.97 34.56 3.21 25.97 
Si 9.5 28.7 6.58 30.10 
Mn 0.016 0.079 0.011 0.060 
Fe 0.39 1.98 0.16 0.79 
Cu < 0.01 0.25 < 0.01 0.16 
Zn < 0.01 0.46 < 0.01 0.39 

All anion and element concentrations in mg V 1. 
1 1 EC, electrical conductivity in #S cm- ; Eh, redox potential in mV; TDS, total dissolved solids in mg 1- ; DOC, 

dissolved organic content in mg 1-1 (technique of Ertel et al. 1986); BOD, biological oxygen demand, a measure of 
biological activity, in mg 1-1; FC, faecal coliform counts expressed as number of coliforms in 100 ml of water. 
Elements analyzed but below detection: Br, I (< 0.1 mgl-1), Be, Sc, Zr, V, Cr, Mo, Co, As (< 0.01 mgl-1). 

largely with the dissolved or particulate fraction. 

For Fe, A1, Mn and SiO2, the dominant  fraction 
was in the particulate load and concentrations 
were higher in the wet season than in the dry 

season (Table 4). Other trace metals, such as V, 

Cr, Co, Pb, and Mo were all below the analytical 
detection limit of 0.01 mg V 1 in both bulk sample 

and filtrate. The subsurface or shallow ground- 

waters were more acidic with pH as low as 4.6, 
probably due to high levels of dissolved organic 

acids. An attempt was made to analyse dissolved 

organic acids although the rapid degradation of 

the acids and their labile nature made the 
analyses unreliable. Carboxylic and phenolic 

acids were identified and if these were similar 
to the organic acids in the original waters then 

they could represent a potential mechanism for 

Fe, Mn, Zn and A1 mobility (Shotyk 1984). 

From correlation coefficients a number of 

relationships can be observed in the Makutua- 

pora groundwaters (Table 6). Bicarbonate con- 
tent is positively correlated to pH, Na, Ca and 
Mg and inversely correlated to A1, Fe and 

sulphate. A positive correlation occurs between 

the anions nitrate, phosphate,  chloride and 
sulphate. This correlation is probably biased 

by the shallow groundwaters which will reflect 
rainfall recharge, the main source of chloride 

and sulphate, to a greater extent than deeper 

groundwaters. Shallow groundwaters will also 
be more contaminated by soil leachates, reflected 

in the nitrate and phosphate content probably 
arising from decaying organic matter and leach- 

ing of fertilizers. The possible contamination of 

groundwater by faecal matter and biological 

waste is reflected by the positive correlation 

between biological oxygen demand (BOD), 

thermoto le ran t  faecal coliforms (FC) with 
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Table 5. Geochemistry o f  surface waters (analysed by I C P A E S  and ion chromatography, n = 8) 

Wet season Dry season 

Min. Max. Min. Max. 

pH 7.5 8.0 7.0 8.0 
EC 705 1900 700 2000 
Eh 125 225 195 286 

Temp. ~ 11 22 18 38 
TDS 270 960 295 1080 
DOC 0.53 0.75 0.51 0.66 
FC 112 > 250 100 > 250 
HCO3- 250 652 165 655 
F-  < 0.1 0.2 < 0.1 0.3 
C1- 11.9 16.5 12.6 59.5 
SO42- 1.8 30 2.2 33.5 

NO3- 0.09 0.69 0.18 0.86 
PO43- 0.81 1.29 0.98 1.98 
Li < 0.01 0.51 < 0.01 0.63 
Na 115 178 169 226 
K 18.90 23.20 19.50 24.50 
Mg 10 68.50 28 72 
Ca 26 119 30 136 
Sr 0.78 0.83 0.77 0.82 
Ba 0.12 0.22 0.15 0.24 
B 0.61 0.64 0.52 0.55 
A1 < 0.01 1.30 < 0.01 1.0 
Si 8.70 11.20 5.80 7.90 
Mn 0.017 0.31 0.029 0.196 
Fe 0.11 0.56 < 0.01 0.39 
Cu < 0.01 < 0.01 
Zn < 0.01 < 0.01 

All anion and element concentrations in mg F 1. 
EC, electrical conductivity in #S cm-l; Eh, redox potential in mV; TDS, total dissolved solids in mg 1-1; DOC, 
dissolved organic content in mg 1-1 (technique of Ertel et al. 1986); FC, faecal coliform counts expressed as 

number of coliforms in 100 ml of water. 
Elements analyzed but below detection: Br, I (< 0.1 mgl-1), Be, So, Zr, V, Cr, Mo, Co, As (< 0.01 mgl-a). 
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Table 7. Proportion o f  total metal concentration in < 0.45 ton filtrate 

Sample Depth (m) pH Fe (%) AI (%) Mn (%) 

4 deep groundwater 100 7.8 1.3 0.5 2.0 
3 deep groundwater 93 7.5 1.9 1.3 13.6 
4 deep groundwater 89 8.0 nd nd 0.1 
3 deep groundwater 75 7.6 1.6 1.2 6.5 
7 deep groundwater 70 7.9 nd nd 0.4 
19 deep groundwater 65 7.0 6.7 4.9 30.0 
9 deep groundwater 62 7.7 0.9 1.8 6.4 
11 deep groundwater 50 7.5 1.5 1.4 16.5 
17 deep groundwater 45 7.6 1.6 1.2 9.6 
5 deep groundwater 40 7.3 2.3 1.9 20.7 
5 deep groundwater 36 7.4 2.2 2.2 22.8 
21 deep groundwater 30 6.8 11.9 6.2 33.8 
2 shallow groundwater 25 5.8 19.2 8.9 46.8 
6 shallow groundwater 20 4.9 37.8 12.7 57.0 
8 shallow groundwater 15 6.0 14.6 7.4 45.4 
14 shallow groundwater 8 5.7 22.4 9.3 47.7 
8 shallow groundwater 5 5.6 19.5 10.8 48.7 
24 surface water 0 7.0 5.6 3.2 26.6 
30 surface water 0 7.7 0.8 1.1 4.3 
28 surface water 0 8.0 nd 0.1 0.1 

nd, not detected. All values expressed as a % of total metal concentration in groundwater. 

nitrate and phosphate. Faecal coliform numbers 
are also positively correlated to Na and K, and 
BOD is positively correlated to K (Table 6) (see 
below). 

Aluminium, Fe and Mn are all positively 
correlated to each other suggesting they are 
influenced by similar mechanisms in the ground- 
waters. Additionally all metals are inversely 
correlated to pH as would be anticipated since 
mobility is enhanced at low pH (Jones et al. 

1974; Jeffries & Hendershot 1981; Lindsay & 
Walthall 1981). However, none of these elements 
is significantly positively correlated with any 
anion (Table 6) so mobilization may be as 
hydroxide, organically-bound species (Shotyk 
1984; Smith et al. 1996) or by microbial activity 
(see below). Both A1 and Fe are strongly 
positively correlated with phosphate, as high 
dissolved A1 and Fe in groundwaters would lead 
to Fe/Al-oxide precipitation and phosphate 
retention through surface adsorption processes 
(Chesworth et al. 1989). In acidic shallow 
groundwaters total concentrations of A1, Fe 
and Mn can exceed 1 mg1-1, the majority of 
which is retained by the 0.45#m filter and is 
considered to be colloidal (Table 7). From the 
filtration of A1 into several fractions it is clear 
that much of the groundwater A1 is held in 
particulate forms (Fig. 4). The transport and 
mobilization of A1, Fe and Mn can be inferred 
from the chemistry and mineralogy of sediments 
collected from Dodoma water pipes and Maku- 

tuapora water storage tanks (Table 8). Sedi- 
ments are composed of  evapori te  salts, 
amorphous material, clay minerals (from the 
wall of the pipes) and A1-Fe hydroxides and 
sulphates. Additionally, other trace metals are 
also mobilized based on the chemistry of the 
sediments (Table 8). It is not possible to infer 
what proportion of these elements has been 
leached away from the clay pipes and what has 
migrated in the waters from the aquifer. 

From three boreholes (9, 11 and 22, all in 
granodiorite lithology) sampling was possible 
from the water-table to 98 m as the holes were 
unlined (waters represent both deep, > 30m, 
and shallow, < 30 m, groundwaters). The hydro- 
chemistry of the three holes is shown in Fig. 5. 
Levels of A1, Fe, and Mn decreased with depth 
in the aquifer, with the highest concentration at 
the weathering front, in the ferricrete at c. 20 m 
depth (Figs 5e, 5h, 5f respectively). At this point 
pH was lowest (Fig. 5a) promoting dissolution 
and mobilization of the metals. Silica concen- 
tration was relatively static throughout the 
water column with a maximum at 85m depth 
(possibly a density effect within the brine). Like 
Na, Ca and sulphate alkalinity, Mg and B also 
showed no systematic variation with depth. As 
would be expected biological oxygen demand 
and dissolved oxygen decreased with depth, 
although the apparently high values below 
75 m depth agreed with the surprising observa- 
tion of active protists deep in the aquifer. 



BIOGEOCHEMICAL FACTORS IN G R O U N D W A T E R ,  T A N Z A N I A  119 

~3 

t.r, 

.9 

t"-- o '~ r 

t"q 
~4D t ~  

oq. 
�9 ~ -  o o  t ' q  

t ~  o o  , - -  

r ~ r 

e,i ~ e,i 

r  

~-. , . . -  or 

06 

r  r  

~t~ ~ OO 

r . 

~ "-6 

, , - k  
o.O 

.=. 

I:1 

Q 

'x::l 

r.r 

r,) 

L" 

, .Q 

O 

. ,..., 



120 R . J .  B O W E L L  E T  AL. 

0.25 

0.2 

0.15 

0.10 

0.05 

0 

, - I - - -  

�9 �9 , 

i 

20 40 60 80 100 
Depth (m) 

35 

3O 

E' 25 

E 20 " 
,.,,." 

5 l :  . . . .  

0 

0 20 40 60 

�9 Depth(m) 

0 

80 100 

300 

250 

200 

E 150 

z 100 

5O 

0 
C') 

8,5 

7.5 

'E 
6,5 

I 
r 

5.5 

4.5 

U 

, *  ~  

_ t  - . .  

9 

0 20 40 60 80 100 
Depth (m) 

=, ,  

,L 

20 40 60 80 100 
Depth (m) 

2 

1.5 

E 1 . , '  

.u.. 

0.5 

0 

c- 0 

"':~" ' " " I " " B 

20 40 60 80 100 
Depth (m) 

30 

25 

20 

15 ; " . 
�9 . . 

10 g 

5 

0 

0 20 
03 

~ 7 
E 

r  

E 5 ~ ~ 
~ �9 

~ 4 

-~-- 2 
o 

o 1 
~____.-- 

0 

1:3 0 

2O 

15 
, o .  

,t 

E 

0 

0 

! 

i , 

r4 
( ' - 4  

20 40 
Depth (m) 

4O 60 8O 100 
Depth (m) os 

O 

& 

g 
i , o  

' i 

* O . ,....~ 

�9 i 
v �9 e.~ 

20 40 60 80 100 
Depth (m) 

= 

' O 

�9 o ~  ~ , 1 ~  

60 80 100 "~ 

g 



BIOGEOCHEMICAL FACTORS IN GROUNDWATER, TANZANIA 121 

10 

x 

2 ~ - 1 ~ . . ~ . ~ .  _ . . . . .  i ~ .  

1 j .  . . . . . . .  .~, 

0 20 40 60 80 100 120 

Time in hours 

-~i-- Na/K --+-- Na/Ca ~ Fe/Mg 

--x-- Ca/Mg ---z-- pH 

Fig. 6. Change in element ratios and pH with time from site 17 hosted by granodiorite. 

9 

~ 4 -  
o 

S~ 3; 
2; 

0 " '  ~/ 

.o ~'o ,~o 

. , ~ , .  

I ; I 

6'0 8'0 100 120 

Time in hours 

I 
---A- Na/K ~ Na/Ca + Fe/Mg l 
--x--- Ca/Mg + pH . 
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Intriguingly, this apparent increase correlates to 
a relative increase in sulphate, chloride and K 
(Fig. 5) at a depth of 70-80m in the ground- 
waters. 

During the course of fieldwork two new 
boreholes were sampled immediately following 
initial contact with the aquifer over a 5 day 
period. The first hole was in the granodiorite 
(site 17) and the second in the amphibolite (site 
2). At the initial stage of water release at site 17, 
fluid chemistry was dominated by Na and 
bicarbonate (not shown), but after 12 hours K 
and Ca increased in concentration and this can 
be observed in the variation in Na/K and Na/Ca 

ratios (Fig. 6). The initial Na/K ratio was 9.8 
while the initial Na/Ca ratio was greater than 5 
but this decreased after 12 hours to 2.5 for Na /K 
and less than 2 for Na/Ca. After 100 hours of 
continuous pumping the ratios stabilized at Na/ 
K = 0.5 and Na/Ca = 1 (Fig. 6). No stability 
was observed in the Ca/Mg or Fe/Mg ratio. 
Over the same period the level of total Fe 
dropped from 18.2 mg 1-1 to less than 0.2 mg 1-1 

and pH increased from 5.8 to 7.4 (Fig. 6). These 
ratios were also recorded when the well was 
resampled five months later. This high initial Fe 
level may explain the poor taste often experi- 
enced with newly drilled wells. Another newly 
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drilled well was monitored from an initial point 
(0.5 hours after water was hit) but with 
amphibolite as the host rock. Here the fluid 
chemistry was dominated by Ca and bicarbonate 
over the whole 100 hour period of continuous 
pumping and also in samples collected 5 months 
later. The Na/Ca ratio over a 100 hour period 
decreased from 0.9 to 0.5 while the Ca/Mg ratio 
increased from 2.5 to 3.8 in the first 48 hours 
(Fig. 7). The Fe/Mg ratio was even more erratic 
than in the granodiorite well and pH was largely 
constant varying from an initial 7.2 to 7.6 60 
hours later (Fig. 7). The stabilization of the 
ratios occurred after about 100 hours in these 
wells. 

Microbiology of Dodoma aquifers 

Significant numbers of thermotolerant faecal 
coliforms (> 10 per 100 ml) were present at 50% 
of the sites studied. This indicates excessive 
faecal contamination of groundwater sites, 
particularly in shallow aquifers. The numbers 
of faecal coliforms showed p~it ive correlations 
with N O  3- (r = 0.505), PO4 (r = 0.479), Na 
(r = 0.297), K (r = 0.289) and BOD (r = 0.765) 
in the Makutuapora groundwaters (Table 6). 
There was a relatively complex relationship 
between the total content of the cations Na, 
Ca, K and Mg and numbers of faecal coliforms 
in the Makutuapora groundwaters. Faecal coli- 
form numbers of between 1 and 80 per 100ml 
groundwater were present over the whole range 
of cation concentrations found. The highest 
numbers of faecal coliforms (100-180 per 
100 ml groundwater), however, were only found 
to be present in samples with the higher cation 
content (< 300mg/1, Fig. 8). The numbers of 
bacteria capable of aerobic heterotrophic 
growth (i.e. utilizing organic carbon as a carbon 
and energy source) in the surface and subsurface 
borehole soils were in the range 9.0 • 105 to 
2.3 • 10 7 CFUg -1 wet weight soil and was not 
clearly related to any geochemical characteristics 
of the groundwater systems. 

Bacteria involved in the cycling of nitrogen 
were isolated from all the sampling sites. 
Dentrifying bacteria were most abundant with 
2.0x 102 to 1.8x 105g -1 wet weight ground- 

water material. Nitrifying bacteria were also 
present at all sample sites, including both 
ammonia  oxidizing bac te r ia  (in general  
< 2.0 • 10~ -~ wet weight soil), and nitrite 
oxidizing bacteria (in general <2 .0x  10~ -1 

wet weight soil). 
Sulphate reducing bacteria, which contribute 

to the cycling of sulphur, were present in low 
numbers between 2.0 x 10 ~ to 1.4 x 103g -1 wet 
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Fig. 8. Total alkalis v. faecal coliform counts for 
Makutuapora groundwaters. 

weight soils at all sample sites studied. 
The biomass measured by lipid phosphate 

determination was similar for all the sample 
sites, 171 and 172 nMole g-~ dry weight (Table 
9). This suggests a far more constant microbial 
community size than demonstrated through 
culture techniques, which varied by several 
orders of magnitude between sites (above). The 
amount of DNA, another measure of biomass, 
also varied with sample. There was a range of 
DNA content from 158--418 ngg -~ dry weight 
sample (Table 9). The amount of biomass 
measured by lipid phosphate or DNA did not 
appear to be related to the geochemical char- 
acteristics of the groundwater system and was 
independent of depth. 

RNA, an indicator of microbial activity, 
showed an exceptionally wide variation between 

1 sites (< 1-2827 ng g- dry weight sample). The 
amounts of individual adenylates (ATP, ADP, 
AMP) fluctuated with sample as did the total 
adenylates (Table 9). In a number~of samples 
ATP was below the levels of detection. The 
calculated EC ratios for the Tanzanian aquifer 
(only calculated for those sites with measurable 
ATP) were all below 0.5. Again there was no 
apparent relationship between the depth the 
sample was taken from and activity. Some 
relationships did exist between geochemical 
characteristics in the groundwater and microbial 
activity by RNA and adenylate measurement. 
Microbial activity measured by total adenylates 
(Fig. 9a) and RNA (Fig. 9b) tended to be highest 
at the lowest groundwater concentration of the 
halides F -  and C1-. There was a positive 
relationship between metals, particularly A1, 
and total adenylates reaching a plateau at 
adenylate concentrations above 10 p mole per 
gram dry weight sample (Fig. 10a). A positive 
relationship between RNA and all three metals 
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was also found (Fig. 10b). It seems clear that 
there was a relationship between microbial 
activity in groundwater and the concentration 
of A1, Mn and Fe. 

Protists were isolated in enrichment cultures 
from 22 ou t  of 32 sites suggesting that they are 
widespread in the subsurface throughout the 
region. Representatives of three main morpho- 
logical groups were present: flagellates, ciliates 
and amoebae. Of  these, flagellates were by far 
the most abundant.  All protists which could be 

recognized are known to be bacterivorous. 

Discussion 

Microbiological health of Dodoma 

groundwaters 

The microbiological health of groundwater is 
controlled by a variety of biological and abiotic 
parameters. These factors include the frequency 
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of faecal contamination of groundwater from 
human or animal sources and the longevity of 
enteric pathogens in groundwater. The survival 
of microbial pathogens is influenced by the 
abiotic conditions in the groundwater and the 
biomass and activity of the indigenous microbial 

community. 
The faecal pollution indicated by the presence 

of thermotolerant coliforms in the Tanzanian 
aquifers is likely to have originated from both 
animal and human sources. Animal sources may 
be particularly important as the land in the 
region is heavily grazed. The presence of these 

indicators of faecal pollution suggests a con- 
siderable risk of contamination of these aquifers 
by enteric pathogens. 

Among the abiotic factors that may influence 
the survival of thermotolerant coliforms and 
faecal pathogens, are the geochemical character- 
istics of the aquifer. There was a positive 
correlation between the numbers of thermo- 
tolerant faecal coliforms and the concentrations 
of NO3- and PO43-. It is possible that higher soil 
concentrations of these anions have a protective 
role aiding survival of thermotolerant coliforms 
in soils. The longevity of enteric pathogens 



BIOGEOCHEMICAL FACTORS IN GROUNDWATER, TANZANIA 125 

Table 9. Microbial biomass and activity measured by biomarkers at selected sites in the Makutuapora area 

Sample Lipid DNA RNA AMP ADP ATP Total Energy 
phosphate (ng)* (ng)* (p mole)* (p mole)* (p mole)* adenylates charger 
(in moles)* (p mole)* 

2 shallow 172 220 2827 30.4 8.5 5.1 44.0 0.21 
7 deep 172 235 1701 4.3 4.0 0.7 9.0 0.30 
8 shallow 171 276 806 2.7 0.7 nd~ 3.4 ncw 
10 deep 172 165 407 1.4 0.4 nd 1.8 nc 
10 deep 171 418 878 3.4 0.8 nd 4.2 nc 
14 shallow 172 320 1959 5.6 6.2 4.2 16.0 0.46 
14 shallow 172 193 436 0.6 0.4 0.5 1.5 0.47 
15 shallow 171 305 110 0.9 0.9 nd 1.8 nc 
15 shallow 172 158 < 1 0.4 nd nd 0.4 nc 
23 shallow 172 181 1573 0.5 0.4 nd 0.9 nc 

*Measurements per g/dry weight sediment; t energy 
P = ADP); ~ nd, not detected; w nc, not calculated. 
Samples taken at the same site, e.g. 10, 14 and 15, were 

charge calculated as (ATP+0.5 ADP)/(ATP+AM- 

from different depths in the profile. 

may, also, be increased in this way. A positive 
correlation was also observed between numbers 
of thermotolerant faecal coliforms and BOD 
(Table 6). The higher concentrations of BOD are 
likely to be due to elevated concentrations of 
organic matter, arising from faecal contamina- 
tion, acting as a source of nutrients for the 
growth of indigenous microorganisms (Harvey 
et al. 1984; Madsen et al. 1991). 

The biomass and activity of the soil microbial 
community are also likely to affect the longevity 
of thermotolerant coliforms and enteric patho- 
gens in the groundwater systems, since the 
indigenous community tends to eliminate for- 
eign microorganisms. The microbial biomass 
measured by lipid phosphate was remarkably 
constant between samples and with depth (Table 
9). Lipid phosphate is considered a relatively 
reliable measure of biomass due to its rapid 
turnover and loss on cell death (White et al. 

1979). Measures of DNA can also be taken to 
provide an estimate of biomass (Paul & Meyers 
1982) and have been correlated with direct 
bacterial counts (McCoy & Olson 1985). The 
use of D N A  as a measure of biomass is slightly 
complicated, however, by the increase in DNA 
in a cell just prior to division during cell growth 
(Neidhardt et al. 1990). This may result in a rise 
in DNA measured but no actual increase in cell 
numbers, although cell mass will increase, until 
after cell division has occurred. In addition, 
DNA may be released from microorganisms and 
other soil or surface organisms on their death. 
This DNA, which is not  cell associated, may 
persist for a period in the environment. Any free 
DNA in the aquifer would influence estimates of 
biomass by DNA measures. Given that the lipid 
phosphate remains relatively constant between 

aquifer samples in the Tanzanian study, the 
higher values of D N A  in some samples i.e. 
> 300ngg -1 dry weight sediment (Table 9) 
compared to others, may indicate that the 
bacteria at these sites were actively dividing or 
that there was variation in the amount of free 
DNA with sample. 

The amount  of RNA (Karl et al. 1981) and 
adenylates (Karl & Holm-Hansen 1978) present 
in samples gives information on the physiologi- 
cal status of the bacterial community. High 
RNA levels are found in active cells and drop 
rapidly at the onset of  starvation or other stress 
(Harder et al. 1984). There is a clear divergence 
in RNA content with sample indicating con- 
siderable f luctuations in microbial  activity 
(Table 9). ATP is a precursor to cell nucleic acids 
(DNA and RNA), as well as providing energy 
for general cell biosynthesis (Harder et al. 1984). 
Levels of adenylates fluctuate considerably with 
nutritional and physiological conditions and 
provide information on the physiological status 
and activity of the microbial community. There 
were variations in the levels of individual and 
total adenylates with sample (Table 9). The 
highest values of ATP and total adenylates were 
in general found in those samples with the 
largest RNA content, confirming these samples 
as potentially the most microbially active. EC 
(see methods) is a measure of the physiological 
state of the organisms within a sample and is 
independent of populat ion size (Karl & Holm- 
Hansen 1978). EC could only be calculated for 
four of the Tanzanian samples studied since 
ATP in all the remaining samples was below 
levels of detection. The calculated EC values 
were < 0.5 suggesting relatively low activity in 
these samples. There is some discrepancy be- 
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tween this and the RNA results. It is possible 
that EC determinations are in fact influenced by 
the role of ATP as a precursor for the nucleic 
acids. In natural environments ATP and other 
adenylates may have a rapid turnover rate in 
cells resulting in the detection of only low 
concentrations. 

The environmental characteristics of the 
groundwater system are likely to be an impor- 
tant determinant of the activity of the microbial 
community. It is often difficult to find correla- 
tions between geochemical factors and microbial 
growth and activity since many different factors 
interact to determine levels of bacterial activity. 
Even so, a slight inverse relationship was 
observed between microbial activity (biomarker 
data) and concentrations of the halides F-  and 
C1- in the groundwater (Fig. 9). Data on 
interactions between halides and microorgan- 
isms are relatively limited. A number of reac- 
tions, however, have been described. These 
include microbial halide binding (Bors et al. 

1984), oxidation/reduction reactions (Tsungai & 
Sase 1969; Gozlan & Margalith 1973), and 
alkylation reactions (Harper & Hamilton 1988; 
Manley & Dastoor 1988). In addition, the 
halides are highly efficient disinfectants which 
may partly explain the inverse relationship 
between activity and F-  and C1-. Positive 
relationships between microbial activity, mea- 
sured by either RNA or adenylate biomarkers, 
and the concentration of A1, Mn and Fe were 
found (Fig. 10a, b). Manganese and Fe can be 
oxidized by certain heterotrophic and auto- 
trophic bacteria as part of their normal physio- 
logical processes, although the latter organisms 
are unlikely to be present in these tropical 
groundwaters. In addition, microorganisms can 
reduce oxidized forms of these metals (Beveridge 
& Doyle 1989; McEldowney et al. 1993). Iron 
and Mn are also required by microorganisms as 
trace elements i.e. micro-nutrients, and therefore 
their availablity may have an impact on micro- 
bial activity. Aluminium has no known micro- 
biological function. Microbial activity may, 
however, affect the fate of A1 in tropical 
groundwater (see below). 

Eukaryotic microbes (protists) were found to 
be widespread throughout the Makutuapora 
aquifer. Until relatively recently protists were 
thought to be absent in subsurface environ- 
ments. However, evidence is now accumulating 
that protists comprise a substantial part of many 
subsurface microbial populations (Sinclair & 
Ghiorse 1987, 1989; Kinner et al. 1992; Novar- 
ino et al. 1994). Previous studies of subsurface 
protists have been confined almost exclusively to 
temperate regions. This is thought to be the first 

record of protists in tropical groundwaters. 
Recent research indicates that the vast major- 

ity of groundwater protists have a strong 
predilection for surfaces and are usually found 
attached to, or closely associated with, the 
aquifer sediment (Harvey et al. 1992; Novarino 
et al. 1994). Few protists are found free- 
swimming in groundwaters. Collection of sub- 
surface protists therefore requires that cores of 
aquifer material are taken. Access to freshly- 
collected aquifer material was available at only a 
few sites in the Makutuapora aquifer. Sampling 
procedures most ly  consisted of pumping 
groundwater to the surface. Therefore, it is 
assumed that the protists isolated during the 
present study represented only a small propor- 
tion of those present in the aquifer. 

The vast majority of the protists isolated from 
the Makutuapora aquifer were heterotrophic. 
This is consistent with previous studies carried 
out in temperate regions (Sinclair & Ghiorse 
1987; Novarino et al. 1994). Furthermore, all the 
protists identified during the present study were 
bacterivorous. Consquently, these may directly 
influence the levels of bacterial activity in the 
subsurface environment thereby indirectly af- 
fecting biogeochemical processes. 

M i n e r a l - w a t e r  in terac t ions  

The major changes in the mineral assemblages 
are the loss of feldspar, pyroxene, biotite, and 
hornblende with the formation of zeolites 
(natrolite), hydrated phyllosilicates (kaolinite, 
sericite, vermiculite, montmorillonite and chlor- 
ite), oxides and hydroxides (goethite, gibbsite, 
hematite, and leucoxene). These changes are a 
function of mineral-water interactions in the 
bedrock aquifer and tropical weathering in the 
upper layers of the weathering profiles. Silicate 
minerals such as feldspar are being altered to 
hydrated forms, such as albite or microcline to 
kaolinite. This can also be inferred from the 
systematic changes in N a / K  and Na/Ca ratios 
for newly drilled wells. Initially there is leaching 
of alkalis and alteration of oligoclase to albite 
and paragonite with time. In the amphibolites 
a similar variation in pumped water chemistry 
from a freshly drilled aquifer was noticed by 
variation in Na/Ca ratio, related to the altera- 
tion of feldspars and in the Fe/Mg and Ca/Mg 
ratio related to the alteration of ferromagnesium 
silicates augite and bronzite. The lack of 
constancy in the Fe/Mg ratio could be due to 
dissolution of ilmenite-magnetite as well as 
pyroxenes. The constant Na/Ca and Ca/Mg 
ratios noticed in established wells (those drilled 
prior to sampling seasons) indicate that a steady- 
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state is attained between aluminosilicates in the 
wallrock and leachate chemistry. These steady 
states are attained instantly on geological time 
scales, within the space of a few hundred hours. 

B i o g e o c h e m i s t r y  o f  M a k u t u a p o r a  waters  

The biomass and activity of the microbial 
community has an impact, not only on the 
survival of enteric pathogens, but also on 
mobility, form and fate of organic and inorganic 
compounds in groundwater. This has health 
implications when water is extracted for drink- 
ing. There is a paucity of information available 
on the biomass and activity of microbial 
communities in tropical groundwater systems 
(see above), and the microbial community 
structure of soils and sediments associated with 
tropical aquifers. 

This study demonstrated that the hetero- 
trophic bacterial population present in the 
Tanzanian surface and subsurface soils asso- 
ciated with boreholes is towards the upper end 
of the range reported for aerobic heterotrophs 
isolated from shallow (Balkwill & Ghiorse 1985) 
and deep (Albrechtsen & Winding 1992; Fre- 
drickson et al. 1989) groundwater in non- 
tropical regions. Heterotrophic bacteria play an 
important role in the degradation of organic 
compounds. 

Bacteria involved in the nitrogen biogeochem- 
ical cycle were present at all sites examined. 
Denitrifying bacteria represented a significant 
fraction of the heterotrophic bacterial popula- 
tion. Denitrifying bacteria are commonly found 
to be present and active in groundwater systems 
in temperate environments (Francis et al. 1989; 
Johnson & Wood 1992). Nitrifying bacteria, 
both ammonia oxidizing bacteria and nitrite 
oxidizing bacteria, were present at the Tanza- 
nian sites. It has previously been found that the 
population density of nitrifying bacteria in 
temperate groundwater sediments is low, e.g. 

1 10 g- ,  even when ammonia is not limiting. This 
has been attributed to competition for oxygen 
with aerobic heterotrophs (Fredrickson et al. 

1989). Ammonia oxidizing bacteria are unable 
to dominate over heterotrophs particularly at 
available organic carbon levels below 1-2 mg1-1 
(McCarthy et al. 1981). The heterotrophic 
numbers isolated from the Tanzanian aquifer 
were high and the explanation for the low 
numbers of nitrifying bacteria may be the result 
of adverse competition for oxygen. 

Sulphate reducing bacteria (SRB) have been 
isolated from shallow and deep aquifers, their 
numbers often increasing with depth (Jones et al. 

1989; Johnson & Wood 1992). Their distribution 

and numbers have previously been related to the 
clay content of sediment, and have been difficult 
to correlate with groundwater sulphate concen- 
tration (Jones et al. 1989). Similarly, there was 
no significant correlation between groundwater 
sulphate concentration and the numbers of 
sulphate reducing bacteria at Makutuapora. In 
fact, the number of SRBs was low at most sites. 

There is an apparent contradiction in the 
variation in isolated microbial numbers with 
sample and the relatively constant estimate of 
biomass shown in the lipid phosphate determi- 
nations. This discrepancy is probably simply 
related to the inevitably selective nature of 
culture media and chosen growth conditions 
failing to permit growth of many types of 
bacteria. 

The presence of Fe and A1 minerals in mineral 
precipitates in the feeder pipes between Dodoma 
and Makutuapora suggest that some mechanism 
exists for mobility of both metals. Similarly high 
levels of Mn and other metals occur in the pipe 
precipitates as well. A similar phenomenon 
observed in Wales has also been reported by 
Fuge et al. (1992) and likewise used to support 
the mobilization of metals in groundwater. 
Previous studies in temperate regions have 
shown that in carbon-limited habitats such as 
the subsurface, organic contamination of faecal 
origin often results in a significant increase in 
microbial activity (Harvey et al. 1984; Madsen et 

al. 1991). Increased microbial activity may in 
turn influence the mobility of certain elements in 
the aquifer through a variety of mechanisms 
discussed previously. Elevated levels of dissolved 
organic matter released by microbial activity in 
the groundwaters may also explain the observed 
relationships between elevated metal concentra- 
tion and high BOD in some groundwaters. 

Most of the aluminium was associated with 
particles in the size range 0.1-10.0 #m, which is 
colloidal either mineralogical or bacterial. The 
source of the aluminium may have been from the 
congruent dissolution of kaolinite in the upper 
soils. The dissolution of aluminium may also 
have been assisted by indigenous microorgan- 
isms, a phenomenon previously reported by 
McFarlane & Heydeman (1984) and by McFar- 
lane & Bowden (1992). There is, however, little 
information on interactions between bacteria 
and aluminium in the environment. The im- 
portance of microorganisms in the mobilization 
of aluminium in deeply weathered profiles of the 
African surface has been highlighted by McFar- 
lane (1987) and McFarlane & Bowden (1992). In 
these studies it was found that aluminium was 
leached from kaolinite by the action of indigen- 
ous populations of microorganisms, and further- 
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more that the aluminium remained mobile 
within the groundwaters, probably as a result 
of microbially-mediated organic complexing. 
Bacteria can accumulate metals at their surface 
and internally (Beveridge & Doyle 1989). Inter- 
nal metal accumulation by bacteria is normally 
an energy dependent process and increases with 
time. Even potentially toxic metals with no 
physiological function can be taken up intern- 
ally. Cell surface sorption of metals is a 
physicochemical process and tends to be rela- 
tively rapid, sometimes reaching equilibrium 
within minutes of metal exposure (McEldowney 
et al. 1993). Aluminium at the levels present in 
Makutuapora groundwater could be considered 
'toxic' (WHO 1971; Connery 1990). Microor- 
ganisms within these groundwaters may assist in 
attaining these conditions and further, may be 
involved in the transportation and deposition of 
the metals. However, more recent work sug- 
gested that in tropical waters much of the A1 is 
present in a non-labile form of relatively low 
potential toxicity (Smith et al. 1996). 

Conclusions 

In this study the geochemistry and micro- 
biology of groundwaters and surface waters of 
the Makutuapora aquifer have been studied. 
Groundwater is essentially Na-Ca-C1-HCO3- 
with minor K, Mg, F and SO42-. Water 
chemistry is largely influenced by mineral-water 
interactions and less so by microbial activity, 
although the concentrations of AI, Mn and Fe in 
groundwater may be related in part to microbial 
activity. 

The biochemical marker analysis suggests that 
the bacterial community is of comparable size 
between the different study sites, but that the 
physiological status of the community varies. 
This is undoubtedly related to variations in the 
physicochemical and nutrient conditions en- 
countered by the bacteria at the sites. The 
numbers of nitrifying and denitrifying bacteria 
and SRBs isolated from the tropical ground- 
water systems were broadly comparable with 
numbers found to be present in temperate 
systems. By contrast, numbers of heterotrophs 
appeared relatively high in these tropical sys- 
tems. In common with temperate groundwaters, 
there were no apparent correlations between the 
geochemical characteristics of the tropical 
groundwater and the numbers of different 
physiological types. There was considerable 
contamination of the groundwaters by thermo- 
tolerant coliforms suggesting a significant health 
risk from enteric pathogens in these ground- 
waters. The survival of the thermotolerant 

coliforms appeared to be linked with some of 
the geochemical characteristics of the ground- 
waters. Heterotrophic protists were widespread 
throughout the aquifer and are likely to influ- 
ence bacterial activity by their predatory beha- 
viour. 

Metal content of the groundwaters can exceed 
1 mg1-1 of A1, Mn and Fe. These metals are 
present largely in a particulate, possibly colloidal 
form. The increase in metals suggests an 
imbalance in the steady-state reactions between 
groundwaters and magmatic minerals. This 
imbalance could in part be in response to 
microbial activity. 

At present only weak correlations can be 
drawn from the field data which could be 
coincidental rather than casual and experimental 
work will be required to prove these possible 
relationships and to aid modelling of the 
biogeochemical cycles in the Makutuapora  
groundwaters. 

This project was supported through a grant from The 
Natural History Museum, London and Wateraid, and 
supported in the field by the Tanzanian Ministry of 
Water, Energy, and Minerals and Overseas Develop- 
ment Administration. M. Yunusu, L. H. Rugeiyamu, 
I. Westbury, B. Kindoro, E. Wright, S. Kalli, R. 
Mtonga, A. Yates and E. H. Mwangimba are thanked 
for assistance and discussion in Tanzania. Laboratory 
assistance at The Natural History Museum by V. K. 
Din, T. Greenwood and J. Francis, at Southampton by 
N. H. Morley and at Imperial College by M. Gill is 
acknowledged. At the University of Westminster 
laboratory assistance was provided by D. Hard, P. 
Jackson, D. McNulty and S. Pickett. 

References 

ALBRECHSTEN, H-J. & WINDING, A. 1992. Microbial 
biomass and activity in subsurface sediments from 
Vezen, Denmark. Microbial Ecology, 23, 303-317. 

BALKWlLL, D. L. & GHIORSE, W. C. 1985. Character- 
ization of subsurface bacteria associated with 
two shallow aquifers in Oklahoma. Applied and 
Environmental Microbiology, 50, 580-588. 

BEVERIDGE, T. J. & DOYLE, R. J. 1989. Metal Ions and 

Bacteria. Wiley, New York. 
BOLLS, J., MASTENS, R. • KUHN, W. 1984. Investiga- 

tions on the influence of micro-organisms on the 
translocation of radio-iodide in soil. In: BONNYS- 
VAN GELDER, E. & KIRCHMAN, R. (eds) Role of  

Microorganisms on the Behaviour of  Radionuclides 
in Aquatic and Terrestrial Systems and their 

Transfer to Man, Proc. Workshop Int. Union of 
Radioecologists, Brussels, 25-27 April 1984, 219- 
227. 

BOWELL, R. J., MCELDOWNEY, S. & WARmSN, A. 1995. 
Biogeochemical Factors Affecting Water Quality in 
Tanzanian Waters. Final report of NHM-Water- 



BIOGEOCHEMICAL FACTORS IN GROUNDWATER, TANZANIA 129 

Aid-University of Westminster project, 1992/93 
(unpublished). 

- - ,  MORLEY, N. H. & DIN, V. K. 1994. Arsenic 
speciation in porewaters, Ashanti, Ghana. Applied 
Geochemistry, 9, 15-23. 

BRIMHALL, G. H. & DIETRICH, W. E. 1987. Constitutive 
mass balance relations between chemical compo- 
sition, volume, density, porosity, and strain in 
metasomatic hydrochemical systems: results of 
weathering and pedogenesis. Geochimica et Cos- 
mochimica Acta, 51, 567-587. 

,LEWlS, C. J., AGUE, J. J., DETRICH, W. E., 
HAMPEL, J., TEAGUE, T. & RIX, P. 1988. Metal 
enrichment in bauxites by deposition of chemi- 
cally mature aeolian dust. Nature, 333, 819-824. 

CAHEN, L. & SNELLING, N. J. 1984. The Geochronology 
and Evolution of Africa. Clarendon, Oxford. 

CHESWORTH, W., VAN STRAATEN, P. & SEMOKA, J. M. 
R. 1989. Agrogeology in East Africa. African 
Journal of Earth Sciences, 9, 352-362. 

CONNERY, J. 1990. Summary report of workshop on 
aluminium and health, Oslo, May 2-5 1988. 
Environmental Geochemistry and Health, 12, 
179-196. 

ERTEL, J. R., HEDGES, J. I., DEVOL, A. H., RICHLY, J. E. 
& RaBEIRO, M. de N. G., 1986. Dissolved humic 
substances of the Amazon river system. Limnol- 
ogy and Oceanography, 31, 739-754. 

FARQUHARSON, F. A. & BULLOCK, A. 1992. The 
hydrology of basement complex regions of Africa 
with particular reference to southern Africa. bz: 
WRIGHT, E. P. & BURGESS, W. P. (eds) Hydro- 
geology of Crystalline Basement Aquifers in Africa, 
Geological Society, London, Special Publication, 
66, 59-76. 

FRANCIS, A. J., SEATER, J. M. & DODGE, C. J. 1989. 
Denitrification in  deep subsurface sediments. 
Geomicrobiology Journal, 7, 103-116. 

FREDRICKSON, J. K., GARLAND, T. R., HICKS, R. J., 
THOMAS, J. M., LI, S. W. & MCFADDEN, K. M. 
1989. Lithotrophic and heterotrophic bacteria in 
deep subsurface sediments and their relation to 
sediment properties. Geomicrobiology Journal, 7, 
53-66. 

FUGE, R. F., PEARCE, N. J. G. & PERKINS, W. T. 1992. 
Unusual sources of aluminium and heavy metals 
in potable water. Environmental Geochemistry and 
Health, 14, 15-18. 

GOZLAN, R. S. & MARGALITH, P. 1973. Iodide 
oxidation by a marine bacterium. Journal of 
Applied Bacteriology, 36, 407-417. 

HARDER, W., DUra-IUIZEN, L. & VELDrAMP, H. 1984. 
Environmental regulation of microbial metabo- 
lism. In: KELLY, D. P. & CARR, N. G. (eds) The 
Microbe 1984. H Prokaryotes and Eukaryotes. 
Cambridge University Press, Cambridge. 

HARPER, D. B. & HAMILTON, J. T. G. 1988. Biogenesis 
of halomethanes by fungi. In: CRAm, P. J. & 
GLOCraNG, F. (eds) The Biological Alkylation of 
Heavy Elements. Royal Society of Chemistry, 
Special Publication, 66, 197-200. 

HARVEY, R. W., SMITH, R. L. & GEORGE, L. 1984. 
Effects of organic contamination upon microbial 
distributions and heterotrophic uptake in a Cape 

Cod, Mass., aquifer. Applied and Environmental 
Microbiology, 48, 1197-1202. 

- - ,  KINNER, N. E., BUNN, A. L. & MACDONALD, D. 
1992. Transport of protozoa through an organi- 
cally contaminated sandy aquifer. In: First Inter- 
national Conference on Groundwater Ecology, US 
EPA. American Research Association, 111-118. 

JEFFRIES, D. S. & HENDERSHOT, W. H. 1981. Alumi- 
nium geochemistry at the catchment scale in 
watersheds influenced by acidic precipitation. In: 
SPOISTO, G. S. (ed.) The Environmental Chemistry 
of Aluminium, CRC, Boca Raton, 279-302. 

JOHNSON, A. C. & WOOD, M. 1992. Microbial potential 
of sandy aquifer material in the London Basin. 
Geomicrobiology Journal, 10, 1-13. 

JONES, B. F., KENNEDY, V. C. & ZELLUREGE, G. W. 
1974. Comparison of observed and calculated 
concentrations of dissolved A1 and Fe in stream 
water. Water Resources Research, 10, 791-793. 

JONES, R. E., BEEMAN, R. E. & SUFLITA, J. M. 1989. 
Anaerobic metabolic processes in deep terrestrial 
subsurface. Geomicrobiology Journal, 7, 117-130. 

KARL, D. M. & HOLM-HANSEN, O. 1978. Methodology 
and measurement of adenylate energy charge 
ratios in environmental samples. Marine Biology, 
48, 185-197. 

, WI~q,~, C. D. & WONG, D. C. L. 1981. RNA 
synthesis as a measure of microbial growth in 
aquatic environments: evaluation, verification, 
and optimization of methods. Marine Biology, 
64, 13-21. 

KINNER, N. E., BUNN, A. L., HARVEY, R. W., WARREN, 
A. & MEEKER, L. D. 1992. Preliminary evaluation 
of the relationships among protozoa, bacteria and 
chemical parameters in sewage contaminated 
groundwater at Otis Air Base, Massachusetts. 
In: MULLARD, G. E. & ARONSON, D. A. (eds) 
USGS Toxic Substances Hydrology Program 
Proc. Tech. Mtg. WRI Report 91-4034, 148-151. 

LAHERMO, P., SANDSTROM, H. & MALISA, M. t991. The 
occurrence and geochemistry of fluoride in 
natural waters in Finland and East Africa with 
reference to geomedial implications. Journal of 
Geochemical Exploration, 4, 65-79. 

LINDSAY, W. L. & WALTHALL, P. M. 1981. The 
solubility of aluminium in soils. In: S~ISTO, 
G. S. (ed.), The Environmental Chemistry of 
Aluminium, CRC, Boca Raton, 221-240. 

MCCARTHY, P. L., REINHARD, M. & RITrMANN, B. E. 
1981. Trace organics in groundwater. Environ- 
mental Science and Technology, 15, 40-51. 

McCoY, W. F. & OLSON, B. 1985. Fluorometric 
determination of the DNA concentration in 
municipal drinking water. Applied Environmental 
Microbiology, 49, 811-817. 

MCELDOWNEY, S., HARDMAN, D. J. & WAITE, S. 1993. 
Pollution: Ecology and Biotreatment. Longrnan 
Scientific & Technical, Harlow, 261-289. 

MCFARLANE, M. J. 1987. The key role of micro- 
organisms in the process of bauxitisation. Modern 
Geology, 11, 325-344. 

& BOWDEN, D. J. 1992. Mobilization of 
aluminium in the weathering profiles of the 
African surface in Malawi. Earth Surface Pro- 



130 R.J.  BOWELL ET AL. 

cesses and Landforms, 17, 789-805. 
- -  • HEYDEMAN, M. T. 1984. Some aspects of 

kaolinite dissolution by a laterite-indigenous 
micro-organism. Geo-Eco-Trop., 8, 73-91. 

MADSEN, E. L., SINCLAIR, J. L. & GHIORSE, W. C. 1991. 
In situ biodegradation: microbiological patterns 
in a contaminated aquifer. Science, 252, 830--833. 

MADINI. 1992. Stratigraphy and Geochronology of 
Dodoma, Tanzania, Unpublished report. 

MAJI. 1988. Hydrogeology of  the Makutuapora 
aquifer: Results of deep drilling. Government 
printers, Dares Salaam. 

MAI'CLEY, S. L. & DASTOOR, M. N. 1988. Methyl iodide 
(CH3I) production by kelp and associated 
microbes. Marine Biology, 9 8 ,  477-482. 

MANN, A. W. 1983. Hydrogeochemistry and weath- 
ering on the Yilgarn block, Western Australia- 
ferrolysis and heavy metals in continental brines. 
Geochimica et Cosmochimica Acta, 47, 181-190. 

NEIDHARDT, F. C., INGRAHAM, J. L. & SCHAECHTER, M. 
1990. Physiology of the Bacterial Cell. A Mole- 
cular Approach. Sinauer Associates Inc., Sunder- 
land, Massachusetts. 

NOVARINO, G., WARREN, A., KINNER, N. E. & HARVEY, 
R. W. 1994. Protists from a sewage-contaminated 
aquifer on Cape Cod, Massachusetts, U.S.A. 
Geomicrobiology Journal, 12, 23-36. 

OGBOKAGU, I. K. 1984. Hydrology of groundwater 
resources of the Aguta area, SE Nigeria. Journal 
of African Earth Science, 2, 109-117. 

PAUL, J. H. & MEYERS, J. 1982. Fluorimetric determi- 
nation of DNA in aquatic microorganisms by use 
of Hoechst 33258. Applied and Environmental 
Microbiology, 43, 1393-1399. 

SHOTYK, W. 1984. Metal-organic species in natural 
waters, ln: FLEET, M.E. (ed.), MAC Short Course 
Handbook, Environmental Geochemistry. 45-66 

SINCLAIR, J. L. & GHIORSE, W. C. 1987. Distribution of 
protozoa in subsurface sediments of a pristine 
groundwater study site in Oklahoma. Applied and 
Environmental Microbiology, 53, 1157-1163. 

& 1989. Distribution of aerobic 
bacteria, protozoa, algae, and fungi in deep 
subsurface sediments. Geomicrobiology Journal, 
7, 15-31. 

SMITH, B. J., BREWARD, N., CRAWFORD, M. B., 
GALIMAKA, D., MosmRI, S. M. & REEDER, S. 
1996. The environmental geochemistry of alumi- 
nium in tropical terrains and its implications to 
health. This volume. 

SMrrH, O. L. 1982. Soil Microbiology: a Model of 
Decomposition and Nutrient Cycling, CRC, Boca 
Raton. 

TRESCASES, J-J. 1992. Chemical Weathering. In: BUTT, 
C. & ZEEGERS, H. (eds), Regolith Exploration 
Geochemistry in Tropical and Subtropical terrains. 
Handbook of Geochemistry, vol. IF, 25-40. 

TSONGAI, S. & SASE, T. 1969. Formation of iodide- 
iodine in the ocean. Deep Sea Research, 16, 484- 
487. 

VELBEL, M. A. 1989. Mechanisms of saprolization, 
isovolumetric weathering, and replacement during 
weathering - A review. Geochemistry of the 
earth's surface Chemical Geology, 84, 17-18. 

1992. Constancy of silicate-mineral weath- 
ering-rate ratios between natural and experimen- 
tal weathering implications for hydrologic control 
of differences in absolute rates. Chemical Geology, 
105, 89-99. 

WHITE, D. C., BOBBIE, R. J., HERRON, J. S., KING, J. & 
MORRISON, S. 1979. Biochemical measurements of 
microbial biomass and activity from environmen- 
tal samples. In: Native Aquatic Bacteria: Enu- 
meration, Activity and Ecology. ASTM, Special 
Technical Publication, 695, American Society for 
Testing and Materials, Philadelphia, 69,81. 

WHO 1971 International Standards for Drinking 
Water. Geneva. 

WILLIAMS, C. T., SYMES, R. F. & DIN, V. K. 1993. 
Mobility and fixation of a variety of elements, in 
particular B, during the metasomatic development 
of adinoles at Dinas Head, Cornwall. Bulletin of 
the Natural History Museum (Geology Series), 49, 
81-98. 

WRIGHT, E. P. 1992. The hydrogeology of basement 
complex regions of Africa with particular refer- 
ence to southern Africa. In: WRIGrrr, E. P. & 
BURGESS, W. P. (eds) Hydrogeology of Crystalline 
Basement Aquifers in Africa, Geological Society, 
London, Special Publication, 66, 21-58. 



Water quality and dental health in the Dry Zone of Sri Lanka 
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Abstract: The Dry Zone of Sri Lanka has mostly poor rural folk, who live in very close 
association with the immediate physical environment, depending on it for their living. Many 
of these people have lived in such a confined environment throughout their lives and it is 
reasonable to assume that at least some aspects of their health could be correlated with the 
geochemistry of their immediate environment. 

Hydrogeochemical investigations of surface well water and deep well water in parts of the 
Dry Zone notably in the North Central Province, have shown that the fluoride 
concentrations often reach anomalously high levels, of the order of 10mg -1 in some 
instances. As a result of this, dental fluorosis is increasing in its prevalence among school 
children. With over 13 000 tube wells with hand pumps, mostly in the Dry Zone, the 
problem of dental fluorosis will assume serious proportions in the future unless methods of 
defluoridating household water supplies are developed. 

An attempt has been made to implement a programme of defluoridating water supplies 
with a defluoridator using charcoal and charred bone meal. However, a major awareness 
programme is needed to educate the villagers of the dangers of excessive fluoride in drinking 
water and the need for community participation in maintaining household defluoridators. 

Lanka) 

The close relationship between human health 
and the physical and geochemical environment 
is clearly seen in Sri Lanka with its varied 
topography, climate, soils and geology. The 
effect of soil and water chemistry on the dental 
health of the Sri Lankan population, most of  
whom live in rural areas, can be seen most  
directly in the fluoride content of  their water 
supplies since fluorides enter the body primarily 
from drinking water supplies, which in Sri 
Lanka come mainly from groundwater. 

Fluoride is considered to be an essential 
element (Wood 1974), although dental health 
problems may arise from an  excess of  fluoride. 
Many water supply schemes, particularly in 
developing countries where dug wells and tube 
wells form the major water sources, contain 
excess fluoride and as such are harmful to dental 
health (Dissanayake 1991). 

As shown by Dharmagunawardhane & Dis- 
sanayake (1993), although rural water supply 
projects based on tube wells have provided safe 
drinking water to the rural community, in the 
areas with fluoride-rich groundwater these pro- 
jects have been of  limited benefit to the people. 
This is because defluoridation at the village level 
has still not been successful in Sri Lanka and, 
therefore, these waters can cause dental fluoro- 

sis. 
The majority of  people living in the Dry Zone 

of  Sri Lanka (Figs 1, 2), part icularly the 
children, are thus prone to dental diseases 
caused by an excess of fluoride in drinking 

water. In order to take appropriate remedial 
action, the water supply authorities must be 
provided with information on the distribution of 
high and low-fluoride zones in an area. This 
requires geochemical mapping and incorpora- 
ting the information into plans for shallow and 
deep wells, settlement schemes and water pro- 
jects. 

This paper examines the general water quality 
of the Dry Zone of Sri Lanka with particular 
emphasis on the fluoride geochemistry in rela- 
tion to the dental health of the people. 

Geographical and geological setting 

Figure 1 illustrates the climatic, physiographic 
and major geological divisions of Sri Lanka. The 
dry Zone of Sri Lanka with an annual average 
rainfall of 1500 mm lies on the periphery of the 
highlands and covers the major part  of the 
country. Geomorphologically, the Dry Zone is 
generaUy characterized by lowlands with an 
undulating ground surface and scattered dis- 
continuous ridges. Over most parts of  the year, 
in spite of an average 1500 mm of rainfall, which 
compared to non-tropical countries appears 
high, the groundwater tends to be deep and 
due to evaporation and evapotranspiration salts 
tend to build up on the surface causing problems 
of salinity. Such areas are often observed in the 
Anuradhapura, Polonnaruwa and Hambantota  
districts (Fig. 1). 

Geologically, Sri Lanka consists of over 90% 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 131-140 
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Fig. 1, The climatic, physiographic and major geological divisions of Sri Lanka. 

metamorphic rocks of Precambrian age and 
these form three major units, the Highland 
Group, the east and west Vijayan Complex 
and the southwest Group. Recently some 
authors (Krrner et al, 1991) have re-named the 
east Vijayan Complex as the Wanni Complex. 
The Dry Zone of Sri Lanka as shown in Fig, 1 
consists of rocks belonging to the Highland 

Group and the two Vijayan Complexes. 
A suite of metasedimentary and metaigneous 

rocks formed under granulite facies conditions 
comprises the Highland Group. Among the 
metasedimentary rocks, quartzites marbles, 
quartzo-feldspathic gneisses and metapelites 
form the major constituents. 

The Waster Vijayan rocks consist of leuco- 
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Fig. 3. The main high fluoride-beating groundwater areas in Sri Lanka. This map has been compiled using data 
obtained from hydrogeochemical surveys carried out by several water supply organizations. 

cratic biotite gneisses, migmatites, pink granitic 
gneisses and granitoids. The Eastern Vijayan is 
composed of biotite/hornblende gneisses, grani- 
tic gneisses and scattered bands of metasedi- 
ments and charnockitic gneisses. Present in some 
of these rocks are fuoride-beafing minerals such 
as micas, hornblende and apatite. Additionally, 

fluorite, tourmaline, sphene and topaz are 
present and these contribute to the general 
geochemical cycle of fluorine. 

Water quafity of the Dry Zone 

Figure 2 illustrates the geochemistry of the 
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groundwater of Sri Lanka. It is seen that in the 
Dry Zone, sodium/potassium ions and calcium 
ions are dominant. Much of it is dominated by 
N a + K - C 1  with salinity approaching undesir- 
able levels in certain agroecological zones. 

Figure 3 shows a generalized map indicating 
the distribution of fluoride in groundwater 
above 1.5mgl -~, as obtained from data col- 
lected by water supply organizations in Sri 
Lanka.  The effect of the climate on the 
geochemistry of fluoride in water is clearly 
apparent by the fact that the wet zone in spite 
of having similar lithology has negligibly small 
areas containing fluoride greater than 1.5 mgl -~ 
in the groundwater. It is likely that in the Wet 
Zone where the annual  rainfall exceeds 
5000mm, fluoride is easily leached out from 
primary and secondary minerals. In the Dry 
Zone on the other hand, evaporation tends to 
concentrate the soluble ions upwards due to 
capillary action in soils. 

Groundwater in the crystalline rock terrain of 
Sri Lanka mainly occurs within (1) the weath- 
ered overburden of the basement rocks; and (2) 
basement rocks, the secondary porosity being 
due to fractures, joints, faults, fissures and 
solution cavities. The water supply boreholes 
tap groundwater from depths where fractured or 
jointed zones are present. At present there are 
over 13 000 such tube wells with hand pumps 
mostly in the Dry Zone of Sri Lanka. Some wells 
reach a depth of 80 m while the average depth is 
in the region of 50 m. The upper parts of these 
boreholes are cased in the weathered overburden 
into hardrock with well casings. 

Figure 4 compares the fluoride content in 
groundwater from different rock types under dry 
and wet conditions. Irrespective of the rock type, 
the groundwater remains low in fluoride in the 
Wet Zone while in the Dry Zone fluoride reaches 
levels as high as 10mg1-1. It is particularly 
relevant to note that unlike drinking water with 
high levels of dissolved iron, which has both a 
colour and an objectionable taste, water con- 
taining excess fluoride is colourless and tasteless, 
chemical analyses being required to detect its 
presence. 

Aspects of dental health 

The prevalence of dental fluorosis in the Dry 
Zone of Sri Lanka has been highlighted by 
several workers (Senewiratne et al. 1974; Dis- 
sanayake & Senaratne 1982; Dissanayake 1991; 
Dharmagunawardhane & Dissanayake 1993). 
With the large number of shallow wells and 
deep boreholes now being constructed, the 
problem of excessive ingestion of fluorides 

through drinking water with resulting dental 
fluorosis is causing serious concern among 
community health workers (Fig. 5a, b). Warna- 
kulasuriya et  al. (1990) in a study on the 
prevalence of dental fluorosis from different 
areas in Sri Lanka, showed that in the endemic 
zone the prevalence of dental fluorosis was 51- 
78% while in a non-endemic area it was 5.4%. 
With some tube well water containing fluoride 
levels as high as 10 mg 1-1 and bearing in mind 
that the WHO recommended danger level is 
1.5 mg F 1 F -  for drinking water, one could even 
anticipate the prevalence of skeletal fluorosis. A 
man from the Anuradhapura area who appeared 
to show signs of a bone disease, when examined 
at the Faculty of Medicine, University of 
Peradeniya, was found to be a case of skeletal 
fluorosis (Prof. C. Ratnatunga, pers. comm.). 

Warnakulasuriya et al. (1990) examined a 
total of 380 children aged 14. Table 1 shows the 
results for different areas (see Fig. 3 for 
locations). This work revealed that Kekirawa is 
a highly endemic area and nearly a third of the 
children examined had extensive dental fluoro- 
sis. Galewela and Wariyapola were moderately 
endemic while Rambukkana in the Sabaraga- 
muwa Province was considered as a low endemic 
area. 

Table 1. Prevalence (% incidence) o f  dental fluorosis in 
4 selected areas in Sri Lanka 

Area Boys Girls Total 

Galewela 5.2 53.5 52.2 
Wariyapola 55.6 47.3 51.0 
Kekirawa 73.7 78.2 78.4 
Rambukkana 5.4 5.5 5.4 

Total 44.6 49.7 46.4 

After Warnakulasuriya et al. (1990). See Fig. 1 for 
locations. 

One of the key issues that arose out of 
investigations on the prevalence of dental 
fluorosis in Sri Lanka was the determination of 
the optimal levels of fluoride in drinking water 
for hot and dry climates as exemplified by Sri 
Lanka. The WHO guidelines for the upper limit 
of fluoride in drinking water have long been felt 
unsuitable for developing countries with a hot, 
dry climate. 

Dean (1945) originally recommended 1.0 mg 1-1 
as the optimal level of fluoride in drinking water 
basing his observations on the relation between 
caries inhibition and the severity of dental 
fluorosis. Myers (1978) showed that in temperate 
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Fig. 5. School children in the village of Polpitigama in the Kurunegala District showing marked development of 
dental fluorosis. 
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climates levels up to 1.5 mg 111 in drinking water 
produce only questionable and mild fluorosis of 
no public health significance. This therefore is 
the desirable upper limit recommended by the 
World Health Organisation (WHO). Several 
workers (Galagan 1953; Richards et al. 1967; 
Moiler 1982) had commented that the upper 
limit of fluoride concentration that causes dental 
fluorosis may change from country to country 
and that for tropical countries the recommended 
levels should be lower than those for tempera- 
ture countries. Manji et al. (1968a, b) in a case 
study from Kenya showed that with fluoride 
levels of 0.1-1.0 mg1-1 a very high prevalence 
and severity of dental fluorosis were observed. 

Apart from the geology, the varying levels of 
fluorides that cause dental fluorosis in different 
countries may also reflect the relative socio- 
economic levels. It is very likely that low protein 
diet populations are more prone to fluorosis and 
therefore it is possible that a combination of 
factors causes greater fluorosis in developing 
countries. 

The recent work of Warnakalasuriya et al. 

(1992) adds further evidence to the fact that in 
hot dry climates where consumption of water is 
far higher, there could be dental fluorosis even in 
areas containing groundwater fluorides lower 
than 0.3 mg 1 -l, as in the case of Sri Lanka. Their 
studies showed that among those consuming 
drinking water with < 1.0mg1-1 fluoride, 32~ 
of the children had mild forms and 9% severe 
forms of dental fluorosis. This work provSded 
further reasons for a need to change the WHO 
guidelines for the upper limit of fluoride in 
drinking water. It was recommended that this 
level be 0.8mg111 for those living in hot, dry 
climates. 

In a comparative study Rugg-Gunn et al. 

(1993) investigated the urinary fluoride excretion 
in 4 year old children in Sri Lanka and England. 
Urine had been collected over 24 hours from 53 
children from Dambulla, Sri Lanka (see Fig. 1 
for location) and 44 from Newcastle, England, 
both localities with drinking water containing 
0.8-1.1 mg 1-1F. The mean fluoride concentra- 
tions were 1.19 mg 111 in Sri Lanka and 1.02 mg 111 
in England. A number of possible explanations 
were put forward by the authors for this small 
difference in fluoride urinary excretion. 

1. Because of the higher air temperature at 
Dambulla  (27~ compared to Newcastle 
(12~ fluoride intake from greater amounts 
of water or from other dietary sources may have 
been higher in Sri Lankan children. 

2. The proportion of ingested fluoride ex- 
creted in urine could have been different. 

The author suggested that the amount of 

water ingested may be of prime importance in 
determining the amount of fluoride excreted in 
England, but a more complicated relationship 
existed in Sri Lanka. 

In a similar study Nunn  et  al. (1993) 
investigated the distribution of developmental 
defects of enamel on ten tooth surfaces in child- 
ren aged 12 years living in areas with different 
water fluoride levels in Sri Lanka and England, 
data being presented for 168 and 379 subjects 
respectively. While the maxillary central incisors 
were affected most often in England and in the 
0.1 mg 1-1F area in Sri Lanka, they found that 
this was not the case in the 0.5 and 1.0mgl- lF 
areas in Sri Lanka where prevalence was highest 
in premolar and canine teeth, with demarcated 
and diffuse opacities predominating in the 
1.0 mg 111 F areas in both countries. Hypoplastic 
lesions were also prevalent in Sri Lanka in the 
0.1 and 0.5 mg 1-1 F areas especially in maxillary 
incisor teeth, with nearly half the lesions 
extending to more than one-third of the tooth 
surface in the 1.0mgl-~F areas. This study of 
Nunn et al. (1993) indicated that maxillary 
canine and premolar teeth are affected much 
more in high fluoride areas in Sri Lanka and it 
was suggested that this may be due to their later 
development relative to incisors and first molars. 
On account of the great aesthetic importance of 
the maxillary incisor teeth, the onset of fluorosis 
is at present causing great social problems 
among school children living in the high fluoride 
areas of the Dry Zone of Sri Lanka (Fig. 5a, b). 

Defluoridation of water suppfies and 

community participation 

The construction of tube wells with hand pumps 
in rural community water supply programmes in 
Sri Lanka has increased drastically since the 
beginning of the last decade. At present there are 
over 13 000 tube wells with hand pumps in the 
island, mostly in the Dry Zone. With the 
increasing number of tube wells, the problems 
of water quality pertaining to fluoride have also 
become significant. Many of these tube wells 
have fluoride levels exceeding 1.5 mg 1-1 and their 
impact on the dental health of the population is 
apparent by the fact that 40-75% of the children 
using tube well water are affected by dental 
fluorosis to varying degrees. Interestingly, the 
old villagers who did not have tube wells, but 
used lake and stream water for their domestic 
requirements, did not show any symptoms of 
dental fluorosis. 

Due to the fact that by far the largest 
proportion of people who rely on drinking 
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water from high fluoride tube wells in the Dry 
Zone live in remote villages, the only method of 

defluoridating their drinking water supplies 

is by the use of household defluoridators. The 

mechanism of defluoridation of household  

drinking water in remote villages in a developing 

country such as Sri Lanka, presents several 
problems. (a) The capital investment and the 

maintenance and treatment costs of defluorida- 

tion of  water should be small. (b) The device 

should be simple in design. (c) The village 

communi ty  should  be able to prepare and 
change the substances used in the household 
defluoridator with ease. (d) It should have the 

capacity to reduce the fluoride content from c 
5mg1-1 to less than 0.5mg1-1. (e) It should 

improve the water quality in general, rather than 
make it harmful by the addition of chemicals. (f) 

The substances used in the defluoridator should 
maintain their activity for an acceptable period 
of time. 

Such a defluoridator using charcoal and 
charred bore meal (Fig. 6) (Phantumvanit  et al. 

1988) was introduced into a village in the 
endemic fluorosis zone of Sri lanka. The initial 
response of the villagers was very good and the 
attempts made to eradicate their dental prob- 
lems were gratefully acknowledged. However, a 
major  awareness programme is needed to 
educate the village folk of the dangers of excess 
fluorides in their drinking water supplies and the 

need for community participation in maintain- 
ing household defluoridators. 

An international collaborative programme 
involving dental epidemiologists specializing in 
communi ty  medicine and hydrogeochemists  
would be of immense national importance to 
Sri Lanka. 

Thanks are due to Mrs Sandra Paragahawewa, Mrs 
Harshini Aluwihare and Ms Anne George for their 
assistance. 
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Abstract: The link between environmental exposure to aluminium, mammalian toxicity and 
agricultural productivity has focused attention on the relationship between the environ- 
mental geochemistry of A1 and its potential toxicity. Recent work has questioned the 
accuracy of previously reported baseline levels of aluminium in tropical well waters. In this 
work we investigate the validity of these observations and their influence on criteria for the 
determination of water quality. 

Data are presented for two contrasting study areas in Uganda in which c. 50 water 
samples were collected from a variety of water sources and subsequently analysed to identify 
concentrations of dissolved A1 and of ligands that potentially control its environmental 
mobility and toxicty. Determinands included: pH, temperature, redox potential, con- 
ductivity, alkalinity, major and trace cations and anions and TOC. 

Determination of A1 by ICP-AES before and after sonication confirmed that sonication of 
samples filtered to 0.40#m during sampling resulted in increased A1 concentrations in 
solution. This effect is considered to be consistent with the aggregation of a non-labile 
colloidal A1 on the addition of acid and confirms observations made by other researchers in 
Malawi. However, on-site analysis of samples using pyrocatechol violet indicated negligible 
free or labile A1 present in the sampled waters and suggests that the majority of A1 
undetected by routine ICP-AES analysis is present in a non-labile form of relatively low 
potential toxicity. 

Concern over the possible link between environ- 
mental exposure to aluminium, its mammalian 
toxicity (Mart in 1986; Martyn et al. 1989; 
Harrington et al. 1994) and agricultural produc- 
tivity (Baker & Schofield 1982; Fagerial et al. 
1988) has focused attention on the relationship 
between the environmental geochemistry of A1 
and its potential toxicity. 

Whilst the majority of studies to date have 
been focused on temperate regions of  the 
nor thern hemisphere affected by acid rain 
(Schindler 1988; Sposito 1989), recent work 
questioning the accuracy of previously reported 
baseline levels of aluminium in tropical well 
waters (McFarlane 1991; McFarlane & Bowden 
1992) suggests potential cause for concern in the 

developing world. This concern arises from the 
relatively rapid expansion in the use of ground- 
water as a source of potable water within 
developing countries and epidemiological and 
aetiological links between elevated AI concen- 
trations in drinking water and Alzheimer's 
disease (Martyn et al. 1989; Crapper-McLachlan 
et al. 1991). 

The ability to quantify accurately and pre- 
cisely the concentration of aqueous A1 is an 
obvious prerequisite to investigating its distribu- 
tion within the environment and consequential 
toxicity. The analytical determination of A1 in 
natural waters is well studied (Bloom & Erich 
1989) although considerable difficulties still exist 
in the determination of A1 because of its low 
concentration in many waters, the large number 
of forms or species of dissolved A1, and because 
of its ability to form stable natural colloids with 
dissolved organic carbon, fluoride and sulphate 
(Fig. 1). 

Observations by McFarlane & Bowden (1992) 
indicat ing that  filtration of  water samples 
obtained from tropical wells reduces the A1 
content is consistent with the relatively high 
abundance of clay mineral particulates in such 
highly weathered unsaturated zones. Similar 
observations are documented in the literature 
(Kennedy et al. 1974; Wagemann & Brunskill 
1975; Hem 1985; Goenaga et al. 1987). The 
observation that  the addition of  acid (1% 
HNO3) after fil tration further reduces the 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 141-152 
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Fig. 2. Geographical position of site 1 (Mukono) and site 2 (Nawaikoke) in Uganda. 

observed concentration of A1 is, however, 
inconsistent with standard preservation proce- 
dures for trace metals (British Standards Institu- 
tion 1986) and clearly warrants further more 
detailed investigation in order to define the 
speciation of A1 at the time of sampling, its 
potential toxicity and the mechanism of re- 
moval. 

In their previous work in Malawi, McFarlane 
& Bowden (1992) determined A1 by graphite 
furnace atomic absorption spectrometry follow- 
ing filtration, acidification and sonication. Un- 
fortunately they were unable to determine any 

other parameters, with the exception of electrical 
conductivity, making it impossible to test their 
observations further, either through the use of 
computer modelling (e.g. Tipping et al. 1991) or 
by the preparation of synthetic water samples on 
which to determine A1 speciation experimentally 
(Driscoll 1984). 

In this work we focus upon exposure to A1 in 
shallow groundwaters and review results of 
experiments performed to investigate the ob- 
servations of McFarlane & Bowden (1992) with 
regard to the analytical determination of aqu- 
eous A1. Data collected during two field exercises 



GEOCHEMISTRY OF ALUMINIUM IN THE TROPICS 

Table 1. Summary of sample preservation and analysis regime 
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Sample treatment Code Analysis 

Untreated n/a 

Untreated n/a 
Untreated UF/UA 
Unfiltered, 1% HNO3 UF/A 

0.4 #m filtered F/UA 
0.4 #m filtered, 1% HNO3, unsonicated F/A 
0.4 #m filtered, 1% HNO3, sonicated F/A 

pH, temperature, conductivity, redox potential, total 
alkalinity 
labile AI by PCV 
no specific test carded out 
total aluminium (sonicated to include < 0.40#m and 
> 0.4 #m particulates) 
major anions, fluoride, TOC, TIC, Si 
major cations, Fe, Si, total dissolved aluminium 
total dissolved and < 0.40 #m particulate aluminium 

UF, unfiltered; UF/A, unfiltered acidified; UF/UA, unfiltered unacidified; F/A, filtered acidified. 

in central Africa are presented along with 
experiments performed on samples collected in 
the field to measure spatial variations in and 
factors controlling environmental concentra- 
tions of A1 in the near surface environment. 

Methodology 

Description of  stucly areas 

Two representative study areas (Fig. 2) were 
selected in Uganda on the basis of soil type (wet, 
high productivity red clay loams and quartzitic 
sands of the Mukono region, very dry red clays 
and lateritic soils of the Nawaikoke region), 
climate, geomorphology and the availability of 
suitable sampling sites (i.e. the relative abun- 
dance of shallow and deep groundwater re- 
serves). 

Mukono (32.6~ 0.5~ c. 30 km northeast of 
Kampala (Department of Lands and Surveys 
1992) is representative of a relatively high 
rainfall zone with high agricultural productivity 
characterized by banana plantations, remnants 
of tropical forest and coffee/tea plantations. The 
area is supplied with a relatively well developed 
system of shallow hand-dug wells and protected 
springs developed in highly weathered, Fe rich, 
kaolinitic soils occasionally associated with 
laterite and underlying undifferentiated gneiss 
(Geological Survey of Uganda 1957). 

Nawaikoke (33.2~ 1.1~ c. 80km north of 
Kampala (Department of Lands and Surveys 
1963) is representative of a relatively low lying, 
low rainfall zone with limited agricultural 
productivity. The area has been equipped with 
a large number of recently constructed, deep 
boreholes (60-100m) extending into a fractured 
crystalline basement of undifferentiated gneiss 
and cased off to below the lateritic regolith 
which typically extends to 20 m below ground 
level (Department of Lands and Surveys 1963). 

Sample collection, preservation and fieM 

analysis 

Water samples were collected from a variety of 
sources including surface waters (streams, pools 
and rivers), hand-dug wells and boreholes. 
Where appropriate, water was flushed through 
the sampling system before collection into 
containers previously rinsed with the sample. 

Temperature, pH, redox potential, conduc- 
tivity and total alkalinity of the samples were 
determined on collection. Aliquots of the water 
sample were then filtered through 0.4#m Nu- 
cleopore T M  membrane filters and preserved 
according to the specifications given in Table 
1. During the second field exercise in 1994, 
aliquots of untreated sample were also com- 
plexed with pyrocatechol violet (PCV), accord- 
ing to the method described by Driscoll (1984) 
and refined by Trick et al. (1994), in order to 
determine the amount of labile aluminium. 

Duplicate and blank samples were collected in 
order to check on the reproducibility of sam- 
piing and preservation, the precision of the 
analytical determinations and to identify any 
problems associated with contamination. 

Analytical methodology 

Samples were later analysed for major ions, Fe, 
Si and A1 by inductively coupled plasma-atomic 
emission spectrometry (Perkin Elmer Plasma II 
sequential scanner) which is capable of measur- 
ing colloidal and particulate species provided 
that they are suspended at the time of sample 
introduction. Filtered samples, preserved by the 
addition of Aristar T M  nitric acid (1% with 
respect to the concentrated acid), were analysed 
for aluminium by ICP-AES, both with and 
without sonication of the sample (to disperse 
precipitated particulate/sorbed material) for one 
hour before immediate introduction into the 
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Table 2a. Summary of analytical results for Uganda giving average concentrations and the range of observed 
concentrations of each species determined for the study sites at Mukono and Nawaikoke 

Mukono District Nawaikoke District 

Element Units Average Range Average Range 

conc. max. min. conc. max. min. 

Temp. ~ 24.2 28.0 21.9 26.4 27.6 25.5 
Eh (uncorrected) mV 117 208 < 91.0 3.90 173 < 80.0 
pH - 6.02 7.40 5.23 6.56 6.89 6.14 
Conductivity /zS/cm 116 370 47.7 684 2220 213 
Ca mg F 1 9.60 41.6 2.05 67.3 238 11.2 
Mg mg 1-1 1.80 4.98 0.29 31.5 84.8 5.90 
Na mg1-1 6.22 12.4 3.07 57.5 284 21.6 
K mgF 1 4.60 14.3 1.76 4.77 10.5 2.25 
HCO3 mg 111 54.4 229 11.4 277 576 117 
CI mg111 < 5.00 7.59 < 5.00 42.4 124 < 5.00 
SO4 mg1-1 3.52 23.2 < 5.00 110 803 < 5.00 
TON (as NO3) mg1-1 4.34 18.6 < 2.00 14.5 83.0 < 2.22 
F mg1-1 0.16 0.35 0.06 0.56 1.11 0.05 
TOC mg111 2.59 19.0 < 0.10 0.19 0.84 < 0.10 
TIC mg1-1 14.8 53.7 5.10 60.3 118 32.0 
Si (F/A) mg1-1 19.4 32.0 12.0 30.7 39.6 20.8 
Si (UF/A) mg 1-1 20.6 31.9 12.0 36.7 49.9 21.3 
Fe mg 1-1 1.93 25.9 0.03 2.43 7.00 0.26 
A1 Unsoni. (F/A) mg 111 0.03 0.25 < 0.02 < 0.02 0.09 < 0.02 
A1 Soni. (F/A) mg1-1 0.17 0.68 < 0.02 0.02 0.08 < 0.02 
AI Soni. (UF/A) mg1-1 0.66 4.09 < 0.02 0.17 1.60 < 0.02 
A1 PCV (1994) mg111 < 0.02 0.11 < 0.02 na na na 

na, not analysed. 

plasma. These analyses represent the concentra- 
tions of total A1 less than 0.4 #m (i.e. including 
colloidal A1) and dissolved A1 respectively. 

Unfiltered, acidified samples from the Mukono 
district of Uganda were also analysed after 
sonication in order to obtain a 'total' aluminium 

content. 
Additionally, major anions were determined 

by ion chromatography  (Dionex 2000i ion 
chromatograph). Total organic and inorganic 
carbon contents were determined using a Shi- 
madzu TOC-5000 analyser and fluoride was 
determined by ion selective electrode. A full 

description of the methods employed for these 

analyses, including relevant QA protocols, is 
given in Reeder et al. (1994). Results for these 
analyses are summarized in Table 2a and 

presented in full in Table 2b. 

D i s c u s s i o n  

Analy t ica l  artefacts  and determination o f  AI  

In these studies, A1 was analysed in the labora- 

tory by ICP-AES. The accuracy and precision of 

these de terminat ions  were checked by: (i) 
analysis of Aquacheck T M  samples (distributed 

by Water Research Centre, Medmenham, UK) 
and (ii) replicate analysis of 4 representative 

samples spiked with a certified standard solution 
of Al at levels of 1, 2, 5 and 10mgF 1 A1 (NIST 
1993). 

Analysis of Aquacheck T M  samples over dis- 

tribution numbers 33 through 62, which in- 
cluded analysis by ICP-AES up to and including 
the analysis of samples performed in these 
studies, gave an average difference, compared 
to consensus values of 10%, with a standard 
deviation of 10% at two sigma. During this 
period the consensus value for A1 in distributed 
samples ranged from 0.020-0.700 mg 1-1. 

In the spiked analysis, average recoveries 
> 97% were obtained for the four samples; 

inter-sample precision (4 replicates) was 1.5% at 

two sigma (Fig. 3). No difference was observed 

between sonicated and unsonicated levels of A1 
in the spiked solutions. 

To compare our results with those of McFar- 

lane & Bowden (1992), A1 determinations were 
made before and after sonication (one hour) by 

ICP-AES on samples filtered to 0.40#m and 

preserved with HNO3 (F/A) and on unfiltered 

acidified samples (UF/A).  Results of these 

analyses confirmed that sonication increased 
measured A1 concentrations in the F/A samples 
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Fig. 3. Recovery of spiked A1 from four representative samples selected from the Mukono region that contained 
negligible concentrations of A1 (UG93/5, UG93/13, UG93/16 and UG93/24). 

Fig. 4 (a). Results from a subset of Mukono samples showing effect of sonication on samples. ~). Results from a 
subset of Nawaikoke samples showing effect of sonication on samples. 
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Fig. 5. The effect of centrifugation on the concentration of A1 measured by ICP-OES before and immediately after 
sonication. 

from Mukono by up to an order of magnitude 
(Fig. 4a), whilst it appeared to have a negligible 
effect on samples from Nawaikoke (Fig. 4b). 
Concentrations of A1 in samples from Mukono 
ranged from < 0.02 to 0.250mg1-1 in unsoni- 
cated F/A samples and < 0.02 to 0.680 mg 1 -l in 
sonicated F/A samples. Whilst these represent 
the high end of the world values for surface 
water (DriscoU 1989), they are not unusually 
high for many shallow groundwaters (Hem 
1985). 

Of the Nawaikoke samples, only UG93/42, 
UG93/43 and UG93/44 had significant concen- 
trations of A1 in the < 0.40 #m fraction (Al(ns) 
and Al(s); Table 2b). Analysis of the emission 
spectra of these samples, however, showed 
spectral interference due to the high TDS 
content of these particular samples and this 
could account for a significant proportion of the 
apparent observed A1. 

Sonicated UF/A samples gave results, up to 
c. 4mgl  -l, which were in some cases significantly 
higher than corresponding filtered sonicated 
values, indicating that some samples, such as 
UG93/10, contained significant particulate A1 
> 0.40 #m. In these cases, the measured differ- 
ence between Si in F/A and UF/A samples 
showed a strong positive correlation (R = 0.94) 
with the corresponding difference in A1 and 
indicated an AI" Si ratio in these particulates of 
close to 1. Increased Si contents in the UF/A 
fraction in samples with negligible A1 indicate 
the presence of Si rich particulates. No increase 
in A1 concentration with sonication was ob- 

served in the < 0.40 #m samples collected from 
Nawaikoke. 

These results generally confirm the observa- 
tions made by McFarlane & Bowden (1992) and 
suggest that A1 is either being sorbed onto the 
walls of the sample containers (Nalgene T M  

HDPE) or precipitating/aggregating subsequent 
to filtration under acid conditions. Similar 
effects are not observed for either Si or Fe. 
However, in the case of Si it is likely that any 
observed differences due to the presence of A1-Si 
particulates is masked by the small absolute 
differences in A1 concentration compared to the 
high concentrations of Si determined in the same 
samples. The good recoveries obtained during 
spiking experiments suggest that the former is 
unlikely, and the latter was tested by: (i) 
observing the effect of centrifugation (5000 
rpm, 10 minutes) on the observed A1 concentra- 
tion in sonicated samples and (ii) filtering 
sonicated samples (2 ml) through ultra filtration 
membranes (Centricon T M  30 (30 000 MWt mem- 
branes), Amicon Ltd, UK, equivalent to c. 4 nm) 
and visualizing the collected particulates by 
Scanning Electron Microscopy, SEM (Cam- 
bridge Instruments, Stereo-scan $250 fitted with 
a Link 860 X-ray micro-analyser). 

The effect of centrifugation on sonicated 
samples is illustrated in Fig. 5 which shows that 
the increase in AI concentration observed after 
sonication is reversed by centrifugation. This is 
consistent with the observed increase on sonica- 
tion arising from the uptake of particulate 
matter into the ICP. 
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Table 3. Summary of results from SEM analysis of filter membranes (of c. 4 nm pore size) from ultra filtration of 
sonicated samples filtered to 0.401gn and acidified during sample collection (F/A) 

Sample Amount of Nature of material Chemistry 
material 

Blank * Isolated particles > 1 #m none/organic 
UG93/2 * Isolated particles > 1 #m, minor 

sub-micron nebulous particles too small for analysis 
UG93/4 ** Isolated particles > 1 #m, rare sub- 

micron nebulous particles too small for analysis 
UG93/8 *** Mainly isolated particles, high 

proportion are < 0.5/zm. Minor agglomeration A1 + Si +/-  Fe, also silica 
UG93/10 *** Minor sub-micron particles A1 + Si +/ -  Fe also silica 

*, minimal amount of material similar to blank; **, significant amount of material but noticeably less than *** 
which showed a considerable quantity of deposited material. 

SEM studies of 4nm filters collected after 
centrifugation of acidified, previously 0.40#m 
filtered samples and of precipitates collected by 
centrifugation of UF/UA samples, confirm the 
presence of A1-Si micro-particulates (4/~m to 
< 0.5#m) in samples previously filtered to 
0.40/zm during collection (Table 3). 

The presence of such particulates must there- 
fore be due to aggregation after filtration. 
Possible mechanisms that might promote such 
aggregation/precipitation include the destabili- 
zat ion and aggregation of small colloids 
< 0.40#m by the addition of acid (in which 
the particulate matter appears to be relatively 
insoluble) as a result of the increased ionic 
strength, or,  alternatively, the precipitation of 
relatively insoluble species at the reduced tem- 
peratures of sample storage (4~ 

The above tests and those performed by 
McFarlane & Bowden (1992) are limited to the 
determination of A1 in samples transported back 
to the analytical laboratory, and it is impossible 
to define the exact lability and form of A1 at the 
time of sampling. To study this, a spectro- 
photometric field methodology, used extensively 
in studying the abundance and speciation of A1 
in natural waters (Mcavoy et al. 1992) was 
further developed to allow the rapid determina- 
tion of A1 in waters relatively rich in dissolved 
Fe, TOC and F (Trick et al. 1994). Subsequent 
use of this methodology in Uganda during the 
second field visit in 1994 shows (Table 2a, b) that 
the majority of AI determined by ICP-AES in 
the Mukono region, following sonication, is 
present in a relatively non-labile, 'PCV unreac- 
tive' form, as defined by Driscoll (1984), even at 
the time of sampling. This does not necessarily 
mean that A1 exists in this form in pore-waters, 
in which a higher pCO2 and abundance of 
organic ligands, may promote dissolution 

(McFarlane et al. 1992; Warren et al. 1993), 
but reflects the concentration and speciation in 
water at the point of use. This is perhaps a better 
indication of the potential toxicity of A1. 

Controls on AI  abundance and speciation in 

sampled waters 

Analytical results described previously give an 
indication of the total concentration of A1 and 
its speciation in terms of relative lability under 
natural and acidic (1% HNO3) conditions. To 
better define the relative importance of hydro- 
chemical factors controlling A1 concentration 
and speciation in these waters, calculations were 
performed using the PHREEQEV code (Craw- 
ford, 1993), which combines the inorganic 
speciation code PHREEQE (Parkhurst et al. 

1980) with Model V (Tipping & Hurley 1992) to 
model organic complexation. The database used 
in these calculations was based on HATCHES 
(Cross & Ewart 1989) with data for A1 reviewed 
and amended where appropriate. 

Prior to sonication, A1 was detected only in 
samples from Mukono. Since the extra A1 
detected after ultrasound treatment appears to 
be both relatively non-labile and associated 
with particulates or colloids, its availability to 
complex with other solutes is limited and its 
inclusion in equilibrium speciation calculations 
is inappropriate. Therefore, all samples have 
been speciated using the unsonicated A1 levels 
and, where A1 was not detected, half the 
detection limit (10mg1-1) has been used as an 
initial estimate. 

Major cation and anion concentrations, pH 
and pCO2 all tend to increase with depth and 
therefore, presumably, with increased ground- 
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Table 4. Summary of speeiation results using PHREEQEV for representative samples from Mukono 
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Sample A1 (ppb) F (ppm) TOC (ppm) % A13 + % A1-OH % A1-F % A1-TOC 

UG93/3 10" 0.12 1.1 0 0 5 95 
UG93/4 64 0.22 < 0.1 0 55 40 5 
UG93/5 10" 0.19 1.1 0 2 2 96 
UG93/7 10" 0.12 0.7 0 2 7 91 
UG93/8 102 0.10 3.6 0 1 4 95 
UG93/10 10" 0.10 1.1 0 0 3 97 
UG93/14 248 0.06 0.7 12 35 29 24 
UG93/15 10" 0.06 4.2 0 0 0 100 
UG93/16 10" 0.20 < 0.1 0 3 88 9 
UG93/17 215 0.11 0.7 0 28 47 25 

* assumed concentration of these samples was taken as equivalent to half the detection limit for the unsonicated 
sample (20 ppb). 

water residence time. The Mukono springs are 
most dilute and the waters generally evolve from 
Mukono hand-dug wells through Mukono bore- 
holes and Nawaikoke shallow boreholes to the 
most concentrated Nawaikoke deep borehole 
samples. Major cation abundances are compa- 
tible with evolution through soil-water inter- 
action and alteration of the soil mineral assem- 
blage. The dominant overall reaction appears to 
be conversion of feldspar to kaolinite and this is 
corroborated by mineralogical analysis of soils, 
where general X-ray diffraction and thermogra- 
vimetric analysis yield kaolin contents of be- 
tween 19 and 51%. Mixing between deeper and 
shallower waters might explain increasing Na 
and K abundances in waters from the upper soil 
zones where feldspar has all dissolved and 
kaolinite is now dissolving. 

Given that pH values are above 5.0, the 
dominant A1 species at Mukono are hydroxyl 
complexes with organic and fluoro-complexes 
becoming important in waters containing high 
concentrations of these ligands (Table 4). This 
means that concentrations of the free cation are 
extremely small and generally less than 1% of 
the measured total A1 concentration. However, 
all the samples have pCO2 values significantly 
higher than that of the atmosphere (>  72.5 
compared to atmospheric values of 73.5), 
suggesting that degassing of CO2 could have 
been significant during sampling and this would 
have raised the pH and led to changes in 
speciation. The measured field pH values must 
therefore be regarded as maxima; lower in situ 

pH values would result in the free A1 cation 
being more favourable. 

Si concentrations are high and reflect solution 
activities of HaSiO4 between 72.8 and 73.3. 
These levels are compatible with those that 
would be observed given control by average soil 

silica ( -  3.1; Lindsay 1979) and lie between 
those for control by quartz ( - 4 . 0 )  and amor- 
phous silica ( -2 .7 )  as shown in Fig. 6. However, 
the scatter could hide a trend indicative of 
control by an aluminosilicate such as kaolinite. 
The high Si concentrations and neutral pH 
values in the Nawaikoke waters mean that A1 
concentrations of only 0.0001mg1-1 would be 
required for kaolinite saturation. However, the 
A1 levels in Mukono samples with detectable A1 
are unaccountably higher than those that would 
be expected for control by kaolinite or gibbsite 
even allowing for microbially mediated dissolu- 
tion. In these cases it may be that the dissolution 
of feldspar yields a metastable A1-Si-based solid 
in solution prior to the formation of kaolinite 
(e.g. Paces 1978), but it is not feasible to include 
such a process in an equilibrium model. 

Heal th  considerations 

Whilst the consumption of large doses of A1 and 
its salts through medicinal preparations (for 
example antacids) have serious indirect effects 
through the complexation of phosphate (Deich- 
man & Gerade 1969), the chronic effects of low 
doses of A1 are the subject of continued debate 
(Harrington et al. 1994). The presence of 
dissolved A1 in water supplies has been con- 
sidered to be implicated in the aetiology of 
neurological disorders by some authors (Martyn 
et al. 1989; Crapper-McLachlan et al. 1991). 
This is despite the fact that A1 present in 
drinking water typically provides less than 4% 
of the normal total daily intake (88 mg per day; 
WHO 1984), although this figure is subject to a 
high degree of uncertainty as typical daily 
intakes may be as low as 5 mg per day (Delves 
et al. 1993). 

Whilst uptake of A1 from food or potable 
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Fig. 6. Variation in H4SiO4 activity (approximated to concentration in these dilute, moderate pH waters) with pH 
for waters from Mukono and Nawaikoke Uganda. Superimposed are stability ranges for amorphous silica, 
quartz and average soil silica (Lindsay 1979). 

water into the body ultimately depends upon its 
speciation in the gastrointestinal lumen (Powell 
& Thompson 1993), its speciation directly prior 
to ingestion and the lability of ingested species to 
gastrointestinal conditions also constrain its 
uptake. In the case of waters sampled during 
this work, solution speciation of A1 at the time 
of sampling is predicted to be dominated by 
hydroxy, fluoro and organically-bound species. 
However, the high activities of dissolved H4SiO4 
also observed in these waters are consistent with 
the formation of semi-colloidal AI-Si complexes 
which have been shown to influence both the 
uptake of A1 by fish (Birchall et al. 1989) and 
man (Edwardson et al. 1993; Birchall 1993). 
Whilst the predictive modelling of such species is 
beyond the scope of thermodynamic equilibrium 
models as used in this work, experimental results 
indicating the predominance of particulate 
species during analysis are consistent with the 
majority of the total measured AI being in this 
physio-chemical form. 

Data presented in Table 2a and b show that: 
(i) levels of A1 in the < 0.40#m unsonicated 
fraction are always below the WHO guideline 
value of 0.2 mg 1-1 (WHO 1993) and (ii) the levels 
of A1 (as total A1 or as dissolved A1) are less 
in the Nawaikoke region in which water is 
abstracted from an aquifer hosted within the 
crystalline basement. This would therefore result 
in a lower risk of A1 toxicity. 

The maximum amount of A1 (particulate A1 
> 0.40#m + colloidal A1 < #m + soluble A1 
species) received by a member of the public 
from ingestion of A1 from drinking water 

sampled in the course of this work is c. 8mg 
per day (based on the consumption of 21 of 
water a day). This equates to about 9% of the 
normal daily intake as estimated by WHO 
(1984) or up to about the normal daily intake 
as estimated by others (Delves et al. 1993). 
However, on the basis of this work, the total 
proportion of this A1 assimilated into the body is 
likely to be between one and two orders of 
magnitude lower. 

Conclusions 

Sampling and analytical artifacts in the determi- 
nation of A1 have been confirmed and reempha- 
size the importance of using carefully considered 
sampling protocols, especially where an ele- 
ment's solution chemistry is likely to be con- 
trolled by the presence of colloidal species. In 
assessing water quality it is recommended that 
total A1 is determined immediately after sonica- 
tion of an unfiltered, unacidified sample, prior to 
an assessment of its availability by use of a 
spectrophotometric method such as PCV. 

From a site specific view, data presented in 
this work are consistent with a negligible risk to 
the population from A1 in drinking water, even if 
limits were lowered by WHO in response to 
heightened concerns within the developed world. 
The presence of high concentrations of dissolved 
silica would limit toxicity even if total A1 
concentrations were to be used as a basis for 
estimating risk. The relative insolubility of A1- 
rich particulates observed in this study, in 
samples containing 1% HNO3, is consistent 
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with a high degree of stability; together with 

relatively high concentrations of dissolved Si this 
points to a low biological uptake. There is no 

evidence from either consideration of speciation, 
or bulk chemistry, that any greater risk is 

attributable to the drinking of water from deeper 

wells that  abstract directly from aquifers hosted 
in rocks of the crystalline basement than from 

shallow hand-dug wells. 
On a regional basis, similar trends in major 

ion chemistry within water sources representa- 
tive of both shallow and deeper groundwaters 
would be expected to yield similarly low risks of 

A1 toxicity, except where natural pH is signifi- 
cantly lowered by the presence of oxidizable 
sulphides, or where recharge is affected by acid 

rain or industrial activities. 
Experimental work performed in the course of 

these investigations illustrates the complexity of 
the collection and interpretation of analytical 
data on which to base epidemiological studies of 

A1 and trace element excess/deficiency, and the 
requirement for a holistic approach to sampling, 
analysis and interpretation in the environmental 

sciences. 
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Sources and pathways of arsenic in the geochemical environment: 

health implications 
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Abstract: Arsenic is ubiquitous in the environment, being present in small amounts in all 
rock, soil, dust, water and air. It is associated with many types of mineral deposits and in 
particular those containing sulphide minerals. The most common arsenic mineral is 
arsenopyrite, FeAsS2. Elevated concentrations are sometimes found in fine grained 
argillaceous sediments and phosphorites. Some marine sediments may contain as much as 
3000mgkg -1. Arsenic is co-precipitated with iron hydroxides and sulphides in some 
sedimentary rocks, and is precipitated as ferric arsenate in soil horizons rich in iron. 
This paper reviews current knowledge on the natural geochemical sources of arsenic in 
several countries where high concentrations in soils, dusts, surface and groundwaters may 
present a hazard to human health. The chemistry and behaviour of arsenic within the 
weathering zone are discussed in relation to pathways leading to human exposure. 

Arsenic is a metalloid element, but is often 
inaccurately referred to as a metal. It is a well 
known poison and as tittle as 0.1 g of arsenic 
trioxide may be lethal to humans (Jarup 1992). 
Acute arsenic poisoning is now rare, though 
chronic poisoning is widely recognized as a 
result of occupational exposure (WHO 1981). 
For more than a century this element at high 
doses has been known to be a human carcinogen 
and it is well established that ingestion of 
inorganic arsenic may cause skin cancer, 
whereas inhalation may produce respiratory 
cancer (Jarup 1992). 

More recently there has been increasing 
concern as to the possible adverse health effects 
from exposure to elevated concentrations of 
arsenic in the natural geochemical environment. 
Scientific interest was initially stimulated by the 
results of an epidemiological study undertaken 
in southwest Taiwan in the 1960s which clearly 
showed a relationship between high concentra- 
tions of arsenic in drinking water and skin 
cancer, keratosis and Blackfoot Disease (a type 
of gangrene) (Tseng et al. 1968; Tseng 1977). 
Further investigations in Taiwan have estab- 
fished relationships between high arsenic expo- 
sure and cancers of the bladder and other 
internal organs (Chen et aL 1988, 1992). 

Non-carcinogenic effects of inorganic arsenic 
have been reviewed by Abernathy & Ohanian 
(1992) and include hyperkeratosis and skin 
lesions, vascular effects including gangrene of 
t h e  extremities in Taiwan (Tseng 1977), and 
vasoconstriction and acrocyanosis in Chile 

(Borgono et al. 1977). Neurological effects 
including tingling, numbness and pheripheral 
neuropathy have also been noted (Heyman et aL 
1956). Hepatic effects have been recorded in 
India (Mazumder et al. 1988) and there is also 
evidence linking arsenic contamination of well 
waters with severe skin lesions (Das et al. 1994). 
Other health problems from chronic arsenic 
toxicity have been noted in Mexico, China and 
the Argentine. 

Arsenic contamination of the environment 
has arisen as a result of mining and smelting 
activities in several countries. An example, 
where there is present-day concern, is in south- 
west England, where it has been suggested that 
the distribution of arsenic may possibly account 
for the high incidence of melanoma of the skin 
(Clough 1980), although, as yet no adverse 
health effects have been established (Thornton 
1995). Arsenic enrichment in agricultural soils 
and pasture has also been recorded in associa- 
tion with lead/zinc mineralization elsewhere in 

Britain (Li & Thornton 1993). In the United 
States there is concern about the possible 
implications to human health of arsenic expo- 
sure from (a) drinking water in more arid areas, 
(b) exposure to arsenic used extensively as a 
pesticide on agricultural soils over the past 100 
years and (c) exposure of communities in the 
vicinity of metal smelting and processing plants, 
power stations, etc. 

The weight of evidence from the above studies 
has led the US Environmental Protection 
Agency (EPA) to consider reducing the permis- 
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sible level of arsenic in drinking water from the 
present limit of 50/~g 1 -~ to as low as 2-8/~g 1-1. 
In parallel the World Health Organisation 
(WHO) has revised their recommendation for 
arsenic in drinking water to a provisional 
guideline of 10#gl  -~ in the place of the 
previously accepted 50/zg 1-1 (WHO 1994). 

It is also important to realize that there is 
evidence to support the hypothesis that arsenic 
in small quantities is an essential nutrient. 
Studies by Neilsen et al. (1975) showed growth 
retardation in rats fed on an arsenic depleted 
diet, while Anke et al. (1976) showed reproduc- 
tive effects, depressed growth and elevated 
mortality in arsenic-deprived goats and minia- 
ture pigs. There is, however, no evidence to 
support the concept of arsenic deficiency in the 
human, whose possible requirement has been 
calculated to be as little as 12 #g per day (Uthus 
1992). This author draws attention to the 
reported arsenic contents from diets from 
various parts of the world, indicating that the 
average human intake of arsenic is in the range 
12-40#g per day, thus exceeding the possible 
human requirement. For example, the most 
recent Food and Drug Administration (FDA) 
Total Diet Study showed total mean As intakes 
by US adults to range from 20-35 #g per day; 
fish and seafood accounted for 90% of the total 
food arsenic exposure, with all other foods the 
remaining 10% (FDA 1993). 

In response to increasing concern, a Task 
Force was set up in 1993 by the Society for 
Environmental Geochemistry and Health, with 
funding from EPA and other sources, to 
examine health related arsenic issues. Subse- 
quently a major international conference on 
Exposure and Health Effects of Arsenic was held 
in New Orleans in July 1993. This paper 
examines some of the issues raised and identifies 
some of the principal areas in which research is 
now urgently required. 

Geochemistry and chemical behaviour of 

arsenic 

Arsenic is ubiquitous in the environment, being 
present usually in small amounts in all rock, soil, 
dust, water and air. It is the main constituent of 
more than 200 mineral species, of which c. 60% 
are arsenates, 20% sulphides and sulphosalts 
and the remaining 20% include arsenides, 
arsenites, oxides, silicates and elemental As 
(Onishi 1969). Arsenic is found associated with 
many types of mineral deposits and in particular 
those containing sulphide minerals. The element 
is common in iron pyrite, galena, chalcopyrite, 

and more rarely in sphalerite (Goldschmidt 
1954). Arsenic is in fact used as an indicator or 
pathfinder for gold in geochemical surveys. The 
most common arsenic mineral is arsenopyrite, 
FeAsS2. The average concentration of As in 
igneous and sedimentary rocks is approximately 
2mg kg -1, and common concentrations in most 
rocks range from 0.5-2.5mgkg -1 (Kabata-Pen- 
dias& Pendias 1984), though higher concentra- 
tions are found in finer grained argillaceous 
sediments and phosphorites. Arsenic is concen- 
trated in some reducing marine sediments which 
may contain as much as 3000 mg kg -1. In some 
sedimentary rocks arsenic is co-precipitated with 
iron hydroxides and sulphides. Thus iron 
deposits and sedimentary iron ores are rich in 
arsenic, as are manganese nodules. The arsenic 
contents of metamorphic rocks reflect those of 
the igneous and sedimentary rocks from which 
they were formed. 

Weathering of rocks may mobilize arsenic as 
salts of arsenous acid and arsenic acid (Irgolic et 

al. 1995). The average concentration of arsenic 
in soil of about 5-6 mg kg -I is higher than that of 
rocks (Peterson et al. 1981) but will vary from 
region to region. Non-mineralized, uncontami- 
nated soils usually contain 1-40mgkg -1 As. 
Lowest concentrations of arsenic are found in 
sandy soils and those derived from granites, with 
higher levels in alluvial soils and those rich in 
organic matter (Kabata-Pendias & Pendias 
1984). Soils close to or derived from sulphide 

may contain up to 8000 mg kg- As ore deposits 1 
(Levander 1977). High concentrations are also 
found in soils and groundwaters affected by 
geothermal activity (Reay 1972). The roasting of 
arsenic-containing (sulphide) ores and burning 
of arsenic-rich coal releases arsenic trioxide, 
which may react in air with basic oxides, such as 
alkaline earth oxides, to form arsenates (Irgolic 
et al. 1995). These inorganic arsenic compounds 
can then be deposited onto soils and may be 
leached into surface and ground waters. 

Under oxidizing conditions, in aerobic envir- 
onments, arsenates (containing pentavalent ar- 
senic) are the thermodynamically stable species. 
Arsenic is precipitated as ferric arsenate in soil 
horizons rich in iron. Arsenic derived from the 
weathering of pyritic slates in Alberta, Canada, 
has been found to leach from surface soils and 
accumulate up to several hundred mg kg -1 in the 
subsoil by adsorption onto secondary iron 
oxides (Dudas 1984). Elevated concentrations 

1 of arsenic (8--40 mg kg- ) in acid sulphate soils in 
Canada and New Zealand are associated with 
the presence of pyrite (Dudas 1987), which 
typically holds up to 0.5% As through lattice 
substitution for sulphur. Iron-rich bauxites have 
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been recorded containing in excess of 500 mg kg -l 
As203. Under reducing conditions (< 200mV) 
arsenites (containing trivalent arsenic) should be 
the predominant arsenic compounds. Because 
the reduction of arsenate to arsenite is slow, 
systems may not be at equilibrium. Inorganic 
arsenic compounds can be converted to methy- 
lated arsenic species by microorganisms, by 
plants, by animals, and by man. The oxidative 
methylation reactions act on trivalent arsenic 
compounds and produce methylarsonic acid, 
dimethylarsinic acid and trimethylarsine oxide 
(Irgolic et al. 1995). Under reducing conditions 
these pentavalent arsenic compounds can be 
reduced to volatile and easily oxidized methyl- 
arsines. 

The chemical behaviour of arsenic in soil has 
been reviewed by O'Neill (1990) and Yan-Chu 
(1994). The ranges of Eh and pH in soils can 
lead to the presence of either As(V) or As(III), 
with microbial activity causing methylation, 
demethylation and/or change in oxidation state. 
The behaviour of arsenate (AsO43-) resembles 
that of phosphate and vanadate. Arsenates of Fe 
and A1 are the dominant phases in acid soils and 
are less soluble than calcium arsenate which 
dominates in many calcareous soils (Woolson et 

al. 1973; Fordyce et al. 1995). The presence of S 
species may, if the redox potential is low enough, 
favour the formation of arsenic sulphide miner- 
als. A further complicating factor may be the 
presence of clay minerals, Fe, Mn and A1 oxides 
and organic matter which can influence sorp- 
tion, solubility and rate of oxidation of As 
species. Arsenic solubility is also controlled by 
adsorption reactions and biological activity. 

The concentration of As in unpoUuted fresh 
waters typically ranges from 1-10 #g V l, rising to 
100--5000 #g 1-" in areas of sulphide mineraliza- 
tion and mining (Fordyce et al. 1995). Studies in 
the Obuasi gold-mining area of Ghana showed 
arsenic concentrations in drinking water from 
streams, shallow wells and boreholes to range 
from < 2-175#gl -1 (Smedley et al. 1996). Both 
these sets of authors discuss the hydrogeochem- 
istry of arsenic. In summary, at moderate or 
high redox potentials, As can be stabilized as a 
series of pentavalent (arsenate) oxyanions, 
H3AsO4, H2AsO4, HAsO42- and AsO43-. How- 
ever, under most reducing (acid and mildly 
alkaline) conditions, the trivalent arsenite spe- 
cies (HaAsO3) predominates. It has been noted 
that the retention of As in solution is con- 
strained by co-precipitation with elements such 
as Fe, Ba, Co, Ni, Pb and Zn (Fordyce et aL 

1995). In Ghana the highest concentrations of 
arsenic were found in deeper more reducing 
waters where it was thought that the element 

had built up as a result of longer residence times 
of groundwater in a deeper part of the aquifer 
(Smedley et al. 1996). 

In the marine environment, more complex 
organic arsenic compounds such as tetramethyl- 
arsonium salts, arsenocholine, arsenobetaine, 
dimethyl(ribosyl)arsine oxides, and arsenic-con- 
taining lipids have been identified (Irgolic et al. 

1995). However, only a very minor fraction of 
the total arsenic in the oceans remains in 
solution in sea water, due to removal by 
suspended particulate material. 

Geochemical mapping 

Geochemical maps based on the systematic 
sampling and analysis of stream sediments, soils 
and/or waters have proved useful as a source 
of baseline data for arsenic distribution on a 
regional scale. At the same time, maps have 
delineated anomalous areas associated with 
natural arsenic enhancement in sulphide miner- 
als and/or contamination with arsenic-rich 
mineral wastes or flue dusts. For example, a 
map showing the regional distribution of arsenic 
in stream sediments was published as part of the 
Wolfson Geochemical Atlas of England and 
Wales (Webb et al. 1978) and clearly shows 
extensive contamination of soils in southwest 
England, with in excess of 700km 2 affected 
(Webb et al. 1978; Abrahams & Thornton 1987). 

Geochemical surveys undertaken by the Brit- 
ish Geological Survey have indicated anomalous 
levels of As in the southwest Highlands and the 
Grampian Highlands of Scotland, the English 
Lake District and North Wales, associated with 
specific geological units (Plant et al. 1989, 1991; 
Simpson et al. 1993). These identify all the 
known gold mineralization, and are also asso- 
ciated with Cu dominated multi-element miner- 
alization and complex Pb-As mineralization, 
together with environments in which As has 
been complexed and absorbed in stream sedi- 
ments by organic matter and hydrous oxides in 
areas of impeded drainage. It may be concluded 
that arsenic in stream sediments occurs mainly 
as As203 and As2S3, as heavy metal arsenates, 
and sorbed onto ferric hydroxides. 

Collaborative geochemical and hydrogeo- 
chemical studies into mining-related arsenic 
contamination have been undertaken in the 
Ron Phibun District of Thailand by the British 
Geological Survey and the Government of 
Thailand Department of Mineral Resources 
(Fordyce et aL 1995). Here the sources of arsenic 
are high-grade arsenopyrite waste piles and 
alluvial mineral deposits. AUuvial soils con- 
tained up to 5000 mgg -~ As. It was found that 
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the waste materials contained only a small 
component of the primary arsenopyrite, with 
most of the arsenic present as secondary 
arsenate minerals, in particular the relatively 
insoluble scorodite (FeAsO4.2H20). Concentra- 
tions of arsenic ranged up to in excess of 
5000/~gF ~ in shallow wells used for drinking 
water, while water from deeper boreholes was 
much less contaminated. 

Geochemical mapping of Finland has dearly 
shown anomalies in the south of the country 
relating to sulphide mineralization and other 
geological features (Koljonen et al. 1992), and 
draws attention to possible sources of arsenic 
enrichment in well waters and potential in- 
creased human exposure (I. Niinisto pers. 
comm.). 

Systematic sampling of soils and dusts in and 
around the ancient lead mining and smelting site 
at Lavrion, Greece, has indicated extensive 
contamination with arsenic as well as lead, and 
has instigated present-day studies into possible 
health implications to the local community 
(Stavrakis et al. 1994). 

Sources of arsenic leading to human 

exposure 

The presence of arsenic in sulphide mineral 
deposits has been noted above and associated 
mining and smelting activities have led to high 
concentrations ranging up to 1000mgkg -~ or 
more of this element in both agricultural and 
garden soils and house dusts in old mining areas 
of Cornwall and Greece (Colbourne et al. 1975; 
Abrahams & Thornton 1987; Stavrakis et  al. 

1994). A further study of arsenic in surface 
waters in Cornwall has shown soluble arsenic in 
specific catchments to range from 10-50#gF ~ 
(Aston et al. 1975). However, abstraction of 
surface waters for processing and distribution 
avoids waters contaminated by past mining 
activities and water processing using aluminium 
hydroxide removes the majority of soluble 
arsenic. As a result arsenic in drinking water in 
Cornwall rarely exceeds 10#gl -l (MAFF 1982). 
There are, however, some 20-30000 private 
suppliers of water in south west England for 
which few data are available and on which 
further study would be advisable. 

The sources of arsenic in tube wells in India 
and in well waters in Arizona and California are 
again geological, though the natures of the 
arsenic enriched deposits are as yet unknown. 
It is probable that these are sulphur- and/or 
iron-rich deposits of sedimentary origin or fine 
grained argillaceous marine deposits in which 

arsenic from biogenic sources has been concen- 
trated. There is also a possibility that arsenic has 
been derived as a result of geothermal activity. 

It has been estimated that agricultural soils in 
the USA contaminated with pesticide residues 
used over the past 100 or so years, with the use 
of wood preservatives, and with the current use 
of arsenic acid as a cotton defoliant may extend 
to as much as 100000 to 1 million hectares 
exceeding 200 mg kg -~ As, with 10 million 
hectares with 20-30mgkg  -1 (Chaney pers. 
comm.). The extent of similar contamination in 
the UK and elsewhere in Europe, and indeed on 
a worldwide basis is difficult to estimate but is 
likely to be considerable. 

Other anthropogenic sources of arsenic in- 
clude metal processing plants, chemical works, 
coal combustion and geothermal power plants. 
In Poland sources of arsenic have been attrib- 
uted to metal smelting, coal burning and use of 
As-rich phosphatic fertilizers (Kabata-Pendias 
1994). The phytotoxicity of arsenic added to soil 
depends on soil type, with 90% growth reduc- 
tion recorded at 1000mgkg -~ on heavy soils and 
at 100mgkg -~ on light soils (Woolson et al. 

1973). 

Exposure pathways 

The main routes of environmental as opposed to 
industrial exposure to arsenic result from the 
ingestion of contaminated drinking waters, 
foodstuffs, soil and dust. 

T a i w a n  

Exposure has been calculated only from the 
consumption of arsenic-rich drinking water. 
Sixty-five thousand artesian wells were sampled 
in the early 1970s in which concentrations of 
arsenic in waters ranged up to 600~gl -~ As. 
Unfortunately the majority of the wells were 
only sampled on one occasion and it is not 
known whether waters were filtered or not prior 
to analysis. The analytical method used, based 
on a mercury bromide stain, was probably not 
applicable for concentrations less than 100 #gF  1 
thus rendering many of the analytical results 
suspect (K. T. Irgolic, pers. comm.). Estimation 
of human exposure has been based on an 
assumption of 3--4.51 consumed per day. How- 
ever, it is realized that in a hot climate this could 
have been much greater, perhaps up to 8-101 per 
day. Thus the dose may have been greatly 
underestimated. Exposure to arsenic in food, 
ingested soil/dust and by dermal contact was not 
taken into consideration in the overall estimate 
of human exposure. 
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Speciation of arsenic in the Taiwan well- 
waters showed an approximate ratio of As3+: 
As 5 + of 3" 1, though this is known to change on 
storage and transport due to the oxidation of the 
former to the latter. 

lndia: west Bengal 

Drinking water from within an area of 
35000km 2 along the River Ganga has been 
found to exceed 501zg1-1 in several thousand 
tube-wells, ranging up to 200/400 #g 1-1 (Das et 
al. 1994). Groundwater depletion as a result of 
irrigation requirements, brought about by the 
green revolution, has led to increasing arsenic 
concentrations in well waters. The reason for 
this has not yet been clearly established, though 
one possibility is that arsenic-rich pyritic beds 
have been exposed due to a lowering of the 
water table and oxidation has led to the leaching 
of arsenic from these beds into the well-water. 
There is also the possibility that the use of 
arsenic-rich irrigation water will have resulted in 
the accumulation of arsenic in surface soils used 
for the production of food crops. However, total 
arsenic exposure in local populations from both 
drinking water and food has not yet been 
determined. 

Southwest England 

Of 9000 km surveyed in Devon and Cornwall, 
1.3% of surface soils have been described as 
highly contaminated with arsenic (exceeding the 
90th percentile of 190#gg -1 As), and 6.6% as 
moderately contaminated (exceeding the 70th 
percentile, ranging from l l 0 -190#gg  -1 As; 
Abrahams & Thornton 1987). However, arsenic 
sometimes ranges as high as 0.1-1% or more in 
surface soils near old roasting ovens and smelter 
stacks. 

Possible exposure of local populat ions 
through the consumption of dairy products 
and locally grown food crops has been exam- 
ined. Arsenic uptake into pasture grass was 
found to be relatively small (it has been 
suggested by Kabata-Pendias & Pendias (1984) 
that plants take up arsenic passively with water 
flow), with a max imum concentration of 
9.6 #g g-X As dry matter in washed grass growing 
on soil containing 1000#gg -x As or more 
(Thoresby & Thornton 1979). However, it was 
subsequently shown that the majority of arsenic 
intake by grazing cattle resulted from the 
accidental ingestion of soil along with grass. 
Arsenic ingested in soil, determined in 11 herds 

of cattle, was found to range from c. 50--80% of 
the total arsenic intake (Thornton & Abrahams 
1983). On moderately contaminated land, in 
which arsenic ranged from 160-250 #g g-l, this 
resulted in a mean total daily intake of c. 50 mg 
arsenic. 

Arsenic uptake into vegetable crops was 
studied in household gardens with soils ranging 
from around 150--900 izg g-1 As (Xu & Thornton 
1985). Arsenic concentrations in each of the six 
crops tested increased with the arsenic content of 
the soil, though only in lettuce did this exceed 
1 #g g-1 dry matter. Arsenic uptake was influ- 
enced by the iron and phosphorus content of the 
soil. All the vegetable samples fell below the UK 
statutory limit for arsenic in foods offered for 
sale of 1 mgkg -1 As freshweight (Arsenic in 
Food Regulations 1959), and it is not thought 
that exposure through locally grown foods is in 
any way hazardous. 

It is now considered that accidental ingestion 
of contaminated dust and soil is the main route 
of exposure to arsenic in this situation, and that 
this will be particularly important for the young 
child of 3-36months of age. A recent study in 
several old Cornish mining villages showed a 
significant relationship between arsenic levels in 
garden soils and in house dust (Elgali 1994). One 
study based on 70 households in the Camborne- 
Hayle area of Cornwall indicated that a young 
child could ingest as much as 42/zg of arsenic per 
day by this route (Johnson 1983). This was 
assuming that a 2 year-old child ingests 100 #g 
dust per day. A further study of 23 households 
in old mining villages, in which arsenic in soils 
ranged up to 770 #g g-~ As, and in housedusts up 
to 460#gg -~, showed amounts of arsenic on 
children's hands ranging up to 3.5 #g As. Total 
arsenic intake by hand-to-mouth activity was 
then estimated at between 35 and 46 #g arsenic 
per day, though it was accepted that this 
estimate was at the best semi-quantitative and 
that further study was required (Harding 1993). 
It is possible, however, that a young child in this 
heavily contaminated environment could have 
an arsenic intake exceeding the WHO Provi- 
sional Tolerable Daily Intake for inorganic 
arsenic of 2/~gkg -1 body weight (WHO 1983). 
A recent pilot study showed raised levels of 
arsenic in dust removed from children's hands 
by wet-wipes and in the hair of children sampled 
from old mining villages compared with a 
control location (Elgali 1994). However, a 
preliminary study of inorganic arsenic and its 
methylated metabolites in urine from adults and 
children from this Cornish mining area showed 
only slightly elevated urinary arsenic contents 
(Johnson & Farmer 1989). 
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Assessment of exposure and risk 

To date, much of the concern to human 
exposure to arsenic has been confined to 
amounts of inorganic arsenic consumed in 
drinking water. In a recent review, Warner- 
North (1992) draws attention to some of the 
problems inherent in the current approach to 
risk assessment used by USEPA which has 
resulted in high risk estimates for skin cancer 
from drinking water containing arsenic even at 
the present Maximum Contaminant Level 
(MCL) of 50/zg 1-1, which is based on systemic 
effects and potential carcinogenicity. This ap- 
proach is based on the 'default' methodology 
from the Guidelines for Carcinogen Risk Assess- 
ment (USEPA 1986) and assumes a linear dose- 
response relationship. There is, however, clear 
evidence for non-linearity for the association for 
arsenic exposure and cancer of internal organs, 
and the EPA approach does not reflect the 
increasing evidence indicating either a threshold 
or sub-linear dose-response relationship for low 
doses of arsenic (Marcus & Rispin 1988; Petito 
& Beck 1990). The detoxification pathway for 
arsenic in the human body is one of methylation 
in which ingested inorganic arsenic species which 
are potentially toxic are converted into organic 
non-toxic forms. It has been proposed that an 
explanation for the sub-linear dose-response 
relationship is due to the saturation of this 
methylation process (USEPA 1989; Carlson- 
Lynch et al. 1994). However, the methylation 
threshold hypothesis for the toxicity of inorganic 
arsenic is not accepted by all research workers 
(Hopenhayn-Rich et al. 1993), and was not even 
considered by Smith et al. (1992) in estimating 
potential risks from low-level arsenic exposures 
typical of the US population. 

It is noted that EPA is currently addressing 
the potential status of arsenic regulation devel- 
opment and is considering a potential range of 
MCL options from 1 #g 1 -l to 20 #g 1-1 (Shank- 
Givens & Auerbach 1993). 

Patel (1994) has listed relevant factors to risk 
assessment for arsenic as (a) speciation, particu- 
larly as inorganic As is considered to be more 
toxic than organic; (b) exposure, including non- 
water sources; (c) metabolism and efficiency of 
detoxification by methylation; (d) genotoxicity; 
(e) the results of carcinogenicity studies in 
animals which may not be predictive of arsenic 
toxicity in humans; and (f) the results of 
epidemiological studies in Taiwan, etc. Assum- 
ing either a threshold dose or a non-threshold 
dose for arsenic carcinogenicity, Patel (1994) 
lists risk estimates derived from several studies 
for concentrations of arsenic in drinking water 

ranging from 10-20#gl -l, and concludes that 
risk assessment for arsenic in drinking water 
involves a lot of uncertainty. 

Sage (1994) has reviewed risk assessment 
procedures used by WHO and within the UK 
for As in drinking water, contaminated land and 
waters. U K  government departments apply 
quantitative risk assessments by WHO and the 
International Agency for Research on Cancer, 
who have developed practical guidelines that 
form the foundation for EU directives and in the 
interpretation of UK law. Sage (1994) draws 
attention to a range of areas requiring further 
consideration: 

(i) improving the sensitivity of epidemiological 
studies; 
(ii) creating accurate measurement techniques 
for individual species of arsenic at low concen- 
trations; 
(iii) the adequate quantification of all exposure 
routes; 
(iv) obtaining bioavailability data for arsenic to 
plants and humans; 
(v) additional research into mechanisms by 
which arsenic acts in the body, especially 
synergistic and antagonistic effects; 
(vi) constructing representative models for re- 
sponses at low doses; 
(vii) methods to express clearly remaining 
uncertainties in a form which can be system- 
atically built into risk management. 

None of the risk assessment procedures for 
arsenic applied to date has taken into account 
total exposure from ingestion of diet and water, 
ingestion of soil and dust and inhalation of 
atmospheric particles. 

Research requirements 

The above sections review current information 
on the sources, chemical behaviour, exposure 
pathways and risk assessment to human health 
of arsenic in the environment. There are clearly 
many gaps in present day knowledge that must 
be filled if we are to improve our understanding 
of the dangers that environmental arsenic poses 
to human health. Priority research requirements 
are as follows. 

Geochemistry.  While it is accepted that most 
sources of arsenic in waters are of geological 
origin, there is as yet little clear understanding of 
the geochemical nature of As-enriched strata nor 
of the mineral and chemical forms of arsenic 
present. In the course of chemical weathering in 
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the surface environment, arsenic from sulphide 
minerals and from anthropogenic sources will, 
with time, interact with chemical, physical and 
biological components of the lithosphere. Dis- 
persion by wind and water will in due course 
lead to accumulation of arsenic in river and 
estuarine sediments and in inshore environ- 
ments. Again, little is known of the mineral 
and chemical forms of arsenic in the soil, 
sediment and marine environments. Mobility 
of  arsenic from waste materials and contami- 
nated soils is to be expected under oxidizing 
conditions and perhaps this will be accelerated 
as a result of acid precipitation and environ- 
mental  change. Mobil i ty  will, however, be 
reduced by the formation of secondary minerals, 
such as scorodite, which have low solubilities. 
There is a need for research into the processes 
controlling solubilization and migration path- 
ways through the soil-rock system and the 
implications to contamination of ground and 
surface waters. Drainage from disused metalli- 
ferous and coal mines is frequently a source of 
both soluble and particulate arsenic in surface 
river systems. There is a need for research into 
the chemical and physical factors controlling 
downstream dispersion in soluble, suspended 
particulate and sediment phases and interactions 
with iron, manganese and other  chemical  
species, and processes leading to accumulation 
of arsenic in sediment 'sinks'. 

Exposure pathways. Human exposure is thought 
to be mainly through the digestion route, via the 
diet (mainly seafood) and drinking water. In 
specific situations this exposure may be added to 
through the inhalation of atmospheric particu- 
lates derived from industrial emissions or from 
suspended arsenic-rich soils and waste materials. 
The majority of studies to date have focused on 
the most obvious exposure pathway, i.e. water in 
Taiwan and India. It is now necessary to reassess 
total arsenic intakes of exposed communities, 
taking into account both inorganic and organic 
forms of  arsenic in the diet, soluble and 
particulate arsenic in drinking water (and its 
speciation), together with involuntary ingestion 
of arsenic-rich dusts and soils by hand-to-mouth 
activity in young children and through atmo- 
spheric contamination of food stuffs. 

Risk assessment. Current risk assessment strate- 
gies have all been based on relat ionships 
established between epidemiological studies in 
Taiwan and arsenic concentrations in drinking 
water. It is now thought that some of the 
environmental measurements in this study are 
flawed due to sampling and analytical errors. 

There is now an urgent need to establish a new 
multi-disciplinary study incorporating reliable 
environmental  measurements,  assessment of 
total  human exposure from ingestion and 
inhalation routes, and carefully planned epide- 
miological investigations. Such a study would 
form the basis for the development of  a risk 
assessment study in which uncertainty was 
minimized. 
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Abstract: Arsenic in drinking water from streams, shallow wells and boreholes in the Obuasi 
gold-mining area of Ghana range between < 2 and 175#gl -1. The main sources are mine 
pollution and natural oxidation of sulphide minerals, predominantly arsenopyrite (FeAsS). 
Streamwaters have been most affected by mining activity and contain some of the highest As 
concentrations observed. They are also of poor bacteriological quality. Some of the streams 
have a high As(III) content (As(III)/Astotaa > 0.5), probably as a result of methylation and 
reduction reactions mediated by bacteria and algae. Concentrations of As in groundwaters 
reach up to 64#gl -I, being highest in deeper (40-70m) and more reducing (220-250mV) 
waters. The As is thought to build up as a result of the longer residence times undergone by 
groundwaters in the deeper parts of the aquifer. The proportion of As present as As(III) is 
also higher in the deeper groundwaters. Deep mine exploration boreholes (70-100 m) have 
relatively low As contents of 5-17/zg 1-1, possibly due to As sorption onto precipitating ferric 
oxyhydroxides or to localized low As concentrations of sulphide minerals. 

Median concentrations of inorganic urinary As from sample populations in two villages, 
one a rural streamwater-drinking community, and the other a suburb of Obuasi using 
groundwater for potable supply, were 42 #g 1-" and 18 #g 1-1 respectively. The value for the 
community drinking groundwater is typical of background concentrations of urinary As. 
The slightly higher value for the streamwater-drinking community probably reflects different 
provenance of foodstuffs and higher As concentrations of water sources local to the village. 
The low value obtained for the inhabitants of the Obuasi suburb, living close to and 
abstracting groundwater from the area of major mining activity, suggests that groundwater 
can form a useful potable supply of good inorganic quality provided that deep, long 
residence time sources are avoided. 

Arsenic has long been recognized as a toxin and 
carcinogen. A relatively high incidence of skin 
and other cancers has been noted in populations 
ingesting water with high As concentrations 
(WHO 1981) and other disorders, especially 
some dermatological (e.g. Bowen's disease, 
hyperkeratosis, hyperpigmentation), cardiovas- 
cular (Blackfoot disease, Raynaud's syndrome), 
neurological and respiratory diseases, are linked 
to arsenic ingestion and exposure (e.g. Gorby 
1994). Recent epidemiological evidence has led 
the WHO to decrease its recommended max- 
imum value for As in drinking water from 
50#g1-1 to 101zg1-1 (WHO 1993) in recognition 
of the element's potential health risks, although 
many regulatory bodies such as the EC and 
USEPA have not yet followed suit. Arsenic is a 
relatively common trace element in the environ- 
ment and this guideline maximum is frequently 
exceeded in drinking water supplies. Many cases 
of chronic and acute endemic As poisoning from 
drinking water have been documented, notably 
cases in Taiwan (Tseng et al. 1968; Chen et al. 
1994), Argentina (Astolfi 1971), Chile (Zaldivar 

1974), China (Wang & Huang 1994) and Mexico 
(Cebri~in et al. 1994). Wang & Huang (1994) 
claimed that  no morbidity cases were found 
where drinkin~ water concentrations were less 
than 100#g 1-, but that  morbidity increased 
exponentially as aqueous As increased. Mild As 
poisoning was observed between 100 and 
200/zg 1-1. 

The average concentration of As in the earth's 
crust is 1 .5-2mgkg -x (National Academy of 
Sciences 1977). It occurs in many geological 
materials including clay minerals, phosphorites 
and iron and manganese ores, but is found in 
highest concentrat ions in sulphide minerals, 
especially arsenopyri te ,  as well as realgar 
(ASS), orpiment (As2S3) and in solid solution 
in pyrite (FeS2). Terrains rich in sulphide- 
bearing minerals can therefore have high con- 
centrations of  dissolved As in rivers and ground- 
waters derived by sulphide oxidat ion.  In 
southwest Taiwan for example, water from 
artesian wells in sulphide-rich black shales has 
concentrations of  As as high as 1.8 mg 1 -l. Here, 
a clear dose-response relationship has been 
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found between As ingestion and occurrences of 
endemic skin cancer, hyperpigrnentation, kera- 
tosis and Blackfoot disease (Tseng et al. 1968). 

Mining of sulphide ore bodies can pose a 
particular problem of As pollution and many 
ore smeltering operations are well known to 
release large quantities of As into the environ- 
ment (e.g. Diaz-Barriga et al. 1993; Lagerkvist & 
Zetterlund 1994). Concentrations of As up to 
240#gl -1 have been found in polluted river 
water draining a tin-mining area in southwest 
England (Hunt & Howard 1994). Wilson & 
Hawkins (1978) found concentrations of As 
ranging from 5 #g 1-1 up to 1.2 mg 1-1 in stream- 

waters draining the Fairbanks gold-mining 
district of Alaska. Acidic waters draining a 
gold-mining area in Zimbabwe were reported to 
contain up to 72 mg 1-1 of As (Williams & Smith 
1994) and high As contents have also been 
reported in lake sediments affected by former 
gold mining in the Waverley area of Nova Scotia 
(Mudroch & Clair 1986). 

The town of Obuasi in the Ashanti Region of 
Ghana has been the centre of large-scale gold- 
mining activity since the late 19th century. The 
main gold-bearing ore is arsenopyrite. Mining 
activity is known to have given rise to sub- 
stantial airborne As pollution from the ore- 
roasting chimney in the town as well as 
riverborne As pollution derived from nearby 
tailings dams. Some studies of As exposure of 
mine workers in Obuasi have been carried out 
(Amasa 1975) but little information is available 
about the concentrations of As and other 
potentially toxic metals in the drinking water 
of rural communities around the town, both as a 
result of pollution from the mining activity and 
from natural processes of water-rock interaction 
and sulphide oxidation. This paper investigates 
the concentrations of As in drinking water from 
streams, shallow dug wells and boreholes in a 
40 x 40 km area around the town as well as the 
composition of deep groundwaters (70-100m 
depth) from mine exploration boreholes and 
mining effluent. Arsenic has also been deter- 
mined in urine samples from volunteers in two 
selected villages. The main processes of As 
mobilization in the natural groundwater envir- 
onment of the Obuasi region and the impact of 
As on the health of local rural communities are 
assessed. 

Hydrogeochemistry and biogeochemistry 

of arsenic 

Arsenic can occur in the environment in several 
oxidation states (-3 to + 5) but in natural waters 

is mostly found as an oxyanion in trivalent 
(arsenite) or pentavalent (arsenate) form. Equi- 
librium speciation of As has been described in 
detail by Ferguson & Gavis (1972) and Brookins 
(1988). In oxidizing environments, arsenate is 
the dominant form: under acidic conditions (pH 
less than c. 6.5), HzAsO4 may be stabilized, 
whilst at higher pH, HAsO42- will be more stable 
(H3AsO4 and AsO4 3-- may  be present in ex- 
tremely acidic and alkaline conditions respec- 
tively). Under reducing conditions at0PH less 
than c. 9, the arsenite species H3AsO3 should 
predominate (Brookins 1988). Arsenic can there- 
fore be stable in dissolved form over a wide 
range of Eh and pH conditions. 

However, under reducing conditions in the 
presence of sulphur, As concentrations are 
limited by the low solubility of As sulphide 
minerals, such as realgar and orpiment. Little 
information is available about the rates of As 
reactions in natural waters and specific rate 
constants are largely unknown. At near-neutral 
pH, the rate of oxidation of As(III) to As(V) is 
known to be very slow, but may proceed faster 
(order of days) under more extreme pH condi- 
tions (Ferguson & Gavis 1972). 

Water pH has an important impact on As 
release rates from minerals. Leaching experi- 
ments on river sediments contaminated by mine 
waste have shown that As release to solution is 
lowest at near-neutral pH; release is enhanced 
under both acidic and alkaline aqueous condi- 
tions (Mok & Wai 1989, 1990). 

Most of the As in waters is present in 
inorganic form (e.g. Cebri/m et  al. 1994). 
However, organic arsenicals are also known to 
be stabilized by methylation reactions involving 
bacteria and algae (Mok & Wai 1994). Mono- 
methylarsonic acid (MMAA) and dimethyl- 
arsinic acid (DMAA) have for example been 
observed, albeit in small quantities, in some river 
waters and porewaters by biotransformation of 
inorganic As compounds (e.g. Faust et al. 1987). 
Demethylation reactions are also known to 
occur in water. 

Mobility of As in water is limited by sorption 
onto ferric oxyhydroxides, humic substances 
and clays (e.g. Mok & Wai 1994). Wauchope 
(1975) showed that sorption of As species onto 
sediments was in the order: arsenate > MMAA 
> arsenite > DMAA and Bowell (1994) found 
that sorption onto Fe oxyhydroxides and oxide 
minerals was in the order As(V) > DMAA = 
MMAA > As(III) at pH values less than 7, the 
degree of sorption being greater on amorphous 
oxyhydroxides (goethite) than on crystalline Fe 
oxides (haematite). Arsenic should therefore be 
less mobile in oxidizing environments, because 
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of firstly the greater tendency for sorption of 
As(V) than As(Ill) and secondly, the lower 
solubility of ferric oxyhydroxides under such 
conditions (Peterson & Carpenter 1986). Dis- 
solved arsenic is therefore more commonly 
found in reducing waters, often correlating well 
with dissolved Fe concentrations. 

Arsenic toxicity is dependent on both its 
oxidation state and partitioning between organic 
and inorganic phases. Reduced forms tend to be 
more toxic than oxidized forms and inorganic 
species more toxic than organic, though toxicity 
of reduced organic forms such as trimethylarsine 
is relatively high. Toxicity decreases from arsine 
(-3) through arsenite (inorganic trivalent), ar- 
senoxides (organic trivalent), arsenate (inorganic 
pentavalent), arsonium compounds to native 
arsenic (Morton & Dunette 1994). Arsenic(Ill) is 
known to be up to 60 times more toxic than 
As(V) due to its reactivity with, and inhibition 
of, sulphydryl-bearing enzymes in human meta- 
bolism (Squibb & Fowler 1983). However, some 
in vivo reduction of As(V) to As(III) may take 
place (Vahter & Envall 1983). 

The most common sources of ingested As are 
drinking water and food (in the absence of direct 
pollution sources). Some foodstuffs are known 
to contain high concentrations of As, especially 
seafood (up to 40#gg -x, National Academy of 
Sciences 1977), although this contains As almost 
entirely in organic form as arsenobetaine 
((CH3)3As+CH2CO2 -) and to a lesser extent 
as arsenocholine ((CH3)3As +CH2CH2OH), 
both of which are of very low toxicity. Most 
other foodstuffs contain As (in either organic or 
inorganic form) in the range 0.1-1.0 ~g g-l. Since 
the most common species in water are inorganic, 
this represents potentially the most detrimental 
source of As in the human diet, especially if 
present in reduced form. 

Arsenic tends not to accumulate in the body 
but is readily excreted via the kidneys (e.g. 
Vahter & Lind 1986). Urine is therefore a good 
indicator of environmental As exposure and 
many studies of populations exposed to airborne 
As from smelters have been reported. Since 
seafood is known to be a major source of As (in 
organic form), most studies report both inor- 
ganic and organic (seafood-derived) As content. 

Background concentrations of inorganic As 
in urine are largely reported to lie in the range 
1 0-23 #g 1-1 (Braman & Foreback 1973; Bencko 
& Symon 1977; Vahter & Lind 1986; Pan et al. 

1993). Lin et al. (1985) quoted a somewhat 
higher background value of 63.4 #g 1-1 although 
the proportion of As present in inorganic form is 
not known. 

Concentrations of As in urine from smelter 

workers exposed to airborne As are higher: 
Kodama et al. (1976) reported a value of 56 #g 1-1 
and Lagerkvist & Zetterlund (1994) gave a mean 
value of 61 #g 1-1 in urine from smelter workers. 
Concentrations of As in urine of people havinw 
recently eaten seafood can reach up to 1000 #g 1- 
(Pinto et al. 1976), mostly as arsenobetaine. 

Obuasi: local environment and geology 

Ashanti region is in the tropical rainforest belt 
of southern Ghana. It receives a high annual 
rainfall (c. 1580mm) with a pronounced wet 
season from March to November and a diurnal 
temperature range of 20-30~ Evaporation is 
also high, about 1260mm a -1  although rainfall 
exceeds evaporation for about 8 months of the 
year (March to October). Much of the Ashanti 
region comprises natural forest, although many 
places have been cleared for cocoa and food- 
crop production. River flows in the region are 
mainly from northeast to southwest and are 
dominated by two rivers, the Oda and the Gymi 
rivers, separated by the Sansu-Moinsi hill range 
(maximum height c. 600 m). 

The geology of the area is summarized in Fig. 
1. Underlying bedrocks are of Birimian (Proter- 
ozoic) metasedimentary and metavolcanic rocks, 
the Lower Birimian comprising mainly schist, 
phyllite and metagreywacke as well as granite 
and the Upper Birimian comprising mainly 
metavolcanic rocks (Kesse 1985; Fig. 1). These 
were subjected to intensive folding and faulting 
and metamorphosed to greenschist grade during 
the Eburnian orogeny (1830-2030 Ma). 

Gold-mining has been the major industry in 
the Ashanti region since the late 19th century. 
Ore deposits occur in a major shear zone with a 
proven lateral extent of 8 km and depth of 
1600m (Amanor and Gyapong 1988). Numer- 
ous shafts and surface operations occur along 
the shear zone in the vicinity of Obuasi (Fig. 1). 
The gold is present as both disseminated grains 
in quartz reefs and in association with sulphide 
minerals, particularly arsenopyrite (Bowell 
1992). 

Processing of the gold ore is carried out at the 
Pompora Treatment Plant (PTP) in Obuasi 
where the ore is crushed, roasted and extracted 
by a cyanide complexation process. Spent ore is 
collected in nearby tailings dams and although 
the liquid effluent from the dams is now recycled 
in the gold extraction process, at the time of field 
investigation it was discharged directly into a 
local stream, the Kwabrafo. This stream flows 
southerly on the east side of the town, joining 
the Pompo River 5 km southeast of Obuasi and 
thereafter flowing into the Gymi River. The 
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effluent is known to contain large quantities of 
dissolved As, SO 4 and CN from the extraction 
and concentration process and as a result has 
caused serious pollution of the stream waters 
downstream of the input point. Additional 
discharges from the mine workings occur from 
tailings dam overflows, pumping of mine-water 
drainage into local streams and run-off from 
slime dams during periods of heavy rainfall. 

Arsenic (as arsenic trioxide, As203) and 
sulphur (SO2) were also emitted into the atmo- 
sphere via the PTP chimney until the recent 
installation of an As scrubber which reduced the 
levels of As emissions considerably (Ashanti 
Goldfields Corporation Environmental Labora- 
tory, pers. comm. 1993). The prevailing wind 
direction is northerly and as a result of long- 
term emissions from the chimney, vegetation on 
the northerly slopes adjacent to the chimney has 
been killed or badly damaged. Defoliation as a 
result of both arsenic and sulphur poisoning has 
been observed up to 8km north of Obuasi 
(Amasa 1975). This has resulted in severe 
erosion of bare slopes by high rainfall. 

High As concentrations in hair samples of 
workers from the PTP attest to the former high 
incidence of airborne As pollution from the 
mining activity. Amasa (1975) found that hair 
samples from workers at the PTP ranged 
between 196-t-7#gg -1 and 1940-/-62#gg -1. 
Arsenic contents of soils and vegetation were 
also found to be high (up to 148#gg -1 and 
4700#gg -1 respectively). Amasa (1975) noted 
that residents of villages 8-10kin north of the 
town claimed to have suffered eye inflammations 
as a result of mine emissions. 

Soils in the Obuasi region are leached 
kaolinite-muscovite laterites with average thick- 
nesses of 1-3 m, although the thickness depends 
on underlying saprolite lithology, topography 
and drainage (Bowell 1993). Bowell (1993) 
studied soil profiles 40 km east of Obuasi and 
noted that As was concentrated in the upper A 
horizon of the soils, in association with the 
higher content of organic matter in this layer. 
Concentrations of As were noted to be very low 
at 0.2-0.3 #gg-1 in the A horizon of profiles not 
contaminated by mining activity, decreasing to 
0.01 #g g-l in the argillaceous (B) horizon below. 
Soil As in the Ashanti concession has much 
higher values of between 1 and 1530 #g g-1 
(mean 41.2/zgg-~; N. Bailie, pers. comm. 
1993). Saprolite thickness is variable but is 
mostly in the range 10-20 m (Gibb & Partners 
1992). In much of the saprolite, arsenopyrite 
appears to have been replaced by secondary As- 
and Fe-bearing minerals, including scorodite 
(FeAsOa.2H20), haematite, arsenolite, amor- 

phous iron oxides and arsenates (Bowell 1992). 
Groundwater flow in the Birimian aquifer is 

predominantly via fracture zones, mostly along 
quartz veins. Rest-water levels in the Obuasi 
area are mainly in the range 2.5-7.5m below 
ground level with a seasonal variation of several 
metres (Gibb & Partners 1992), although the 
piezometric surface for the whole area studied 
is believed to reflect the surface topography 
closely. Groundwater flow direction is princi- 
pally from northeast to southwest. 

Health aspects 

Many rural communities in  the Obuasi area 
have either never had access to groundwater, or 
boreholes drilled over the last few years have 
fallen into disrepair through lack of mainte- 
nance. Use of surface waters for potable and 
domestic supply is therefore common. Educa- 
tion on the relationship between water quality 
and health is generally poor. As a result, water- 
borne diseases such as bilharzia and dysentery 
are common among streamwater drinkers. 
Guinea worm is rare though present in parts 
and occasional cholera outbreaks occur, espe- 
cially during the wet season (J. Ansah, AGC 
Hospital, Obuasi, pers. comm. 1993). Such 
water-borne diseases usually have much lower 
prevalence among communities using ground- 
water. 

Despite the occasional incidence of skin 
depigrnentation and rashes, no diseases which 
could be unequivocally attributed to As inges- 
tion were observed among the rural commu- 
nities in the study area. 

Sampling and analysis 

Water samples from a 40 x 40 km area around 
Obuasi (Fig. 1) were collected in January 1993, 
towards the end of the dry season. It was 
intended to collect samples from boreholes as 
well as a few hand-dug wells in the area. 
However, it was found that many rural water- 
supply boreholes had been abandoned due to 
lack of ability or willingness to pay maintenance 
costs and many communities have therefore 
resorted to surface water sources which are 
generally highly coloured (humic substances) 
with high suspended solids and poor bacteriolo- 
gical quality. Since such water sources were the 
drinking water of many communities, these too 
were sampled. In all, 65 boreholes, 13 shallow 
wells and 26 streams used for drinking water 
were sampled in our study. 

On-site analysis comprised temperature, spe- 
cific electrical conductance (SEC, corrected to 
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25~ HCO3 (measured as total alkalinity), pH, 
Eh (temperature corrected) and dissolved oxy- 
gen, the last three of which were measured in an 
anaerobic flow-through cell attached in-line to 
borehole water outlets. Boreholes were pumped 
until stable readings for these parameters were 
obtained (usually 15--20 minutes). Streams and 
shallow wells were not pumped and so pH and 
dissolved oxygen were measured either at source 
or from a collected sample (on-site); no Eh 
readings were taken at these sites. Filtered 
(0.45 #m) samples were also collected in acid- 
washed polyethylene bottles for subsequent 
laboratory analysis. Samples for major-cation, 
SO4 and trace element analysis were acidified to 
1% HNO3 (v/v, Aristar), unacidified samples 
were collected for anion analysis and separate 
HCl-acidified aliquots were collected for As(III) 
and total As analysis. Samples were stabilized at 
c. pH4 for As(Ill) analysis and subsequently 
acidified to 2% HC1 (v/v Aristar) for Astotal 
analysis. 

Major cations, SO4, Si, AI, P, V, Fetotal, Mn, 
Sr and Ba were analysed by ICP-AES using an 
ARL 34000C optical emission spectrometer; C1, 
N species, I and F by automated colorimetry, 
other trace elements by ICP-MS (Fison's PQ1 
instrument) and As by hydride-generation ICP- 
AES (using an ARL 341 hydride generator). 
Total As was analysed by pre-reduction of all 
As(V) to As(III) in samples 24hours before 
analysis using 5% KI (2.5ml 20% KI in 7.5 ml 
sample solution), followed by on-line hydride 
generation using 1% w/v NaBH4 in 0.1% w/v 
NaOH (Trafford 1986). Arsenic(Ill) was ana- 
lysed using a modified version of the method 
given by Driehaus & Jekel (1992). Arsenic(III) 
was reduced to arsine by NaBH4 at pH > 3.5 
using 0.5M acetic acid as buffer solution (to 
prevent As(V) also being reduced at lower pH; 
Driehaus & Jeckel 1992). The acetic-acid meth- 
od has the limitation that it fails to separate 
As(III) from DMAA (Anderson et al. 1984) and 
therefore analyses quoted in this paper for 
As(III) are strictly for the two species. However, 
since methylated As species usually have very 
low concentrations in natural waters, the values 
listed are probably dominated by As(III). The 
As(III) method used is known to suffer from 
suppression of the As(III) signal by high 
concentrations (order of 1 mg 1-1 and above) of 
Fe, Cu and Ni (e.g. Driehaus & Jeckel 1992). All 
samples except one of mine-tailings effluent had 
very low concentrations of Cu and Ni and 
suppression from these elements is thought to be 
insignificant. Suppression of the As(Ill) signal 
by Fe at the concentrations found in most 
samples should also be negligible except in some 

of the minewaters which have up to 20 mg 1-1 Fe. 
The As(Ill) data for these, together with the 
single tailings effluent sample, may have suffered 
serious suppression of the As(III) signal and 
must therefore be taken as minimum values 
(Table 1). 

Eighty per cent of samples analysed had ionic 
charge imbalances of less than 5%. Charge 
imbalances were poorer for some samples due to 
low TDS concentrations. The accuracy of ICP- 
AES and ICP-MS analyses was periodically 
checked using international reference standards. 
Mean analyses and hr standard deviations for 
the National Research Council of Canada 
standard SLRS1 analysed by ICP-AES just 
prior to the Obuasi samples included (certified 
values in parentheses; mg 1-1): Na: 9.7 4- 0.2 
(10.4+0.6), K: 1.304-0.07 (1.30+0.20), Ca: 
2 9 . 0 4 - 0 . 7  ( 2 5 . 1 + 0 . 9 ) ,  Mg:  5 .84 -0 .1  
(5.99 4- 0.28), Ba: 0.020 4- 0.002 (0.022 4- 0.001), 
Fe: 0.0364-0.006 (0.031 +0.002) and Sr: 
0.137 4- 0.003 (0.136 4- 0.003; n = 14). Precision 
of ICP-AES data is typically of the order of 2% 
RSD (Fe: 5%). Mean concentrations for the 
National Institute of Standards and Technology 
standard 1643C obtained by ICP-MS during the 
course of sample analysis were: AI: 1194-67 
(certified value: 114+5.1),  Cr: 20.44-1.3 
(19.04-0.6), Co: 25.84-1.5 (23.54-0.8), Ni: 
63 .04-3 .7  ( 6 0 . 6 + 7 . 3 ) ,  Cu: 22 .64 -1 .3  
(22.34-2.8), Zn: 704-11 (73 .9+0.9) ,  Sr: 
269 + 8 (263.6 4- 2.6), Mo: 111 4- 3 (104.3 4- 1.9), 
Cd: 11.74-0.2 (12.24-1.0), Ba: 50.94-0.9 

1 -~ (35.3 4-0.9; (49.6+3.1), Pb: 35.5+1.3/zg1_ ~ 
n = 3) and Rb: 12.14-0.2#g (11.44-0.2; 
n = 4). The mean concentration for total As in 
1643C by ICP-AES hydride durin~ the course of 
sample analysis was 75.5 4- 6 #g 1 -" (n = 4, certi- 
fied value 82.1 4- 1.2#g1-1) and SPEX standard 
EP8 gave a value of 10.54-0.4#gl -1 ( n = 4 ,  
certified value 10.0#gF1). Detection limits are 
quoted as 3~r about the variation of the blank 
concentration although precision is poorer at 
these low levels. Detection limits are given as &r 
for Astotal and As(Ill) analyses. 

Urine samples were collected from sample 
populations in two villages (30 volunteers in 
each) in the Obuasi area. Samples were collected 
in 30ml sterile containers and frozen before 
analysis. Each represented a single, rather than 
24-hour bulked sample. Records were made of 
villagers' age, occupation, sex, general health 
and dietary intake over the previous 24 hours. 
Sample digestion for reducible As was achieved 
by adding 4 ml concentrated HCI to 2 ml of urine 
and refluxing in an air condenser for 2-3 hours. 
Condensers were then washed down and the 
wash added to the sample; 1 ml 20% KI was 
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added and the sample made up to 20ml using 
deionized water. The reducible fraction is strictly 
inorganic As(Ill), As(V) and the methylated 
metabolite MMAA but the method does not 
quantitatively reduce DMAA. Since MMAA is 
usually a minor constituent of urine (Naqvi et al. 
1994), the reducible fraction can be taken mainly 
to represent the concentration of inorganic As 
species. Digestion for total As involved mixing 
2 ml of urine with 1 ml of a concentrated HNOa- 
HC1Oa-H2SO4 solution in the ratio 20: 10: 1. 
Samples were heated from 150~ to 300~ in 
steps of 30~ every 15--20 minutes and the 
resultant salt residue then dissolved in 5ml 
deionized water and 4 ml HC1. Finally, 1 ml of 
KI was added to each sample and made up to 
20ml using deionized water. All solutions were 
heated to 90~ for 20minutes prior to analysis 
to ensure total reduction of all As to As(Ill). 
Both total As and reducible As were analysed by 
the National Poisons Unit, Guy's Hospital, 
London by hydride-generation atomic absorp- 
tion spectrometry. 

Results and discussion 

Mine effluent discharge 

Chemical data given by Gibb & Partners (1992) 
for tailings effluent from the Obuasi mine reveal 
it to be a highly toxic cocktail of chemicals 
including especially As and CN derived from the 
roasting and extraction process. These have 
historically been discharged directly to nearby 
streams with no prior treatment or control. One 
sample taken during this study of the effluent 
being pumped directly into the Kwabrafo stream 
on the east side of Obuasi (Table 1) showed this 
to be an alkaline solution (pH 8.3) incorporating 
a range of toxic substances including dissolved 
As of 1.8mgF l, SO4 of 1750mgF 1 and CN of 
30 mg 1 -I (CN analysed for this study by Ashanti 
Goldfields Corporation laboratory). Concentra- 
tions of NH4, P, B, Co, Ni, Cu, Zn, I, Mo, Sb, 
Ag, Au and W are also very high in this effluent 
(Table 1). The As(Ill) content of the sample is 
only 50 #g 1 -~ and suggests that most of the As in 
the effluent is present as oxidized As(V). How- 
ever, for reasons stated above, the low As(III) 
value may be an artefact of the analytical 
method and the ratio of As(III) to As total 
may be higher than that quoted. The high 
concentrations of dissolved solutes in the efflu- 
ent are most likely due to the formation of CN 
complexes. 

The concentration of As in the Kwabrafo 
stream just a few metres downstream of the 

effluent discharge point (sample collected Jan- 
uary 1993) was 7.9mg1-1 and 804 1130mg1-1. 
Concentrations of P, B, I, Ni, Co, Mo, Ag and 
Sb were 1.4 mg l -l, 740/zg 1-1 , 533 #g 1 -l, 62 #g 1 -l, 
68#gl -l, 7.2#gl -1, 0.24/~gl -x and 10#gl - l  re- 
spectively. A sample of Kwabrafo streamwater 
taken at the same time from several hundred 
metres upstream of the effluent discharge point 
also revealed a high total As concentration 
(though much lower than the effluent; 0.35 
mgl-1), probably as a result of wash-in of 
pollutants to the stream from various points 
upstream in the mine area. 

The quality of the Pompo and Gymi river 
systems downstream of the mine complex has 
not been investigated in this study although it is 
thought to have been seriously impaired over a 
distance of many kilometres. Concentrations of 
CN are expected to diminish downstream due to 
degradation in the aerobic environment. This 
may lead to decreased trace metal mobilization 
as CN complexes break down but will result in 
increased concentrations in stream sediments. 
Conversely, mobilization of many trace ele- 
ments, notably As, is expected to be enhanced 
in the streams by binding to organic matter and 
colloids. 

Regional water quality 

Representative chemical data for streams, wells 
and boreholes are given in Table 1 and median 
values are summarized in Table 2. Waters are 
usually acidic (median values for streams, wells 
and boreholes are 6.4, 5.4 and 5.8 respectively) 
with low total dissolved solids contents (TDS; 
70, 52 and 101 mg 1 --1 respectively; Table 2). The 
low overall TDS concentrations suggest that the 
waters have had short contact times with host 
rock materials and that water interaction has 
been relatively small. Bicarbonate (HCO3) con- 
centrations are also usually low but reach higher 
values in the groundwaters (median value 
67 mg V1; Table 2). This suggests that the deeper 
groundwaters have undergone a greater degree 
of water-rock interaction than the streams and 
shallow-well waters. All waters sampled are 
undersaturated with respect to calcite and reflect 
the general paucity of carbonate in the aquifer, 
although carbonate is present as a gangue 
mineral in the auriferous shear zones (Leube et 
al. 1990). The waters are saturated with respect 
to quartz, reflecting the dominance of silicate- 
water interaction processes. 

The surface waters are almost universally 
brown, being rich in organic matter and 
colloidal Fe. Bacterial counts are usually high, 
with mean concentrations of aerobic hetero- 
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Table 2. Median values for major elements and parameters of health significance in Obuasi drinking waters (streams, 
wells and boreholes) 

Streams Wells Boreholes WHO maximum 

n 26 13 65 
Temperature ~ 24.3 25.2 26.3 
Well depth m 3.5 48 

pH 6.42 5.37 5.84 
Ca mg 1-1 4.8 3.9 7.0 
Mg mg 1-1 3.1 0.82 3.9 
Na mg111 8.5 6.6 13.8 (200) 
K mg 111 1.4 1.1 0.55 
HCO3 mg 1-1 41 21 67 
SO4 mg 111 1.5 1.1 0.44 500 
C1 mg111 6.2 6.2 6.0 (250) 
NOa-N mg1-1 < 0.2 0.3 < 0.2 10 
NO2-N #gF 1 < 5 < 5 < 5 910 
NH4-N mg 1-1 < 0.01 < 0.01 < 0.01 (1000) 
TDS mg 111 70 52 101 

Si mg 1-1 8.7 8.0 21.3 
A1 mg 1-1 0.03 < 0.02 < 0.02 0.2 
Fetoua mg 1-1 0.5 0.07 0.2 0.3 
Mn mg 1-1 0.03 0.03 0.08 0.5 
Sr #g111 44 38 94 
Ba #g 1-1 19 29 16 700 
As(III) #g 1-1 < 3 < 3 < 3 
Astotal #g111 7 < 2 < 2 10 
Cd #g111 < 0.2 < 0.2 < 0.2 3 
Cu #g1-1 1.3 1.5 3.7 
Ni #g 1-1 1.0 2.2 3.4 
Co #gl --1 0.34 1.55 1.33 
Zn #g 111 3.9 27 18 
Sb #g1-1 < 0.04 < 0.04 < 0.04 5 
Ag #g111 < 0.02 < 0.02 < 0.02 
Pb #g 111 0.09 0.11 0.06 10 
F #g1-1 65 50 70 1500 
I #g1-1 9.1 10.1 6.7 

WHO (1993) maximum guideline values are given for comparison (values in parentheses are for elements for 
which no recommended guideline maximum is given, but the value represents the limit above which taste 
problems might occur). TDS, total dissolved solids. 

trophic bacteria of 5700 colony-forming units 

ml -x. Many of the shallow dug wells also have 
high bacterial populations (mean aerobic hetero- 

trophs 4700 C F U  ml-1), but organic water qual- 
ity is usually much better in the hand-pumped 
groundwaters (mean 860CFUml-I ;  West et al. 

1995). 
Most of the groundwaters are oxidizing with 

Eh values between > 300 and 500 mV but some 
deeper waters have lower redox potentials of 

around 220-250mV. These are relatively high 

values for reducing waters but reflect the low 

pHs of the sources investigated. 
Dissolved SO4 concentrations are usually very 

low in the Obuasi waters, median values for 

streams, wells and boreholes being 1.5, 1.1 and 

0 .4mgl  -l respectively (Table 2). All drinking 

water sources are undersaturated with respect to 

barite. Iron contents are variable, the median 

values for s t reams being 0 . 5 m g l  -~, wells 
0.07 mg 1 -~ and the boreholes 0.2 mg 1 -~. 

Three groundwater samples collected from 

exploration boreholes penetrating to 70-100m 

depth at the mine complex have different 
compositions with much higher TDS values of 

500-800mgl -~. They are moderately reducing 

with Eh values of 260-280 mV. Dissolved oxy- 
gen was only measured at one site but gave a low 
value of 0.1 m g V  1. These groundwaters have 

high dissolved SO4 (200-500mgV 1) and Fe (4- 

20 mg 1-1) concentrations as well as other trace 

elements such as Mn, Co, Ni, Cu and Zn (e.g. 

Table 1). Iron was observed to oxidize and 

precipitate over the course of several minutes 
from water abstracted during sampling. These 

waters are saturated with respect to barite. The 
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Fig. 2. Variation of AStot~ with bicarbonate (HCO3) in water from streams, shallow wells and boreholes in the 
Obuasi area. 

high concentrations are most likely the result of 
oxidation of Fe and related sulphides. One 
sample of mine drainage being pumped from 
shafts into a local stream has a particularly~ high 
TDS of 1322mg1-1, high SO4 of 926mgl- and 
Fe of 7.6mgl-'. The sample is saturated with 
respect to goethite and ferrihydrite. This appears 
to have undergone extensive sulphide oxidation, 
probably as a result of introduction of atmo- 
spheric oxygen via the open shaft workings. 

Distribution of  arsenic. Total arsenic concentra- 
tions in the Obuasi waters vary between < 2 
(detection limit) and 350/zgl -l, although the 
highest value observed in drinking-water sup- 
plies was 175/~g 1 -]. Twenty per cent of supplies 
studied exceed the WHO guideline maximum of 
10/zg1-1, although only 6% exceed the former 
WHO and current EC guideline maximum of 
50/~g 1-1. Concentrations are plotted for streams, 
wells and boreholes against HCO3 content as a 
measure of degree of water-rock (mainly silicate) 
interaction in Fig. 2. The streams have the 
highest values observed. The highest concentra- 

tion (350/~g 1-1) is from the Kwabrafo upstream 
of the effluent discharge point and is manifestly 
affected by mine pollution. Unlike all other 
samples given in Fig. 2, this is not a drinking 
water supply source. 

Shallow wells have universally low Astotal 
contents as well as HCO3 as indicated in Table 
2. The HCO3 contents of the groundwaters 
range up to higher values (258 mg 1-1 maximum) 
as would be expected for groundwaters having 
infiltrated to deeper levels in the aquifer and 
having had longer residence times for chemical 
reaction. The increase in HCO3 also corresponds 
with increasing borehole depth (not shown). 

Figure 2 shows that the total As concentration 
of the groundwaters notably increases with 
increasing HCO3 concentration and suggests 
that As mobilization is achieved through greater 
aquifer residence time. This is corroborated by 
the observed correlation between Astotal and 
borehole depth in at least some of the ground- 
waters given in Fig. 3; deeper groundwaters 
should have had longer periods in contact with 
aquifer material and hence have undergone 
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Fig. 3. Variation of As with total borehole depth 
(depth below ground level) in groundwaters (from 
wells and boreholes) in the Obuasi area. 

greater water-rock reaction with As-bearing 
mineral phases, particularly sulphides. These 
deeper groundwaters also have lower redox 
potentials. 

Investigation of the distributions of Astotal in 
waters from the Obuasi area (Fig. 4) shows that 
the highest values in streams are mainly found to 
the north of Obuasi town. Groundwaters in this 
tract of land do not show correspondingly high 
As concentrations and so it is unlikely that the 
streamwater As is derived from the bedrock. 
Since the prevailing wind direction is towards 
the north, it is suggested that the high As 
streamwater values result from airborne poilu- 

tion derived from the PTP chimney stack in 
Obuasi. Although an As scrubber has now been 
fitted to the plant, it is considered that the 
observed As represents relict pollution which has 
not yet been flushed from the natural surface 
water system because of sorption and precipita- 
tion processes involving the soil. Groundwater 
Astotai concentrations reach the highest values in 
the western part (Fig. 4). This corresponds with 
deeper (and more reducing) groundwaters in this 
area. 

Concentrations of As(III) (strictly As(Ill) plus 
DMAA) are presented in Tables 1 and 2 and 
ratios of As(Ill) to Astotal are plotted in an Eh-  
pH diagram in Fig. 5. The smallest symbols 
shown in Fig. 5 represent those samples for 
which Eh and pH values were determined but 
either As(III) or Astotal or both were below 
detection limits. Figure 5 shows that the more 
reducing groundwaters (Eh values < 300mV) 
not only have higher Astotal contents, but also 
largely have higher As(III)/Astotal ratios. The 
higher Astotal contents of deeper groundwaters 
may therefore also be due to the lower tendency 
for sorption of As(III) to Fe species than As(V), 
together with the lower potential for Fe(III) 
precipitation under reducing conditions. Since 
As(Ill) is much more toxic than As(V), these 
deeper groundwaters are more a cause for 
concern with respect to As than the oxidized 
shallower groundwaters. 

Histograms of the distribution of As(III)/ 

Fig. 4. Regional distribution of Astot~ in waters from the Obuasi area. Groundwaters are denoted by solid 
symbols and surface waters by stipple. Asto~ concentration is proportional to symbol size. Location of the Gymi 
and Oda rivers (and tributaries of the Gymi River) are indicated along with major roads. A, location of the 
Pompora Treatment Plant (PTP), 
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Fig. 6. Histograms of measured As(III)/Astotal ratio in streams and borehole waters�9 

Astotal in streams and borehole waters are given 
in Fig. 6. Whilst most of  the groundwaters have 
ratios lower than 0.5 (the higher values corre- 
sponding to the deeper reducing waters), the 
streams have an apparent bi-modal distribution. 
Some have values less than 0.3 as would be 
expected for surface waters in contact with 
atmospheric oxygen. However,  many have 

As(III)/Astotal ratios greater than 0.5. Remem- 
bering that the streams in the area have high 
humic and colloidal Fe contents and high 
bacterial counts, it is possible that oxidized 

As(V) has been reduced to As(III) by bacterial 
activity and that biomethylation reactions have 
generated DMAA in some of the surface waters. 

Arsenic mobilization. Given the regional distri- 
bution of As-bearing minerals in the Obuasi 
area, the most likely source of the As in the 
waters is arsenopyrite (FeAsS) although minor 
amounts could also be derived by desorption 
from clays or secondary minerals (scorodite, 
arsenolite) formed after arsenopyrite oxidation. 
Oxidation of pyrite and arsenopyrite by oxygen 
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may be described respectively by the equations: 

4FeS2 + 1402 + 4H20 = 
4Fe 2 + + 88042- -1- 8H + 

and 

(1) 

4FeAsS + 1302 + 6H20 = 

4Fe 2+ + 4AsO43- + 48042- + 12H + (2) 

The equations show that the oxidation process 
releases Fe and SO 4 (and arsenopyrite releases 
As) into solution. As noted above, with the 
exception of the minewaters, SO4 contents of 
Obuasi groundwaters are generally quite low. 
However, the amount of arsenopyrite oxidation 
required to generate the observed dissolved As 
concentrations is also small. Assuming a con- 
gruent and complete reaction, oxidation of 
0.85mmol of arsenopyrite would be required 
to produce the highest observed As concentra- 
tion in the drinking water boreholes (64 #g 1-1). 
This would produce a corresponding SO4 con- 
centration of only 82 #g 1-1 and Fe of 48 #g 1-1. 
Iron is present in some of the waters in reducing 
acidic or organic-rich conditions, but molar Fe/ 
S ratios are usually much lower than the value 
of 0.5 expected for stoichiometric oxidation of 
pyrite (and indeed the value of 1.0 expected for 
oxidation of arsenopyrite). This is likely due 
to Fe precipitation as ferric oxyhydroxide in 
aerobic waters. Even the reducing waters from 
the mine exploration boreholes have Fe/S ratios 
significantly less than 0.5 and suggest that some 
loss of Fe(III) has occurred by precipitation of 
minerals such as goethite and ferrihydrite, 
although the possibility of non-stoichiometric 
release of As from sulphide minerals under 
reducing conditions cannot be ruled out. 

Arsenic concentrations in the mine-waters are 
relatively low compared to the highest values 
observed in the study area: the three boreholes 
sampled had groundwater concentrations of 5, 8 
and 17/zg 1-1 As. This may be due to increased 
sorption of As by ferric oxyhydroxide in waters 
particularly enriched in dissolved iron, or due to 
oxidation of larger amounts of As-poor sul- 
phide, particularly pyrite. 

Despite the clear potential for As problems in 
the Obuasi groundwaters, only some of the 
deeper more reducing waters have concentra- 
tions above the WHO recommended limit and 
are considered potentially hazardous to health. 
Although streamwaters are also largely below 
the limit, concentrations are higher than in the 
shallow groundwaters, probably as a direct 
result of mining pollution. This concentration 
of As, together with their poor bacteriological 
quality renders them undesirable as sources of 

drinking water and their use should be discour- 
aged. 

Other elements. Although the high concentra- 
tions of solutes in the mine-tailings effluent from 
the Obuasi mine complex are the result of CN 
complexing rather than natural processes, the 
composition gives an indication of the range of 
other elements in local drinking waters which 
may be present and potentially problematic as a 
result of both pollution and natural sulphide 
oxidation. Equations (1) and (2) demonstrate 
that in the natural system, the oxidation process 
generates a large amount of acid (H+), arseno- 
pyrite even more so than pyrite. Consequent 
lowering of water pH gives greater potential for 
mineral dissolution and desorption reactions 
and under such conditions Fe, Mn and A1 are 
more stable in solution. Also, other trace 
elements may be present in the sulphide ores 
which are released as oxidation proceeds, for 
example, Ni, Co, Cu, Zn, Mo and Ag. 

Other elements of potential health concern 
have been examined in the Obuasi waters. Most 
are, however, not problematic: the waters largely 
have low TDS concentrations and so major 
elements are of low concentration. Chloride 
is mostly <20mg1-1,  SO4 < 4 m g l  -l ,  Na 
<30mg1-1, Ca in the range 0.2-54mgl -1 and 

l Mg in the range 0.1-10 mg 1-. Concentrations of 
constituents commonly attributed to agricultural 
pollution (NO3, K and P) are also usually low: 
only one sample investigated has a concentra- 
tion of NO3-N higher than the WHO recom- 
mended limit and most are < 5 mg 1 -l, K values 
are mostly < 3 mg1-1 and P concentrations are 
< 0.3mg1-1 . 

Aluminium concentrations are quite high in 
some samples: around 10% of the drinking 
water supplies sampled had concentrations 
above the W H O  guideline maximum of 
200/zgF 1, especially some of the streams and 
shallow wells, the A1 largely occurring in 
colloidal form. The high concentrations reflect 
the acidic character of the waters (Table 1). 

Iron, although not detrimental to health, is 
often mentioned together with Mn in a health 
context because of aesthetic and acceptability 
problems. Iron is often quite high in Obuasi 
waters, notably the more reducing sources and 
surface sources with heavy particulate matter 
and humic loads. The WHO guideline maximum 
value for Fe in drinking water is 0.3 mg 1-1 but an 
upper limit of 1 mgl-" should suffice for most 
purposes (WHO 1993). About 27% of drinking 
waters sampled had Fe concentrations greater 
than 1 1 m g l - .  Manganese is less problematic, 
with 3% of sources having concentrations 
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Table 3. Median concentrations and ranges of As in urine from sample populations of two villages in the Obuasi area 

Village Water No. villagers Age range Median Range Median Range 
source studied total As (~gV l) inorganic (~gV 1) 

~g 1-1) As* (~g 1-1) 

Wumase Stream 30 10-62 297 55-532 42 4-112 
Kofikurom Borehole 30 15-60 224 58-679 18 4--68 

*Strictly includes the methylated metabolite MMAA. 

greater than the provisional WHO guideline 
maximum of 0.5 mg 1-1. 

Concentrations of halogens in drinking 
waters, notably I and F, have frequently been 
linked with health problems, principally goitre (I 
deficiency) and dental problems respectively. 
Median I concentrations in Obuasi waters are 
7-10#gl  -x (Table 2) and are not thought to 
promote a health problem locally; indeed goitre 
has not been identified as an endemic problem 
in the Obuasi area. Fluoride concentrations are 
generally low (median values 50-70 #g 1-1, Table 
2) and much lower than the WHO recommended 
maximum value of 1.5mg1-1. Dental caries 
(commonly associated with dietary F deficiency) 
was identified as a common problem in the study 
area, although high sugar intake and poor 
dental hygiene are additional likely causes. 

Figure 7 shows the regional distributions of 
Cu, Ni, Ag and Sb in Obuasi waters. Antimony 
has been included because of its known associa- 
tion with As in mine wastes and high concentra- 
tions in mining areas (e.g. Mok & Wai 1990). 
Although the elements given in Fig. 7 are all well 
below levels considered detrimental to health, 
their concentrations are higher in the vicinity of 
Obuasi. This may largely reflect natural water- 
rock interaction processes in the main sulphide 
vein-bearing zone (Fig. 1). Concentrations of 
most of these elements are higher in ground- 
waters than streams but some streamwaters 
around Obuasi also have high Sb concentra- 
tions, probably due to binding with colloidal-Fe 
and organic materials. It is also possible that the 
trace element anomalies around Obuasi are 
caused by recharge of polluted water from the 
Pompo and Gymi river systems to the Birimian 
aquifer, rather than natural water-rock inter- 
action processes. This would also give rise to 
elevated concentrations of the elements shown in 
Fig. 7 in the groundwaters as a result of mixing. 
Further investigation of the distributions of 
elements concentrated in the tailings effluent 
such as C1, SO4, CN, Sr, B and Rb would help to 
determine whether this localized area of trace 
element anomaly is pollution-derived or natural, 
although CN should not have long-term stability 

in oxidizing conditions in river systems. Further 
work on the hydrogeology of the Obuasi area 
would also help to determine whether the 
groundwater quality is severely affected by mine 
waste recharge. 

Urine samples 

Statistical results for urine samples from the two 
villages studied in the Obuasi area are given in 
Table 3. One village, Kofikurom, situated about 
2 km west of the Obuasi mine, is a suburb of 
�9 Obuasi where the inhabitants have used ground- 
water from borehole supplies for many years. 
The chemical analysis for borehole water from 
this village is given in Table 1: As concentration 
was low at < 2#gY 1. The other village, Wu- 
mase, is located 14km south of Obuasi, where 
the water supply has traditionally been from a 
stream source (although a few shallow dug wells 
are available). Total arsenic concentration from 
one of the wells was < 2#g1-1 (Table 1) but 
higher in the local stream (the main source) at 
5 #gF  1. The Astotal concentration of unfiltered 
streamwater from this site was found to be 
8/~gl -~, the excess over dissolved concentration 
probably bound to suspended solids or organic 
acids. People from both villages eat a diet of rice, 
cassava, plantain, yam, maize, occasional meat 
and fish (most volunteers having eaten fish, 
mostly local freshwater types, within the 24-hour 
period preceding the sampling). Villagers from 
Wumase obtain vegetables mainly from local 
farms, whilst those from Kofikurom obtain 
vegetables from Obuasi market and a farm at 
Anyenim (Obuasi). Ages of the volunteers were 
10-62 and 15--60 in Wumase and Kofikurom 
respectively (Table 3). Occupations of volunteers 
in Wumase were mainly farmers, housewives 
and schoolchildren, whilst those in Kofikurom 
had a more varied range of occupations and 
included miners, farmers, traders, security staff 
and housewives. 

Within each community, urinary As concen- 
trations did not vary significantly with age, sex 
or occupation. Median values of total As 
concentration were 297 #g1-1 for Wumase and 
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224 #g 1-1 for Kofikurom. These values are very 
high compared to concentrations quoted else- 
where in the literature, but reflect the content 
of organic As (arsenobetaine, arsenocholine) 
derived from recent ingestion of fish in both 
populations. Inorganic (reducible) As contents 
were much lower at 42 and 18/zg 1-1 respectively 
(Table 3). The median concentration for Kofi- 
kurom falls within the range of background 
urinary As values given by other studies. The 
value for Wumase is somewhat higher and could 
be a result of ingestion of drinking water with 
more As (albeit at a concentration below the 
WHO recommended maximum) or due to 
differences in provenance of foodstuffs such as 
vegetable crops: those purchased at Obuasi 
market by the Kofikurom inhabitants are likely 
to be exotic rather than grown locally in 
potentially As-rich soils. There is also the 
possibility that Wumase residents use water 
from the polluted Gymi river since this flows 
very close to the village. This is, however, 
unconfirmed. 

Since Kofikurom is a suburb of Obuasi, 
situated close to the mine complex and using 
groundwater abstracted from the vicinity of the 
auriferous vein systems, the low concentration 
of inorganic As in Kofikurom urine samples is 
particularly encouraging and provides further 
evidence that local shallow groundwater is of 
good quality with respect to As. 

Conclusions 

The distribution of As and other trace elements 
has been investigated in streams, shallow wells 
and boreholes providing drinking water to rural 
communities in the Obuasi area. Concentrations 
of total As range between < 2#g1-1 and 
175/zg1-1, 20% of sources exceeding the WHO 
guideline maximum value for As of 10#gl q 
(although only 6% exceed the current EC and 
USEPA maximum of 50#g l-l). The high As 
loads of some local streams and groundwaters 
result from both mine-derived pollution and 
natural water-rock interaction processes. Pollu- 
tion results from the discharging of tailings 
effluent and mine drainage into streams around 
Obuasi and historic atmospheric emissions of As 
trioxide and sulphur dioxide from roasting 
operations at Obuasi mine. High concentrations 
of As are also derived from natural oxidation of 
As-rich sulphide ores, notably arsenopyrite, as 
well as derivation from secondary As-bearing 
minerals. 

Some of the streamwaters contain the highest 
concentrations of As, particularly those in the 
path of former mine emissions, to the north of 

Obuasi. Many of the As-rich streamwaters have 
high colloidal-Fe concentrations and are highly 
coloured, suggesting a high organic-acid con- 
tent. The high As concentrations are likely to be 
facilitated by strong binding to these com- 
pounds. Arsenic(III)/Astotal ratios have a bi- 
modal distribution, some with values less than 
0.5 dominated by As(V) and some dominated by 
As(III) and possibly DMAA (values greater 
than 0.5) which are likely to have resulted from 
biomethylation and reduction reactions invol- 
ving bacteria and algae. 

Arsenic concentrations are universally low in 
shallow wells (median value < 2/~g 1-1) but reach 
higher levels (up to 64/~gl -l) in groundwater 
from some of the deeper, more reducing bore- 
holes (40-70m depth). Deep mine-waters (70- 
100m) rich in Fe and SO4 indicative of 
Fe-sulphide oxidation have As concentrations 
between 5 and 17mg1-1. This range is lower than 
observed local maxima and probably results 
from As sorption by precipitating ferric oxy- 
hydroxide although oxidation of As-poor sul- 
phide minerals such as pyrite may also be 
responsible for the relatively low concentrations. 

Positive correlations between As, borehole 
depth and bicarbonate content in groundwaters 
suggest that high As is controlled by depth of 
circulation and results from greater degrees of 
water-rock interaction with sulphide minerals, 
afforded by longer residence times in the aquifer. 
The higher concentrations in the deeper bore- 
holes are generally accompanied by higher 
proportions of As(III) which is the stable species 
under more reducing conditions. 

As(III) is known to be more toxic than As(V). 
The deeper borehole waters and some streams 
are therefore a greater health concern, both 
because of higher Astotal contents and higher 
proportions of As(III). However, possible risks 
from As(V) should not be ignored because of the 
potential for in vivo reduction to As(III). 

The quality of Obuasi drinking waters with 
respect to other inorganic constituents is gen- 
erally good. Concentrations of the major ele- 
ments are low with CI mostly < 20 mgl q ,  SO4 
<4mg1-1 and Na <30mg1-1 . There is also 
little evidence of significant agricultural pollu- 
tion since concentrations of NO3, K and P are 
usually low. Trace metals, particularly those 
associated with sulphide oxidation and gold- 
mining activity (e.g. Co, Ni, Cu, Zn, Pb, Ag, Sb) 
are also all below WHO guideline maxima in 
drinking waters analysed in this study. However, 
higher values are observed to the east and south 
of Obuasi, either as a result of recharge of 
polluted river water to the aquifer or from 
natural sulphide oxidation in the area where the 
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greatest concentration of ore veins occurs. 

Microbiological  qual i ty  of some Obuasi  
drinking waters is less good, particularly stream- 

waters and some shallow wells which have high 

bacterial counts and are often associated with 
water-borne diseases (West et al. 1995). This, 

together with potentially high As concentra- 

tions, renders the streamwaters largely unsuit- 

able for potable supply. 
Use of borehole water should therefore be 

encouraged in the area, with the exception of 
deeper groundwater sources with potentially 
high As concentrations. The local geological 

and geochemical environment in Obuasi  is 

typical of the Ashanti  gold belt in general and 
it is therefore likely that the As mobilization 
processes outlined above are representative of 

the region as a whole. 
Urinary total As concentrations in volunteers 

from two villages, one a rural community 14 km 

south of Obuasi and the other a suburb of the 
town, are very high with median values at 297 
and 224#g1-1 respectively and reflect the high 
intake of fish in the diet. Inorganic As contents 
are much lower at 42 and 18/~g 1-1 respectively. 

Differences between the two probably reflect 
differences in As content of water supplies and 
provenance of vegetable foods. In particular, the 
low median value for the village using ground- 
water, despite its proximity to mining activity 
and to potential sources of As, attests to the 

overall good quality of shallow groundwater 
with respect to As in the Obuasi area. 

Concentrat ions of  As in river sediments 

downstream of the pollutant discharge points 
were not investigated in this study. This would 
be an interesting topic for further research since 

large amounts of aqueous As are known to sorb 
onto sediments. Since As release from sediments 
is thought to be achieved more readily under 

acidic conditions, the river sediments can have a 
large impact on potential for As dispersion 
downstream of the pollution injection point and 
on recharge to the aquifer. This has large 

implications for groundwater resource protec- 
tion in the area to the south and east of Obuasi. 
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Environmental impact of mining and smelting industries in Poland 
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Abstract:. Mining and smelting industries cause tremendous devastation of  both terrestrial 
and aquatic environments on the local and regional scale. Mines and smelters produce large 
quantities of waste, which must be deposited on land or into aquatic systems. The major 
effects in terms of contamination by heavy metals are in the polluron of air, soil, fiver water 
and groundwater systems. In Poland the most endangered s urCace water systems are the 
upper courses of both the Vistula and Odra Rivers, where the increase of contaminants, 
especially heavy metals and chloride ions, must be regarded as alarming. About 50% of 
surface water flows do not even meet the standards for quality class III. In 1990 the volume 
of wastes produced by mining and processing industries was more than 660 million tonnes of 
spoils and 490million tonnes of tailings. It is estimated that in the period 1984-2000 about 
900 million m 3 of spoils will be dumped in the area of the Upper Silesian Coal Basin alone. 
Taking into account the volume of sewage which should be treated, the emission of dusts 
and gases, and the volume of dumped wastes per km 2, 27 ecologically endangered regions 
have been distinguished. Almost half of these correspond to mining and smelting districts. 

Mining and smelting activity imposes adverse, 
usually irreversible, effects on the terrestrial and 
aquatic environment. The most serious are: (1) 
changes in hydrogeological systems; (2) hydro- 
logical transformations of  soils and surface 
water flows; (3) contamination of soils and 
surface and ground water resources; and (4) 
pollution of the atmosphere. In most cases the 
impact of  mining on the environment is both 
local and regional. Very often the metallurgical 
industries are situated near the metal mines, and 
thermal power and heating plants are located in 
the vicinity of coal mines, so the geochemical 
characteristics of  the mining areas are very 
complex. 

Out  of  abou t  80 minera l  commodi t i es  
exploited recently in Poland, the most important  
are hard and brown coals; copper, zinc and lead 
ores; and native sulphur and rock-salt (Fig. 1). 

The metallurgical industries in Poland are 
among some of the largest in Europe and the 
huge plants, located in heavily industrialized 
areas, have caused large-scale deterioration of 
the environment. 

Upper Silesian district 

Hard coals have recently been mined in Poland 
in three districts: the Upper Silesian Coal Basin 
(USCB: Katowice, Rybnik areas), the Lower 
Silesian Coal Basin (LSCB: Walbrzych and 

Nowa Ruda areas) and the Lublin Coal Basin 
(LCB: area east from Lublin). Adverse effects of 
mining activity are especially marked in the 

Upper Silesian Coal Basin where coal has been 
intensively exploited for about 150 years. In the 
1980s, 62 coal mines in the Upper Silesia region 
extracted 190-200 million tonnes of coal per year 
(Nowicki 1993). 

A large part of the coal extracted is burned in 
several power stations and in the heating-power 
plants of the Silesia conurbations, which have 
over three million residents. It is also converted 
into coke. In 1989 Katowice province extracted 
98% of the total output of coal in Poland and 
100% of zinc ores, generated 50% of the total 
steel production, and produced 34% of the coke 
(Przybylski 1991). 

The hydrological system of the Upper Silesian 
Coal Basin (USCB) is influenced mainly by 
naturally mineralized and polluted waters which 
originate from dewatering of mines and are 
discharged into surface water drainage systems. 
In 1989 the operating coal mines in the  USCB 
discharged about 720 000 m 3 of water per day 
from 83 discharge points. These waters are rich 
in C1- and SO4 ~- and contain high concentra- 
tions of heavy metals (Guziel 1988; Wilk et al. 
1990). The to ta l  amoun t  of  chloride and 
sulphate ions released to the surface water 
systems reached 8000tonnes per day in 1990, 
of  which 5000tonnes were finally transported 
into the Vistula River and 3000 tonnes into the 
Odra River. Concentrations of chloride and 
sulphate ions of more than 300 g/m 3 (reaching a 
maximum of 1600 g C1-/m 3) have been recorded 
over a distance of about 200 km in the Odra and 
Vistula rivers. 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 183-193 

183 



184 E. HELIOS RYBICKA 

Fig. 1. Occurrence of principal mineral raw materials in Poland (Kozlowski 1983). Hard coal districts: 1, 
operating; 2, designed. Brown coal districts: 3, operating; 4, designed (1, Turosz6w, 3, Konin;, 4, Beltchat6w); 5, 
petroleum and gas districts. Metallic ore districts: 6, operating; 7, designed (1-copper, 2, 3, 4, 5, Pb-Zn); Chemical 
row material districts: 8, operating; 9, designed (1-sulphur, 2, 3, rock-salt), Industrial stones:. 10, operating; 11, 
designed. 

Mineralized waters in the USCB coal mines 
have high concentrations of natural radioactive 
isotopes (Ney 1988; Wilk et al. 1990). This is 
caased by the reducing environment which 
predominates within the coal formations. In 
such conditions some elements (e.g. radium) are 
selectively leached from the wall rocks which 
results in a large excess of Ra over U and Th in 
the mine waters. The concentration of 226Ra in 
waters discharged to both the Vistula and Odra 
rivers varies from < 0.1-28.1 kBq/m 3. 

In the Upper Silesian Zn-Pb mining district, 
the principal environmental problem is the 
formation of depression cones caused by the 
dewatering of mines. This affects an area of 
about 1000 km 2. In the Bytom subdistrict, where 
ores have been worked since the twelfth century, 
the mine waters have been almost completely 
drained off. Although the Bytom mines have 
been inactive since 1989, the water is still 
pumped and discharged into the surface drain- 

age system (mainly to the Brynica stream). This 
discharge supplies 100tonnes of TDS per day 
(90% sulphates) and up to 2 g/m 3 of base metals 
(mostly Zn and Pb). The mine waters also 
commonly contain phenols (1-2g/m 3) which 
result from the infiltration of surface contam- 
ination. 

Industrial effluents are commonly discharged 
to surface water drainage systems after clarifica- 
tion in tailings ponds. Such waters may contain 
up to 300 g/m 3 sulphate ions and up to 3 g/m 3 Zn 
and Pb ions. An example of such strongly 
degraded surface water is the Luszrwka stream 
(a tributary of the Vistula River) which receives 
2.2 tonnes of sulphates and 22 kg of Zn and Pb 
per day. 

A major problem is the pollution of both the 
bottom and flood-plain sediments of the two 
main rivers, the Vistula and the Odra, with 
heavy metals (Figs 2, 3). These are not only 
derived from mine waters but also are released 
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Fig. 2. Distribution of heavy metals among the suspended matter and bottom sediment grain size fractions of 
Upper Vistula River. 

by Zn, Pb and Cu ore processing and smelting 
plants. Recent investigations (Macklin & Kli- 
mek 1992) have revealed very hi_ghl ' concentra- 
tions of Zn (up to 11000mgkg-),  Pb (over 
1700mgkg -1) and Cd (up to 150mgkg -l) in the 
overbank alluvial sediments of Upper Vistula 
and Przemsza rivers. 

Industrial waters discharged from Zn-Pb ore 
processing plants, as well as mine waters and 
meteoric waters infiltrating the waste dumps, are 
the principal pollutants of the Przemsza River, a 
tributary of the Vistula River. The concentra- 
tions of heavy metals in the bottom sediments of 
these two rivers are ver), high, and can reach 
maxima of 7000mgkg-" Zn, more than 900 
mgkg -1 Pb and 200mgkg -] Cd in the Przemsza 
River, and up to 6000 mg kg -1 Zn, 800 mg kg -l 

1 Pb and about 140mgkg- Cd in the Vistula 
River sediments (Helios Rybicka 1992, 1993). 
The maximum concentration of cadmium is 

particularly high and approaches some of the 
highest levels recorded in river sediments any- 
where in Europe (c. 200mgkg-1). The concen- 
trations of heavy metals in the Odra River 
sediments are also high with concentrations up 
to 6700mg kg -~ Zn, 4000mg kg -L Pb, 1800 
mgkg -l Cu, 350mgkg -1 Ni and 12mgkg -1 Cd 
(Fig. 3). 

Soils in the neighbourhood of metal mines 
and smelters exhibi~t metal concentrations which 
are up to 100 times the natural background 
(Table 1, sites: Bukowno, Bytom, Katowice, 
Olkusz, Tarnowskie Grry; Kucharski et al. 

1992). One important environmental problem 
in Poland is the contamination of soils with 
cadmium and lead. The ranges of metal con- 
centrations in soils in the metal-processing area 
are as follows: 1665-13800mgkg -l Zn, 72- 

1 1 2480 mg kg- Pb and 6-270 mg kg- Cd (Kabata- 
Pendias & Pendias 1992). Soils in the vicinity of 
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Fig. 3. Concentrations of heavy metals in the 

a Zn-Pb mining and smelting complex in 
Bukowno contain high concentrations of Zn, 
Pb and Cd (234-12400, 42-3570 and 25- 
133 mgkg -1 respectively; Verner et al. 1994). 

The metal industry also releases noxious gases 
including sulphur and nitrogen oxides. In the 
neighbourhood of the Miasteczko Slaskie Zn-  
Pb smelter, forest and other vegetation has been 
almost completely destroyed as a result of acid 
air pollution. Surface subsidence affects the 
mining fields of 43 USCB mines and has resulted 
in the formation of 322 ponds (data for 1987). 
The total submerged area is about 8 km 2 and this 
land is completely excluded from any new land 
u s e .  

Mining activity yields several tens of millions 

E 
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I 
- 800 

-600 

200 

~ L0 

< 63 #m sediment fraction of the Odra River. 

of tonnes of coal waste each year (Fig. 4). Two 
types of waste can be distinguished: spoils and 
cleaning wastes. It is estimated that production 
of 1 tonne of hard coal is accompanied by the 
additional production of 0.4 tonnes of various 
wastes. Of this figure 46~ remains underground 
and the rest (54%) is dumped on the surface. 
The wastes are carboniferous claystones, mud- 
stones, sandstones and gravelstones/conglomer- 
ates, all of which contain variable amounts of 
heavy metal sulphides. 

Ashes and slags from power stations consti- 
tute a relatively small percentage of wastes (2- 
3%). About 140 waste dumps are situated in the 
USCB, some of them being outside the mining 
areas. Although land rehabilitation has been 
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Table 1. Soil contamination (rag kg -1) with metals in the Katowice District 
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Sampling site Lead Cadmium Zinc 

Bedzin 22-835 2-7 330-9000 
Bobrowniki 74--1310 n.d.-54 109-6220 
Bukowno 46-1520 1-42 90-9200 
Bytom 129-2292 2-85 193-12595 
Chorzbw 117-600 5-23 539-3749 
Chrzan6w 24--1100 1-35 62-5660 
Czechowice Dziedzice 8-95 n.d.-2 33-217 
Czelad$ 150--401 5-34 460-2645 
Dabrowa G6rnicza 10-890 1-17 37-3820 
Gliwice 18-104 n.d.-4 37-289 
God6w n.d.-246 n.d.-1 1-102 
Jaworzno 22-2150 1-36 73-5700 
Katowice 20-1050 n.d.-20 6 I-2110 
Klucze 4-3500 1-9 33-540 
Krzy~anowice n.d.-112 n.d.-2 n.d.-185 
Libia~. 22-255 1-7 47-510 
Lubomia n.d.-58 n.d.-1 24-313 
Laziska G6rne 22-80 n.d.-3 82-265 
Lazy 8-294 n.d.-5 34-760 
Mierzecice 35-610 n.d.-10 62-1690 
Mikol6w 25-126 n.d.-4 26-387 
Myslowice 8-940 n.d.-7 43-1740 
Ogrodzieniec 16-122 n.d.-6 39-319 
Olku sz 12-820 n.d.- 17 24-1400 
Orzesze 1 5-221 n.d.-16 20-900 
Piekary Slaskie 131-3500 2-72 400-10400 
Psary 40-960 n.d.-69 82-6840 
Pszczyn. a 5--136 n.d.-4 11-159 
Ruda Slaska 21-278 1-9 90-700 
Siemianowice Slaskie 86-576 2-27 417-3807 
Siewierz 17-260 n.d.-50 39-7720 
Slawk6w 37-352 2-16 148-2960 
Sosnowiec 45--537 2-31 120-2690 
Suszec 9-130 n.d.-4 5-244 
Swierklaniec 98--388 2-8 167-1640 
Swietochlowice 122-1320 8-61 580-8050 
Tarnowskie G6ry 26--8200 1-143 103-13250 
Trzebinia 24-1250 n.d.-80 73-9700 
Twor6g 1 4-211 n.d.-7 8-620 
Tychy 10-190 n.d.-7 22-580 
Zabrze 30-158 1-5 5-550 
Zawiercie 4-260 n.d.-5 24-359 

n.d., non-detectable. After Kucharski et al. 1992. 

completed for most of the dumps, the pollution 
of groundwaters due to the leaching of soluble 

components by percolating meteoric waters, still 
continues. Thus, despite their age, the dumps are 

classified as potential  pollution sources for 

surface and groundwaters. 
In 1989 industrial plants generated about 

170million tonnes of waste, of which 43%, 

including 2-3 million tonnes of hazardous waste, 

were dumped at waste disposal sites. Almost half  

of the total industrial wastes at waste disposal 

sites in Poland (i.e. 1500-2500 million tonnes) is 

accumulated in the small area of Katowice 
province (Fig. 5). 

One of  the most dangerous environmental 

hazards caused by waste dumps is the pollution 

of surface and groundwaters by soluble com- 
pounds leached from the wastes. This conclusion 
is supported by studies of pore solutions derived 

from the carboniferous spoils and of waters 

seeping from the dumps (Twardowska et al. 

1988). Aqueous solutions which are highly 
contaminated with the products of sulphide 

decomposition occur throughout the full thick- 
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nesses of typical spoil dumps. In solutions 
collected from beneath 7 to 15-year old spoils, 
sulphate ion concentrations exceeded by 10-80 
times the quality standards for potable waters. 
Formation of especially dangerous, highly acid 
waters with pH below 4 appears to be a common 
effect. The leaching time of sulphides from fine- 
grained, oxygenated spoils is estimated to be 
about 11 years on average. In mine rock waste 
dumps, this process is much slower due to the 
coarse particle-size of the spoils and the limited 
volumes of meteoric waters available. However, 
some spoil dumps can remain a persistent source 
of pollution as a result of sulphide oxidation, 
and this may affect the environment over a 
period of decades. 

Lower Silesian region 

Of the mineral commodities which have been 
exploited for long periods in the Lower Silesia 
region the most important are: (1) hard coal in 
the Walbrzych and Nowa Ruda areas of the 
Lower Silesian Coal Basin (LSCB); (2) brown 
coal in the Turosz6w area; and (3) copper ores in 
the Lubin Copper District (LCD) (see Fig. 1). 

In the Lower Silesian Coal Basin (LSCB), the 

total volume of soluble solids released into 
surface water systems from mine waters reached 
180tonnes per day in 1989. The mine waters 
are polyionic (SO4-HCO3-Mg-Ca-Na type) but 
locally contain high concentrations of C1-. The 
high contents of sulphate in groundwaters result 
from infiltration of industrially contaminated, 
meteoric waters, derived from the leaching of 
numerous spoil dumps and also from the long- 
term residence of groundwaters in abandoned 
mine workings. Potential pollution sources of 
waters infiltrating into the LSCB mines include 
17 dumps containing various types of mine 

spoil s . 
The total area affected by damage from brown 

coal open pit exploitation is 60 000 hectares and 
is the largest area affected by open pit mining in 
Poland. Beside the Turosz6w brown coal mining 
and power station industry district there are two 
others in operation in Poland: Belchat6w, and 
mid-Poland (Konin, Turek). The adverse envir- 
onmental effects caused by brown coal open pit 
mining are irreversible and include extensive 
wasteland areas. Apart from geomechanical 
processes which lead to the complete destruction 
of soils and irreversible changes to the land- 
scape, the drainage of open pits influences 
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hydrological systems. Both surface water and 
shallow and deep groundwater, are affected by: 
(1) formation of depression cones which result in 
the lowering of shallow and deep water tables, 
and (2) changes in watersheds and divides. 
Dewatering of open pits results in a deficiency 
of water in farm lands and forest districts. Mine- 
waters from brown coal pits are, however, 
generally uncontaminated and commonly meet 
the standards for potable waters. 

Environmental problems caused by the brown 
coal mining industry are linked to those 
produced by the adjacent power stations which 
utilize most of the brown coal. Combustion of 
brown coal results in massive emissions of gases 
(CO2, SO2, nitrogen oxides) and dusts which are 
composed mostly of A1203 and Fe203 together 
with an admixture of heavy metals (Zn, Pb, Cd). 
Brown coals mined in Poland have sulphur 
contents of between 0.5 and 1.1%. As this 
sulphur is organically-bound, its removal before 
combustion is impossible. Huge amounts of SO2 
are thus released to the atmosphere (Fig. 6) 
giving rise to 'acid rain' and, consequently, to 
the degradation of soils by acidification. 

Within a small area adjacent to the Polish- 
German-Czech border is situated the largest 
basin for brown coal extraction, with a com- 
bined annual production of c. 200 million tonnes 
of which about 20million tonnes are extracted 
within Poland. This represents about 25% of the 
total brown coal extraction in Europe and it is 
used within the same area in 12 big power 
stations (including one in Poland at Tur6w). The 
SO2 emission from this area, called 'the Black 
Triangle', is very high accounting for 20% of the 
total SO2 emissions in Europe. Deposition of 
sulphur compounds is more than 5000mg/m 2 
per year and the pH is below 3.0. This has 
caused the complete destruction of forests in the 
Izerskie Mountains (EMEP 1992; Nowicki 
1993). 

In the Lubin Copper District (LCD) mine and 
industrial waters are purified before they are 
discharged into the Odra River thus preventing 
deterioration of the water quality class. Periodi- 
cally, during high river flows, waters with 

3 increased TDS (14.5 g/din ) are released at rates 
3 of less than 70 m per minute. The load supplied 

to the Odra River in 1984 included 66 000 tonnes 
of chlorides, 21000 tonnes of sulphates, 3.6 
tonnes of Cu, 3.0tonnes of Pb and 3.2tonnes 
of Zn (see Fig. 3; Wilk et al. 1990). 

Metal ore mines in the LCD are accompanied 
by processing plants and smelters which con- 
tribute significantly to the overall pollution. The 
soils in the vicinity of copper smelters are rich in 
heavy metals. Cu and Pb in the upper soil layer 

may exceed 0.7% and 0.2%, respectively (Helios 
Rybicka et al. 1994). 

The Polish base metal ores are relatively low- 
grade so the wastes, which are mostly tailings, 
constitute 90-98% of the total output. The 
volume of wastes produced places the base metal 
industry in second position, just below the coal 
and power industry, in terms of waste produc- 
tion. The wastes are deposited in dumps and 
railings ponds. The latter especially are sources 
of environmental hazards caused by the eleva- 
tion of the groundwater level in the adjacent 
areas - in some eases up to several metres. This 
results in excessive moisture in soils and forma- 
tion of marshes and ponds. The waters perco- 
lating from tailings ponds are highly polluted 
and may affect both groundwater and soils. In 
the LCD, waters in tailings ponds are highly 
contaminated with Cu, Zn and Pb sulphates and 
chlorides as well as organic compounds. Where 
groundwaters are contaminated they cannot be 
used for drinking water and, moreover, can also 
be harmful to vegetation. Dispersion of con- 
taminants from huge tailings ponds in the LCD 
(Gilrw & Zelazny Most areas) has become a 
serious problem with pollution extending over 
an area of about a dozen square kilometres. 

Cracow urban-industrial  area 

Cracow is located within a large urbanized area 
which contains a number of polluting industrial 
plants, of which the most dangerous are a 
metallurgical factory, an aluminium plant and 
coal power and heating stations. These sources 
of gas and dust pollution are principally 
responsible for smog incidents in Cracow city. 
More than 47% of the area of Cracow province 
is threatened with environmental degradation 
(Michna 1991). 

Beside the steelworks and power heating 
stations in Cracow, the major sources of air 
pollution are domestic coal-fired stoves and 
local boiler houses. The annual mean concentra- 
tions of suspended particulates, SO2 and fluorine 
in the air in the years 1981-1991 were very high 
(55-95, 60-105 and 1-4 #g/m a respectively), 
although these decreased from 1988. The highest 
emission of particulates (above 140 000 tonnes 
per year) was observed in 1985, of which the 
steelworks' contribution made up about 50% 
(Rymont 1992). 

The main river in the Cracow region is the 
Vistula River which is very polluted (see Fig. 2). 
The river water, which makes up 80% of the 
region's water resources, does not comply with 
any of the quality classes (Fig. 8). Due to the 
enhanced salinity of the Vistula River caused by 
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Fig. 8. Quality classes of stream waters in Poland (GUS 1991). 

Table 2. Total amount of  main pollutants transported to the Baltic Sea by rivers from the Polish drainage basin 
(averages in tonnes per year estimated for 1988-89) 

phosphorus nitrogen zinc lead copper 

15 584 207 326 3331 448 515 

cadmium mercury chromium nickel 

40 90 443 284 

Data from Main Statistical Office, GUS 1991. 

the Silesian mines, water which reaches Cracow 

province is already too contaminated to be used 

as drinking water or for industrial and agricul- 

tural purposes. The tributaries of the Vistula 

River in the Cracow area are also heavily 

polluted. Significant contamination by Cd, Cr, 

Ni and Pb has been detected in allotment 
gardens in the Cracow conurbation (18, 86, 64 

and 226mg kg -I respectively; Grodzifiska et al. 

1987). 
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In 1991 c. 3 100 000 tonnes of industrial waste 
were generated in the Cracow region of which 
only c. 2 200 000 tonnes were utilized. The rest 
were disposed of in dumps which occupy a total 
area of about 438 ha. The major wastes were 
metallurgical, including c. 1 400 000 tonnes from 
the steelworks and c. 800 000 tonnes of ash and 
slags from power stations. 

Conclusions and recommendations 

The mining and smelting industry causes tre- 
mendous devastation of the natural environment 
in Poland. The most endangered surface water 
flows are the upper courses of the Vistula River, 
including its Upper Silesian tributaries and the 
Odra River, in which the increase of contami- 
nants, especially in recent years, must be 
regarded as alarming. Most of the polluting 
substances originate from highly mineralized 
waters pumped from the Upper Silesian coal 
mines. One example of a drastic increase of 
pollutants can be seen in the dispersion of 
chloride concentrations in the Vistula River 
near Cracow in the years 1940-1992 (Fig. 7). 

Both the Vistula and Odra  Rivers are 
important sources of water for domestic and 
industrial purposes. The Vistula River supplies 
about 0.5billion m 3 of water along its 550km 
long upper and middle courses which provide 
nearly 35% of the total water consumption in 
Poland. The Odra River yields an additional 
300 million m 3 downstream to the mouth of the 
Nysa Lu~ycka River (i.e. about 2% of the total 
consumption). Progressive pollution of both 
rivers and their tributaries is a real danger and 
may lead to an environmental catastrophe. 

Of the surface water flows included in the 
Polish water quality classification, about 50% 
do not meet the standards even for quality class 
III (Fig. 8). The total load of domestic and 
industrial sewage transported to the Baltic Sea 
by rivers from the Polish drainage basin 
includes, among others, the compounds listed 
in Table 2. 

Other important sources of pollution are the 
wastes produced by the mineral industry. In 
1990 the volume of such wastes included 
660.5milliontonnes of spoils, of which 31.3% 
were disposed of in dumps, and 490.7 million - 
tonnes of tailings and cleaning wastes derived 
from coal, barite, native sulphur and base metal 
processing plants, of which 69.3% were dumped. 

Hard-coal mining yields the largest volume of 
waste. It is estimated that in the period 1984- 
2000 c. 900 million m 3 of spoils will be dumped 
within the area of the Upper Silesian Coal Basin 
(Witczak & Szczepafiska 1987). The annual load 

of chlorides in these spoils is up to 40 000 tonnes. 
Such a volume is sufficient to contaminate 
133millionm 3 of water at concentrations ex- 
ceeding the quality standards. 

Many of the pollutants originate from the 
weathering of sulphides contained in spoils. 
Under full oxygenation, the decomposition of 
sulphides in these spoil tips may yield 450 000 
tonnes of sulphates per year (Twardowska et al. 

1988) - a high enough volume to pollute 
2300 million m ~ of water (i.e. twice the annual 
consumption of the whole Katowice province) 
at a level exceeding quality standards. Many 
dumps produce highly acid waters (pH < 4). 

A combination of hydrological, chemical and 
geochemical investigations can provide much 
additional valuable information on concentra- 
tions of pollutants, including potentially harmful 
trace elements such as As, Cd, Cu, Pb and Zn. 
Such data would facilitate the evaluation of the 
environmental impact of mining and processing 
activities on the river, groundwater and soil 
systems. 

To evaluate and control the environmental 
impact of mining and smelting industries it is 
recommended that geochemical investigations 
should be undertaken to (1) estimate the extent 
of local and regional pollution, (2) quantify the 
sources of heavy metals, chlorides, sulphates, 
nitrates, total acid mine drainage, and other 
contaminants, and (3) help define and control 
the major sources of pollution, i.e. waste rock 
heaps, railings, waste dumps and air pollution. 
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Lacustrine sediment geochemistry as a tool in retrospective 

environmental impact assessment of mining and urban development 

in tropical environments: examples from Papua New Guinea 
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Aberdeen AB1 1HG, UK 

Abstract: Lake sediments represent an archive on chemical inputs into the environment. 
Baseline data for natural or background inputs can be obtained by analysis of deep ( > 1 m) 
cores in conjunction with rigorous statistical procedures such as probability plots. Surface 
sediments illustrate the geographical distribution of the contamination, while shallow cores 
( < 1 m) permit estimates of sedimentation rate from the onset of contamination discharge. 
In Papua New Guinea lakes are particularly important as fish stocks which represent a vital 
source of protein, and any impact which may diminish these stocks is a cause for concern. 
Two lakes considered are respectively impacted by mining and urban development and show 
significant enrichments in metals and enhanced sedimentation rates. Surface enrichments in 
Cu in the mining-impacted lake attain levels of 348% over baseline; while the lake impacted 
by urban run-off and sewage discharge displays enrichments of 450% for Pb, 500% for Mn 
and 1100% for P. Sedimentary geochemistry is a potential tool in determining background 
or 'natural' metal inputs into a lacustrine system. Such data can permit environmental 
impact evaluations and legislative guidelines to be developed retrospective to development. 
In developing countries where urban and industrial growth has preceded environmental 
legislation, this technique may be employed to provide baseline data on which future 
discharge limitations or environmental controls may be built. 

Lake sediments are well known for their ability 
to record palaeo-environmental changes, and 
such changes can be reflected in the geochem- 
istry of the sediments (Engstrom & Wright 
1984). Sedimentary geochemistry has also been 
employed on a century-decade timescale to 
identify industrial pollution impacts (e.g. Salo- 
mons & Forstner 1984). The elevated erosion- 
sediment transport regime present in tropical 
climates may permit environmental impacts to 
be recorded in lake sediments on a finer, possibly 
annual, timescale. As such, lake sedimentary 
geochemistry could be a valuable tool in 
determining baseline metal inputs permitting 
retrospective environmental impact evaluations 
and legislative guidelines to be developed. This 
may be of particular importance in developing 
countries where urban and industrial growth 
have outstripped environmental controls which 
may need to be implemented at a later date. 

Chambers (1987) catalogued the lakes of 
Papua New Guinea and reviewed limnological 
studies to 1984. Many of these investigations 
discuss physical or biological characteristics of 
the lakes. Only a few studies on water chemistry 
are noted, and these commonly deal with levels 
of  nutrients such as phosphate and nitrate. 
Work  on the sedimentary geochemistry of 

Papua New Guinea lakes published to date is 
limited to that  of  Osborne and co-workers 
(Osborne et al. 1988; Polunin et al. 1988; 
Osborne & Totome 1992). Lacustrine systems 
in Papua New Guinea are particularly important 
as fish stocks represent a vital source of protein 
and fish forms a large part  of the diet, being 
eaten two-three times daily (Kyle & Ghani 
1982). Any impact which may cause a decline or 
reduction in quality of  the fish is therefore of 
concern. 

This study considers examples of mining and 
urban development in Papua New Guinea, and 
draws on unpubl ished data  and li terature 
reports to illustrate the potential use of  lacus- 
trine sedimentary geochemistry in environmen- 
tal impact assessment. 

Impact of gold--copper mining 

The Ok Tedi Au-Cu mine is situated in the west 
of  Papua New Guinea near the Irian Jaya border 
(Fig. 1). Mining commenced in 1984 using open 
pit methods, extracting 150 000 t per day of ore 
and overburden by 1989 (Salomons & Eagle 
1990). The watershed of  the mine area drains 
into the Fly River via streams such as the Ok 
Tedi (Fig. 1) and is one of  the wettest regions on 
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Fig. 1. Location map of Fly River and the Ok Tedi Au-Cu mine, Papua New Guinea. 

earth, with annual rainfall ranging from 4.7- 
l l .9m in the upper catchment. Mining has 
increased the sediment load of the Fly River 
by 55%, adding up to 70million tonnes per year 
to the total suspended load (Alongi et al. 1992), 
with copper enrichments at concentrations in 
excess of 6000mgkg -1 in the fine fractions 
(Salomons & Eagle 1990). The original environ- 
mental study, undertaken before mining com- 
menced, identified increased sedimentation in 
the Fly River and associated swamps and lateral 
lakes as a potential impact. However, on the 
basis of clay mineralogy Salomons & Eagle 
(1990) determined that a substantial input of 
sediments from the Fly River into Bosset 
Lagoon (a lateral lake) could be discounted. 

Sampling and analytical methods 

To investigate the impact of the mine on the 
lateral lakes, samples of surface sediments and 

cores were collected from Lake Daviumbu, a 
lateral lake situated above the confluence of the 
Srickland and Fly Rivers and fished by the 
villagers of Obo (Fig. 1). Surface sediment 
samples were collected from 32 sites across the 
lake. Sediment cores were collected from 22 sites 
by manually forcing an aluminium corer (inter- 
nal diameter 7.3cm) into the sediment, a pile 
driver was used for deep cores. The corer had 
been previously sawn in half longitudinally and 
bound with waterproof tape. Cores were sliced 
into 2cm sections, which were then stored in 
polyethylene bags at 4~ for 2-3 days in the field 
and subsequently frozen. Samples were dried at 
100~ and then ashed in a muffle furnace at 
550~ for 3 hours to determine organic matter 
content. Samples for XRF analysis were subse- 
quently ashed at 900~ for 3 hours. A total of 32 
surface sediments, 3 river sediments, 9 shallow 
cores (< 1 m depth) and 13 deep cores (to 4 m 
depth) were collected. All surface sediments were 
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copper concentrations in (a) surface sediments and Ca) core sediments from c. 1 m depth. 

analysed by XRF, samples were also taken from 
three shallow cores and nine deep cores and 
similarly analysed. The surface sediments and 
shallow cores, collected in December 1984, 
permit the areal extent and depth of contamina- 
tion to be assessed. The deep cores were taken to 
determine background or 'natural' levels of 
copper input into the sediments, and thereby 
define a baseline from which the level of 
contamination can be evaluated. Such a baseline 
level must be defined if an environmental impact 
assessment is to be made; lake sediments provide 
the necessary archive to enable threshold con- 
centrations to be determined. 

Results 

Data for copper concentrations in surface 
sediments, shallow cores and deep cores are 
shown in Figs 2, 3 and Table 1 respectively. 
These data were obtained by XRF analyses of 
the total sediment sample; no size fraction 

distribution of the Cu was examined since it 
was the total Cu content of the sediments which 
was relevant to the establishment of baseline 
data and evaluation of the extent of any 
contamination. The baseline value for back- 
ground copper was evaluated in three ways: 
visual inspection of the data with median Cu 
content determined on non-enriched samples; 
median Cu content derived from the whole 
dataset; and probability plots derived from the 
whole dataset. 

Visual inspection of the shallow core profiles 
(Fig. 3) shows that copper is enriched in the 
upper 50cm of the cores. Excluding data for 
samples in this enriched zone (n = 9) and using 
the remaining Cu data from both the shallow 
and deep cores (n = 42; Table 1, Fig. 3) gave a 
median value of 37.0mgkg -1 Cu. However, 
taking the full dataset of all surface and core 
samples (n --- 90) gave a median of 42.0 mg kg -1 
Cu. Finally, a probability plot of all samples 
(n = 90) was employed. Probability plots have 
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Fig. 3. Copper concentrations in shallow ( < 1 m) cores 
from Lake Daviumbu. 

Table 1. Copper concentrations in deep cores from Lake 
Daviurnbu, Papua New Guinea 

Depth (m) Cu (mg/kg) 

Core 1 1.2 38 
2.0 44 
2.8 35 
3.6 40 

Core 2 0.4 33 
0.8 31 
1.2 39 

Core 3 0.6 28 
1.2 36 
2.0 33 
2.8 42 
3.6 41 

Core 5 0.6 28 
1.0 29 
1.4 29 

Core 7 0.8 31 
1.6 39 
2.4 34 
3.2 41 
4.0 35 

Core 10 0.8 45 
1.8 43 
2.6 34 
3.4 24 

Core 11 2.2 33 
3.0 23 
3.8 42 

Core 12 2.6 29 
3.0 41 
3.4 32 
4.0 41 

Core 13 2.0 48 

been commonly employed in geochemical ex- 
ploration (Sinclair 1986) but may equally be 
used for environmental applications such as this. 
Using this technique the dataset may be divided 
into a series of sample populations each with a 
range of concentrations. In this application it is 
the upper concentration of the low-Cu popula- 
tion that is required; Sinclair (1986) provides 

details of the procedure. This method yielded a 
value of 48.0 mgkg -1 Cu as the threshold value 
for background Cu levels. This latter figure was 
defined in a more statistically rigorous manner 
than either of the median-based background 
levels, and was taken as the baseline concentra- 
tion for copper. It is also the highest background 
concentration value determined and therefore 
provides the most optimistic assessment of any 
contamination. 

Discussion 

Using the defmed baseline of 48mgkg q Cu, 
68.6% of the surface sediments show enriched 
Cu concentrations up to 348% over baseline. In 
the shallow cores, Cu contents are in excess of 
baseline values in the upper 25 cm (Core 9) to 
60cm (Core 2), attaining enrichments of up to 
244% (Core 2). Since these samples were 
collected less than one year after mining 
commenced, the data imply sedimentation rates 
of up to 60 cm per year, assuming the elevated 
Cu is all due to mine contamination. Such high 
sedimentation rates have obvious implications 
for the preservation of the lake if bed erosion 
does not occur. Contrary to the conclusion of 
Salomons & Eagle (1990), these data provide 
compelling evidence for a significant contribu- 
tion of sediments from the Fly River to the 
lateral lakes such as Daviumbu, with concomi- 
tant implications for the metal enrichments in 
the lake sediments, and the potential for loss 
of the lacustrine environment due to greatly 
elevated sedimentation rates. 

Impact of  urban development 

Port Moresby (Fig. 1) is the capital of Papua 
New Guinea and has seen increased urbaniza- 
tion in post-war years. The city lies in the 
catchment of Waigani Lake, and the geochem- 
istry of the sediments of this lake provides a 
record of this urban expansion. Since 1965 
sewage and urban run-off has been discharged 
into the lake, which now receives over 80% of 
the sewage effluent from Port Moresby (Osborne 
& Polunin 1986). Discharge of sewage and urban 
run-off into the lake has been cited by Osborne 
& Polunin (1986) and Osborne & Leach (1983) 
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as a factor involved in a change in the aquatic 

flora of the lake and the onset of open water 

conditions from a swamp environment. Polunin 
et al. (1988) collected a 1 m deep core from the 

lake close to the sewage outfall. Sediment slices 

2 cm thick were analysed by X R F  for major and 

trace element constituents. Although no baseline 

data were defined, visual inspection of the core 
chemistry shows near-surface enrichments, com- 

mencing at c. 30 cm depth, for both P and Mn. 

Concentrations of these elements range up to 
c. 7 5 0 0 m g k g  -1 M n  and c. 3 w t %  P. These 

enrichments could be caused by run-off and 

sewage discharge and/or by redox-based remo- 
bilization of these species. However, Zn and Pb 

are also at higher concentrations in the upper 
30cm zone, to 150mgkg -1 and 9 0 m g k g  -1 

respectively and it is likely that these enrich- 
ments are anthropogenic. These concentrations 
represent significant increases over those found 

at the base of the core, with enrichments of 
450% for Pb, 500% for Mn and 1100% for P 
(Polunin et al. 1988). The change in the lake 
flora was mapped through dated aerial photo- 
graphs by these authors who were then able to 
date the core correlating changes in the floral 
remnants with the recorded physical and biolo- 
gical evolution of the lake. From this dating they 
estimated sedimentation rates of 2.6 cm per year 
for the period 1966-1975 and 3.2cm per year 
for 1975 to present, an increase which reflects 

the enhanced sewage discharge. Although less 
detailed than the mining study, the work by 
Polunin and Osborne further illustrates the 

application of lake sediment geochemistry to 
documenting the impact of recent environmental 

change. 

Conclusions 

Lacustrine sedimentary geochemistry can be an 
effective tool for the retrospective determination 
of the extent of environmental impact due, for 

example, to mining and urban growth. In Papua 
New Guinea lakes represent valuable food- 

source ecosystems and are vulnerable to such 
development through excessive heavy metal and 
nutr ient  loadings and excessive water and 

sediment discharge which can change the nature 

of the lake environment. 
Surface sediments permit the areal or geogra- 

phical  extent of  the con tamina t ion  to be 
mapped, while shallow cores can be used to 

provide estimates of sedimentation rate and to 

illustrate the depth of enrichment. Fundamental  

to such investigations, however, is a reliable 

estimate of the natural  or background levels of 

input into a lake. Baseline levels are archived in 

the lake sediments and can be accessed through 
analysis of deep cores (>  1 m depth) and the 

application of statistically rigorous methods 

such as probability plots to the chemical data. 

Establishment of baseline data permits the 

extent of contamination to be evaluated and 

may form a framework for future environmental 
monitoring or legislation. 
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Geochemistry of iodine in relation to iodine deficiency diseases 
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Abstract:. Seawater is the most important reservoir for terrestrial iodine (mean concentration 
58 #g1-1 I); this is a major influence on iodine distribution in the secondary environment. 
Volatilization of iodine from the oceans, possibly as elemental iodine or as an organically- 
bound species, is the main source of the element in the environment. The distribution of 
iodine in the secondary environment is, therefore, largely controlled by proximity to the 
oceans, with rainwater and surface run-off relatively enriched in iodine in near-coastal 
regions. Soil iodine content is also strongly influenced with coastal soils being much enriched 
and central continental soils being depleted. Topography has a marked influence with soils 
in rain shadow areas being relatively depleted in iodine. While iodine input is a major 
controlling influence on its geographical distribution in soils, the soil's ability to retain 
iodine is also an important factor. Organic matter together with iron and aluminium oxides 
and clays are the important sinks of soil iodine. 

An additional factor in the distribution of iodine in the secondary environment, and its 
subsequent availability to the biosphere, relates to its speciation in soils. In acid oxidizing 
conditions iodine is likely to be present as the I- ion and as such liable to be volatilized as I2. 
In near-neutral or alkaline conditions iodine is likely to be present as the IOs- ion which is 
not volatilized. Soils in limestone areas, with pH values of 7 and above, have thus been 
found to be much enriched in iodine compared to acidic soils in neighbouring areas. 

It is suggested that iodine from oceanic sources migrates in a series of 'steps' across 
landmasses by deposition followed by revolatilization. High pH soils and organic-rich soils 
then act as a migration barrier for iodine. In addition, it is suggested that volatilized iodine is 
bioavailable and any geochemical barrier to such volatilization deprives the biosphere of a 
major source. In this context it is interesting to note that several goitre endemias occurred in 
areas with limestone bedrock. 

Iodine was the first dement  recognized as being 
essential to human health, with goitre being the 

first endemic disease found to be related to 
environmental geochemistry. Despite the early 
recognition of the importance of iodine to 
human health the problems of goitre and other 
iodine deficiency disorders are still a cause of 
concern. According to some sources (Hetzel 

1991), of  more than one billion people who are 
potentiaUy at risk from some form of iodine 
deficiency disease, some 200 million have goitre 

and as many as 20 million have brain damage 
due to iodine deprivation during foetal develop- 
ment and infancy. Gillie (1973) has described 

endemic goitre as a disease of the poor and 
Hetzd  (1991) points to the major areas of iodine 
deficiency occurring in remote parts of the world 

such as the Himalayas,  Indonesia, New Guinea, 
Zaire and parts of  China. However, it is of 

interest to note that  even some supposedly 
affluent areas of  Europe are affected to some 

extent by iodine deficiency problems (Thilly et 
al. 1992; Galvan 1993; Nohr  et al. 1993). 

While it is generally accepted that several 

dietary factors, including goitrogens, can exert 

an influence on iodine deficiency disorders, the 
primary cause is the lack of iodine in the diet 

(Thilly et al. 1992). For  this reason there is a 
need to clarify the general geochemistry of 
iodine but  more particularly to explain its 
distribution and behaviour in the secondary 
environment. 

Much of the recent interest in the geochem- 

istry of iodine in the secondary environment is 
related to concern about the fate of radioactive 

iodine released f rom nuclear  ins ta l la t ions  
(Chamberlain & Dunster 1958; Paquette et al. 
1986; Rucklidge et al. 1994). As a radioactive 

hazard it also poses a threat to health (Prisyaz- 
hiuk et aL 1991, Kazakov et al. 1992). 

The present paper reviews the current state of 

knowledge regarding iodine geochemistry, con- 

centrating on the secondary environment. At- 
tempts are made to correlate the geochemical 

behaviour of iodine in the secondary environ- 
ment with the distribution of iodine deficiency 

disorders (IDD). 

Iodine in the  p r i m a r y  environment 

Igneous and metamorphic rocks 

Iodine with its ionic radius of 220pm and 
electronegativi ty of 2.5eV is not  generally 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
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concentrated in primary minerals, having a 
relatively uniform content in all mineral groups 
(Fuge & Johnson 1986). There is, however, some 
suggestion that it is relatively concentrated in 
the chlorine-containing minerals eudialyte and 
sodalite where it presumably replaces the chlo- 
ride ion (Kogarko & Gulyayeva 1965). The low 
concentration of iodine in the primary minerals 
is reflected in the low and generally uniform 
levels in all igneous rock groups (Table 1), there 
being also no difference between intrusive and 
extrusive types. The mean value for igneous 
rocks is 0.24ppm (Fuge & Johnson 1986). 

Similarly, the limited data available suggest 
that iodine has a uniformly low concentration in 
the various metamorphic rocks, with concentra- 
tions being similar to those in igneous rocks 
(Fuge & Johnson 1986). 

Table 1. Iodine in igneous rocks 

Rock type Mean I content (ppm) 

Granites 0.25 
All other intrusives 0.22 
Basalts 0.22 
All other extrusives 0.24 
Volcanic glasses 0.52 

Data mainly based on compilations in Johnson (1980) 

Sed imen tary  rocks  

The distribution of iodine in sedimentary rocks 
is more variable, with higher concentrations in 
argillaceous than in arenaceous rocks. Some 
limestones are also relatively enriched in iodine. 
However, iodine concentrations are only greatly 
enhanced in organic-rich sediments, with values 
of over 40 ppm having been recorded. Marine 
derived sediments are richer in iodine than are 
those of non-marine origin, with recent marine 
sediments being particularly enriched. Fuge & 
Johnson (1986) have suggested a mean value of 
2ppm I in sedimentary rocks which are not 
bituminous or associated with oilfield brines. 
They further suggested the following mean 
values for the main sedimentary rock groups: 
carbonates, 2.7ppm; shales, 2.3ppm; sand- 
stones, 0.8ppm, with recent sediments having a 
range of 5-200 ppm. 

Iodine in the secondary environment 

The hydrosphere and atmosphere  

The world's oceans are the most important 

reservoir of iodine. While there are some 
differences in the iodine content of the various 
oceans, together with variations reflecting differ- 
ing salinity and depth, the mean iodine content 
of sea water has been estimated as 58/zg1-1 
(Fuge & Johnson 1986). The thermodynamically 
stable form of iodine in sea water is the 103- 
anion (Tsunogai & Sase 1969) which, therefore, 
constitutes the major occurrence of the element 
in this medium. 

The oceanic reservoir has the largest influence 
on iodine distribution in the environment, as 
iodine from this source passes into the atmo- 
sphere and thence onto the landmass. The 
mechanism for iodine release from the sea to 
the atmosphere has been the subject of some 
debate. While it is likely that some is released in 
spray and is subsequently carried as spray 
droplets and salt particles onto the land surface, 
this is unlikely to be the major mechanism for its 
transfer. In the sea the I/CI ratio is 3 • 10 -6 while 
in rain it has been found to be as high as 
> 2 • 10 -3 (Fuge et al. 1987) and in snow 
> 5 • 10 --4 (Heumann et al. 1987). In addition, 
it has been shown that gaseous iodine generally 
accounts for a large percentage of total atmo- 
spheric iodine (Duce et al. 1973; Gabler & 
Heumann 1993). Thus it seems likely that 
appreciable quantities of the iodine released 
from the oceans is volatilized. 

The form of the volatile iodine and the 
mechanism for its release from the oceans is 
also the subject of much debate with Miyake & 
Tsunogai (1963) suggesting that I2 is released by 
the action of UV light on iodide ions in the 
surface sea waters, the iodide having been 
derived biologically (Tsunogai & Sase 1969). 
Garland & Curtis (1981) pointed out that ozone 
could interact with iodide ions to produce 
elemental iodine and Heumann et al. (1987) 
suggest that NO2 could also bring about this 
reaction. 

Other workers (Lovelock et al. 1973; Ras- 
mussen et al. 1982) have proposed that iodine is 
volatilized from the oceans as methyl iodide 
whiCh is produced by microorganisms, while 
Heumann et al. (1990) found CH3I in sea water 
and in air in Antarctica. Heumann et al. (1987) 
have suggested that several mechanisms are 
important in the transfer of iodine from the 
marine environment to the continent of Antarc- 
tica. They propose that short distance transfer of 
iodine is effected by formation of HI and 12 and 
by transfer of sea spray, while for longer 
distance transport CH3I is responsible. 

More recently, Gabler & Heumann (1993) 
have found organoiodine to be the most 
abundant species of atmospheric iodine in 
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sandy soils; well drained very organic- 
low clay soils; clay-rich soils; rich soils and 
water logged fairly organic- peat; alkaline 
soils, r i ch  soils, soils. 

Iodine Fixation Potential 

Fig. 1. A simple model for the iodine content of soils 
based on supply and fixation potential (after Fuge & 
Johnson 1986). 

In addition, Muramatsu & Ohmomo (1988) 
have shown that I O f  is converted to I- on 
storage of rainwater. It is likely also that some 
organoiodine occurs in rain (Dean 1963). It is 
perhaps of note that Heumann et aL (1987) 
suggested that CH3I in the atmosphere could be 
converted to 12 by photolysis; this would explain 
the preponderance of I- and 103- in rainfall. 

The iodine content of surface waters is ve X 
variable but generally does not exceed 15 #g 1- 
(Fuge & Johnson 1986). There is considerable 
regional variation related to proximity of the 
sea, with surface run-off considerably enriched 
in iodine in near coastal environments (Fuge 
1989), and geology; Konovalov (1959) noted 
that waters draining marine-derived sediments 
are relatively enriched in iodine. In addition, 
various contaminant sources of iodine, such as 
sewage effluent (Vought et al. 1970; Whitehead 
1979), agricultural practices (Fuge 1989) and 
drainage from disused metalliferous mines (Fuge 
et al. 1978; Johnson 1980) can add significant 
amounts of the element to surface waters. While 
Sugawara & Terada (1957) have suggested that 
90% of the iodine in surface waters occurs as the 
I- ion, it is likely that in alkaline waters there will 
be appreciably more  IO3- as this ion is stable in 
high pH environments. 

Sub-surface waters are generally richer in 
iodine than surface waters (Fuge 1989). 

European samples while HI and I2 are most 
abundant in the Antarctic atmosphere. 

Iodine is transferred from the atmosphere to 
the land surface in both wet and dry precipita- 
tion, with some workers suggesting the latter as 
being the more important process (Chamberlain 
& Chadwick 1966; Sugawara 1967). Whitehead 
(1984) and Fuge et al. (1987) believe that wet 
precipitation adds considerably more iodine to 
the terrestrial environment than does dry pre- 
cipitation. Whitehead (1984) has estimated that 
9.6 g I per year are added to each hectare of soil 
by dry deposition but this will vary markedly 
depending on proximity to the oceans. Similarly, 
the terrestrial iodine input from wet deposition 
varies considerably depending on the locality. 
The concentration of iodine in rainwater is 
generally up to 5 #g1-1 (Fuge & Johnson 1986). 
However, samples of rain from an upland area 
12km from the coast in mid Wales have been 
found to contain between 5 and 6#gl  -~ com- 
pared to 2.0 #g 1-1 in samples 84 km from the sea 
(Fuge et al. 1987). Iodine occurs in rainwater as 
I- and 103- (Jones 1981; Muramatsu & Ohmo- 
mo 1988); however, it has been suggested by 
Luten et al. (1978) that the amount of IO3- in 
rainfall decreases with distance from the coast. 

So//s 

The iodine content of soils is very variable but 
is generally controlled by the quantity of the 
element supplied coupled with the ability of the 
soil to fix iodine, this latter property, which is 
dependent on a large number of factors, being 
termed the 'Iodine Fixation Potential' by Fuge 
& Johnson (1986) (Fig. 1). 

From reliable literature data for soil iodine it 
is apparent that there is a very wide range from 
< 0.1 to > 100ppm. Given such a broad spread 
it is difficult to suggest a mean value but some 
authors have attempted to provide such a figure. 
Vin0gradov (1959) suggests a mean value of 
5 ppm and Kabata-Pendias & Pendias (1984) 2.8 
ppm, with Fuge & Johnson (1986) suggesting a 
value of between 4 and 8 ppm. In a major survey 
of 399 soils of the USA Shacklette & Boerngen 
(1984) quote a mean value of 1.2ppm I and a 
geometric mean of 0.75. 

The iodine content of soils is generally 
considerably higher than their parent materials, 
with little iodine being added to soils from rocks 
during weathering (Goldschmidt 1954). The 
major supplier of soil iodine is the atmosphere, 
by way of wet and dry precipitation. Therefore, 
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Table 2. Iodine in soils 

R. FUGE 

Soil, source etc. 

(No. of samples) 

Iodine content (ppm) 

Range Mean 

Source of data 

Peats ( > 70% organic matter), 
UK (10) 
Coastal soils NW Norway (13) 
Inland soils E. Norway (16) 
Soils, within 25 km of coast, 
Wales (424) 
Soils, Welsh borders and central 
England > 60 km from coast (28) 
Continental soils, Missouri, USA (92) 

28-98 56 

5.4-16.6 9.0 
2.8-7.6 4.4 
1.5-149 14.7 

1.8-10.5 4.2 

0.12-5.6 1.26 

Johnson (1980); 
Fuge (unpublished data) 
LAg & Steinnes (1976) 
LAg & Steinnes (1976) 
Johnson (1980); AI Ajely (1985) 
Fuge (unpublished data) 
Fuge (unpublished data) 

Fuge (1987) 

as might be expected, soils in coastal localities 
are much enriched in iodine when compared 
with those from environments more remote 
from the sea (Table 2; also Fig. 2). The relatively 
low value for USA soils, as discussed above, 
possibly reflects the large area of continental 
versus marine influenced soils. In this context, 
data for soils from the former Soviet Union, 
again a major continental area, are relatively low 
in iodine when compared with strongly marine- 
influenced areas such as Britain (see Fuge & 
Johnson 1986). 

In addition, in many upland regions where 
there is enhanced rainfall and consequent great- 
er input of iodine, there is frequently strong 

enrichment of  the element (Fig. 2), though this is 
also dependent on the ability of  the soils in these 
upland regions to retain iodine (see below and 
Fig. 1). In contrast, the rain shadow areas 
beyond the upland regions are generally de- 
pleted in iodine. This behaviour of iodine is 
demonstrated for the mid Wales and Welsh 
borderland region, where the predominant wind 
direction is from sea to land (Fig. 2). 

Many factors have been implicated in the 
retention of  iodine by soils. Several workers 
have commented on the enrichment of  iodine in 
organic-rich soils (Vinogradov 1959; Sazonov 
1970; Johnson 1980; Sheppard & Thibault 1992; 
see also Fuge & Johnson 1986), with peaty soils 

25 

20 

15 

_~ 10 

[ 20 ;o 6'0 8'0 loo 

HIGHEST POINT WELSH 

ON TRAVERSE BORDERLANDS 

i 
0 120 

MID 

WALES MIDLANDS 
COAST 

Distance from coast (km) 

Fig. 2. Iodine in topsoils from a traverse from the west coast of Wales across the Cambrian Mountains, to the 
Welsh Borderlands and the English Midlands (highest point on traverse c. 350 m OD). 
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being particularly enriched (see Table 2). John- 
son (1980) has shown that top soil (0-20em) 
iodine contents show strong correlation with the 
quantity of organic matter, while subsoils 
(>  20 cm) showed no correlation. 

While organic matter plays a central role in 
the retention of soil iodine, Whitehead (1974, 
1979, 1984) has suggested that iron oxide/ 
hydroxide and hydrated aluminium oxide are 
also important for sorption of soil iodine. This 
author (Whitehead 1974) has demonstrated 
that sorption of iodine by aluminium and iron 
oxides is markedly influenced by pH with 
greater sorption resulting from increasing 
acidic conditions and no sorption under neutral 
conditions. It is also of interest to note that iron- 
rich horizons in soils have been found to 
concentrate iodine while Heumann et al. (1990) 
have found that the weathered surfaces of 
Antarctic iron meteorites are strongly enriched 
in iodine. 

Some workers have pointed to the importance 
of clay minerals in the retention of soil iodine 
(Hamid & Warkentin 1967; De et al. 1971; 
Vinogradov & Lapp 1971). Prister et al. (1977) 
found that the adsorption of iodine on clays is 
pH dependent with increasing pH resulting in 
lower adsorption. Whitehead (1973, 1978, 1984) 
has suggested that sorption of iodine on soil 
clays is relatively unimportant when compared 
with the sorptive capacity of organic matter and 
the hydrated aluminium and iron oxides. 

It is also of note that neutral to alkaline soils 
over limestones are much richer in iodine when 
compared with more acid soils occurring in 
neigbouring areas (Fuge & Long 1989). This 
would suggest that such neutral to alkaline soils 
tend to retain iodine (see next section). 

From the above discussion, it is apparent that 
much soil iodine is fixed by soil components, the 
rate of sorption of soluble iodine added to soils 
being variable and controlled by several factors 
(Sheppard & Thibault 1992; Sheppard et al. 

1994). It has been shown that, in general, only a 
small percentage of soil iodine is water soluble 
(Johnson 1980; Fuge & Johnson 1986). The 
water soluble component is likely to be I-, IO3-, 
I2 and soluble organically-bound iodine. Several 
authors have suggested that the I- ion is the 
most important form of soluble iodine in acidic 
soils (Whitehead 1984; Muramatsu et al. 1989; 
Sheppard et al. 1994). However, Yuita (1992) 
found that while I- was the major form of 
soluble iodine in flooded Japanese soils, IO3- 
was the major form in non-flooded soils, 
suggesting that Eh is an important control on 
the form of soil iodine. This author, however, 
further points out that in the non-flooded soils a 

far greater proportion of the total soil iodine is 
in a bound form. 

Volatilization and iodine geochemistry 

Vola t i l i za t ion  o f  iodine in the s e c o n d a r y  

e n v i r o n m e n t  

Volatilization of iodine from the marine hydro- 
sphere and its subsequent transfer to the land 
surface is the most important stage of the 
geochemical cycle of iodine. As previously stated 
this transfer of iodine from the oceans results in 
near coastal environments being much enriched 
in iodine while central continental areas contain 
considerably less. However, the zone of strong 
iodine enrichment would seem to be fairly 
narrow, as evidenced in the UK, which has a 
relatively small landmass and a strong maritime 
influence resulting from the southwesterly air- 
stream. Soils in the coastal region of mid Wales 
(within 20 km of the sea) tend to have iodine 
concentrations within the range 10-25ppm 
(Fuge 1987; see also Fig. 2). The values for 
iodine in soils from the region of the Welsh 
borderlands and the English Midlands ( > 70 km 
from the sea) are generally below 5 ppm (Fuge 
unpublished data; also Fig. 2). In addition, in 
Derbyshire, northern England, e. 80-100km 
from the coast in the direction of the prevailing 
wind, over half of the topsoil samples analysed 
(28) contained < 4ppm iodine (Fuge & Long 
1989). While the iodine concentrations in the 
soils of these regions of England and Wales are 
greater than might be expected in central 
c o n t i n e n t a l  a reas  such  as the  USA.  
(mean = 1.2ppm, Shacklette & Boerngen 1984; 
m e a n =  1.26ppm, Fuge 1987), they are not 
greatly so and certainly indicate that a marked 
depletion of soil iodine content can occur over 
relatively short distances from the coast. 

It is apparent then, that while gaseous iodine 
is found in continental atmosphere (Gabler & 
Heumann 1993), a relatively low percentage of 
the directly marine-derived iodine reaches cen- 
tral continental areas. This has led Cohen (1985) 
to suggest that the iodine found in continental 
soils is derived from weathering of the litho- 
sphere. While in some continental areas, geolo- 
gically derived sources of iodine may be 
important (Lag & Steinnes 1976) and anthro- 
pogenic sources such as combustion of fossil 
fuels (SchroU & Krachsberger 1970; Vought et 

al. 1970) and sulphide ore smelting (Fuge et al. 

1988) may have some localized influence, the 
major source is still likely to be marine. 
However, the initially marine-derived iodine 
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Table 3. Iodine in topsoils, Derbyshire, UK 

Bedrock Iodine content (ppm) 

(No. of samples) Range Mean pH 

Limestone (12) 2.58-26.0 
Dolomite ~ 
Sandstone (15) 1.88-8.53 
Shale 

8.2 6.0-6.9 

3.44 4.2-5.5 

After Fuge (1990). 

may have experienced revolatilization from soils 
during its transport from the marine environ- 
ment. 

The possible volatilization of iodine from soils 
was first suggested by FeUenberg et al. (1924) 
who suggested that 12 would be lost under acidic 
oxidizing conditions, while McClendon (1939) 
was of the opinion that iodine added to soils as 
KI was lost following the conversion of the 
iodide ion to I2. However, Whitehead (1981) 
demonstrated that loss of iodine by volatiliza- 
tion from KI added to surface soils was 
negligible apart from an acid sandy podsol. 
Fuge (1990) has proposed that volatilization of 
iodine from soils plays an important role in 
iodine's secondary environment geochemistry. 

Reference to the Eh-pH diagram for iodine 
(Fig. 3) suggests that in an oxidizing acid 
environment iodide is readily converted to 12. 
This elemental iodine, being gaseous, would be 
easily lost. In addition, Perel'man (1977) further 
suggests that the Fe 3 + and Mn 4 § cations would 
also play a part in the oxidation of the iodide ion 
in both acid and alkaline media. From the Eh- 
pH diagram (Fig. 3) it is also apparent that 
under alkaline conditions the iodate anion is the 
stable form of iodine. 

Fuge (1990) is of the opinion that Eh-pH 
conditions control the form of iodine in the soil 
and this in turn exerts an important influence on 
its redistribution in the secondary environment. 
Thus, in acidic oxidizing conditions any un- 
bound iodine in the soil is present as the iodide 
ion and is therefore likely to be converted to 
volatile I2. Conversely, under alkaline conditions 
where the iodate ion is the stable form, iodine is 
immobilized. This phenomenon of iodine con- 
centration under alkaline conditions has long 
been known and is evidenced in the iodate-rich 
caliche deposits of the Atacama desert and in 
alkaline lakes (Perel'man 1977). It has been 
demonstrated that neutral to alkaline soils 
occurring over limestones are enriched in iodine 
compared to neighbouring acidic soils occurring 
over other lithologies (Fuge 1990; see also 
Table 3). 

1.8 

1.6 �84 

1.4 

1.2 

1.0 

Eh 0.8 

0.6 

0.4 

0.2 

0.0 

0 2 4 6 8 10 12 14 
pH 

Fig. 3. Eh-pH diagram for iodine (after Vinogradov & 
Lapp 1971). 

Similarly, in acidic reducing media, the iodide 
ion is stable and is, therefore, not lost by 
conversion to volatile 12. This phenomenon, it 
has been suggested (Fuge 1990), is responsible 
for the enriched iodine concentrations found in 
soils over sulphide mineral deposits (Andrews et 

al. 1984; Fuge et al. 1986, 1988). 

Volatilization and  the iodine cycle in soils 

Iodine added to soils from precipitation is in 
both the I- and IO3- forms. Conditions in the 
soil will determine the fate of these ions. They 
will be sorbed in part by the organic matter, iron 
and aluminium oxides and clays, the degree of 
sorption being controlled by several factors such 
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Fig. 4. A simplified model showing part of the iodine cycle involving transport from the marine to the terrestrial 
environment. 

as pH (Sheppard et al. 1994). Some of the added 
iodine will remain in a mobile form, the quantity 
remaining in this form being dependent on the 
number of binding sites available in the soil. In 
acid soils with oxidizing conditions the IO3- will 
be converted to I- and all of the unbound I- will 
be available to be converted to volatile I2, while 
in alkaline soils the added I- will be converted to 
IO3- and no volatilization will occur. 

Thus the degree of volatilization will, as 
suggested by Whitehead (1981), be controlled 
in the first instance by the degree of binding 
exerted in the soil, so governing the fixation of 
iodine. However, the secondary controlling 
influence will be the Eh-pH regime of the soil. 

In addition to volatilization to I2 in soil it has 
been suggested that some iodine in soils is 
present as CH3I (Reiniger, 1977) and that as 
such this compound could also be volatilized 
and added to the atmospheric iodine flux 
(Sheppard & Thibault 1991). 

It is likely then that directly marine-derived 
iodine is mainly precipitated in the near coastal 
environment and most of the iodine reaching 
central continental areas is that revolatilized 
from soils. This revolatilization is envisaged as 
being a series of stepwise movements across the 
terrestrial environment (see Fig. 4). 

If  volatilization from soils does constitute the 
major source of iodine in the continental interior 

then the stepwise movement across the terres- 
trial landscape could be strongly influenced by 
geochemical barriers. Thus if an organic-rich soil 
is encountered then iodine becomes tightly 
bound in the soil and is not available for further 
progress. Alkaline soils would act in similar 
fashion so causing iodine to be fixed in the soil 
and therefore unavailable for revolatilization. 
Thus geochemical barriers to iodine migration 
could have a marked effect on the secondary 
environmental geochemistry of iodine (Fig. 4). 

Iodine geochemistry in relation to IDD 

Some aspects o f  the aetiology o f  IDD 

It has long been recognized that severe goitre 
and cretinism endemias generally occur in high 
mountain ranges, central continental regions 
and rainshadow areas (Kelly & Sneddon 1960). 
The geographical distribution of these diseases 
correlates well with the behaviour of iodine in 
the secondary environment, as outlined above. 
However, it has been pointed out by several 
workers that there are anomalies within this 
general distribution. Some of the anomalies have 
been related to goitrogenic substances in the 
diets of those affected. Gaitan (1973) and co- 
workers (Gaitan et al. 1969, 1972, 1986, 1993) 
have invoked geological sources of some dietary 
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goitrogens, such as sulphur containing hydro- 
carbons. Other goitrogens occur in foodstuffs 
including some vegetables of the genus Brassica 

(family Cruciferae), (Greer & Astwood 1948: 
Greer 1950) and staple diet items like cassava 
(Gaitan 1980). 

Other elements have also been suggested as 
being involved in the aetiology of IDD. These 
include fluorine (Wilson 1941), arsenic (Scott 
1938), zinc (Koutras 1980), magnesium (Day & 
Powell-Jackson 1972) and manganese and cobalt 
(Blokhina 1970). More recently selenium has 
been strongly implicated in some IDD problems 
(Vanderpas et al. 1990; Thilly et al. 1992). 

Of the other elements which have been 
implicated in IDD calcium would seem to be 
of most interest. The possible importance of this 
element in the aetiology of endemic goitre has 
been explored by McCarrison (1926) and Turner 
(1954), with the latter suggesting calcium to be a 
goitrogen. However, experimental work by 
Harrison et al. (1967) has failed to prove the 
goitrogenic nature of calcium in humans. The 
possible importance of calcium in goitre aetiol- 
ogy stems from suggestions that consumption of 
hard water could be a factor in the occurrence of 
the disease (Murray et al. 1948; Day & Powell- 
Jackson 1972). It has also been shown that areas 
underlain by limestone are prone to endemic 
goitre (Boussingault 1831; Turner 1958; Carter 
et al. 1959; Perel'man 1977). 

G e o l o g y  a n d  I D D  

Many workers have commented on possible 
geological influences on IDD. Some, as men- 
tioned above, have pointed to the geological 
sources of some goitrogens (Gaitan 1980; 
Stewart 1990), while others have suggested that 
variable soil types may influence uptake of 
goitrogens (Thilly et al. 1972). However, it is 
apparent that geological influences may also 
control the movement of iodine in the secondary 
environment and thereby its availability to the 
biosphere. 

The example of England and Wales, which 
exhibits a large range of geology over a com- 
paratively small area, is of particular interest. 
Thus some areas of northern England were 
reported by Inglis (1832) to be as badly affected 
by endemic goitre as were the Alps. The areas 
affected in the Yorkshire Dales and the Derby- 
shire Peak District were essentially underlain by 
limestone. In the case of the Debyshire Peak 
District, where the disease was known as 
'Derbyshire Neck', it has been found that iodine 
concentrations in soils over carboniferous lime- 

stone are considerably richer than are soils over 
other rock types in adjacent areas (Fuge & Long 
1989; see also Table 3). Indeed, soils from the 
area of the goitre endemia are not significantly 
depleted in iodine when compared to British 
soils in non-goitrous areas. This is also true of 
the area of north Oxfordshire, around the village 
of Hook Norton where goitre was particularly 
prevalent (Kelly & Snedden 1960) and where 
iodine deficiency in schoolchildren was still 
being recorded in the late 1950s (Hughes et al. 

1959). Soils over Jurassic limestones here also 
contain appreciable quantities of iodine (5- 
10ppm). 

In south Wales also the major goitre endemia 
occurred in areas underlain by limestone bed- 
rock (Kelly & Sneddon 1960). 

In southwest England Kelly & Sneddon 
(1960) indicated a fairly extensive area of 
endemic goitre. This area dominated by granitic 
bedrock, is predominantly moorland with quite 
extensive areas of peat development. Limited 
data for this area suggest iodine contents of 10- 
20 ppm, which does not suggest an area of iodine 
depletion. 

The occurrence of IDD in areas of relatively 
iodine enriched soils suggests that the problem 
may be one of non-bioavailability rather than 
depletion. Thus rather than calcium being a 
goitrogen, its presence in soils could reflect 
relatively high pH soils. It is possible that the 
high calcium content, or high pH of the soils 
decreases the uptake of iodine by plants 
(Katalymov & Churbanov 1960; Katalymov & 
Shirshov 1960). 

Another possible explanation for the non- 
bioavailability of iodine could stem from its 
method of uptake by plants. It has been shown 
that there is little correlation between the iodine 
content of plants and the soils in which they 
grow (A1-Ajely 1985). It seems likely that 
absorption of iodine by leaves is an important 
mechanism for iodine uptake by plants (Cham- 
berlain & Chadwick 1953). Indeed, this is 
possibly the most important source (Shacklette 
& Cuthbert 1967; Whitehead 1984). Addition- 
ally, airborne iodine may be an important source 
for humans by inhalation. 

Therefore, if iodine is strongly bound in soils 
it is not available for volatilization and an 
important source of the element in the biosphere 
will be lost. Geochemical barriers to iodine 
migration could therefore be a major influence 
in the aetiology of IDD. In an area where iodine 
is in relatively short supply the non-bioavail- 
ability of some of the soil iodine could then 'tip 
the balance' in favour of iodine deficiency. 
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Conclusions 

Iod ine  in the secondary  env i ronment  is essen- 

tially der ived f rom the oceans by volatil ization. 

However ,  this oceanic iodine is likely to be 

revolat i l ized f rom soils several t imes in its 

progress across the terrestrial env i ronment  in a 

'step-wise'  fashion. Any  barr ier  to such migra-  

t ion is likely to result in relative deplet ion of  

bioavai lable  iodine and  is likely to result in 

problems o f  I D D ,  part icular ly where  iodine 

supply is marginal  or goitrogens interfere with 

its metabol ism.  
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Abstract: The prevalence of endemic goitre is extremely high in certain parts of Sri Lanka 
where rates as high as 44% have been observed. With nearly 10 million people at risk the 
aetiology of endemic goitre in Sri Lanka needs to be clearly ascertained. The endemic goitre 
belt of Sri Lanka coincides with the wet climatic zone, indicating an apparent relationship of 
iodine geochemistry with climatic factors. However, the fact that there is a correlation 
of only -0.64 between the iodine content and the prevalence of goitre suggests the existence 
of other factors such as humic substances in the soil, clay minerals and soil pH that exert an 
influence on the bioavailability of iodine. 

Iodization of salt used in food is the most convenient method of goitre prevention. 

It has been estimated that  out of  a population of 
17 million in Sri Lanka, nearly 10 million people 
are at risk of goitre (Fernando et al. 1987). The 
association between iodine and goitre was one of 
the earliest demonstrated links between a trace 
dement  in the environment and human health 
and nutrition. However, there is still very little 
information on the geochemistry of iodine and 
its effect on the prevalence of endemic goitre in 
Sri Lanka. The few studies carried out (Maha- 
deva & Shanmuganathan 1967; Weerasekera et 
al. 1985; Chandrajith 1987; Fernando et al. 
1987, 1989; Balasuriya et al. 1992; Dissanayake 
& Chandraj i th  1993) have shown that the 
endemic goitre belt of  Sri Lanka lies in the wet 
climatic zone and that the climate has a marked 
influence on the geochemical distribution of 
iodine in the environment. 

Geochemistry of iodine 

Iodine with a large univalent anion does not  
usually enter crystal lattices of minerals on 
account of its large size. Ionic substitution of 
iodine is therefore unlikely and its geochemistry 
is mainly governed by the surface chemistry of 
geological materials. Fuge & Johnson (1986) in a 
review of the geochemistry of  iodine have noted 
that iodine is particularly concentrated in the 
biosphere with strong affinities for organic 
matter. The easy transfer of  iodine to the 
atmosphere and the mechanical and chemical 
removal from soil by groundwater tend to 
deplete soil of iodine. The geochemical cycle of 
iodine in the soil is critically important in the 
geographical distribution of  goitre. 

Levels o f  iodine in soil and water in 

Sri  L a n k a  

Due to errors in analytical procedures, accurate 
data on iodine in soils and water are lacking. 
The earlier surveys used tedious colorimetric 
methods. Balasuriya et al. (1992) studied 609 
samples of  drinking water collected from scat- 
tered sources of  the eight districts of  Kandy, 
Matale, Kalutara ,  Anuradhapura ,  Polonna-  
ruwa, Colombo, Puttalam and Gampaha using 
the Orion electrode method of analysis. Figure 1 
illustrates the locations of these districts and the 
endemic goitre region of  Sri Lanka as known at 
present. Table 1 shows the data obtained by 
them for iodine in water. It  is seen that the 
Anuradhapura and Polonnaruwa Districts had 
higher water iodine levels while the Gampaha 
and Kalutara Districts had the lowest levels. It 
was also noted that  tube wells had in general 
more iodine than dug wells. 

Table 1. Mean and median concentrations of water 
iodide by district (after Balasuriya et al. 1992) 

District Mean Median 
#g 1-1 #g F 1 

Kandy 30.96 19.1 
Matale 16.91 11.1 
Kalutara 15.50 12.2 
Anuradhapura 119.03 101.6 
Polonnaruwa 47.21 33.0 
Colombo 16.86 11.4 
Puttalam 34.68 21.6 
Gampaha 11.90 5.0 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 213-221 
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Table 2. Geochemical data for water in the endemic goitre area around Angunawela-Daulagala in the Kandy District 
(No. samples = 60) 

Parameter Minimum Maximum Mean 

pH 5.85 8.2 7.7 
Alkalinity (mg 1-1) 30 420 138 
F (jug 1-1) 44 700 297 
C1 (mg1- ") 6 108 35 
I (#g 1 -~) 15 150 55 
NO3 (mgl -l) 1.5 15 8.5 
Na (mg1-1) 27 1016 512 
K (mg1-1) 0.55 9.4 7.3 
Ca (mgl-1) 1.35 1616 50 
Mg (mgl -') 0.23 16.64 5.9 
Mn (/zg 1 -l)  1 208 53 
Fe ~g  1-1) 520 2430 1166 
Hardness (mg1-1) 7 341 82 
Co (#g1-1) 1 23 11 

*Sample size, 11. 

Table 3. Geochemical data on the soils in the endemic goitre area around Angunawela-Daulagala in the Kandy 
District 

Parameter Minimum Maximum Mean Standard deviation 

pH 3.8 6.8 5.2 0.7 
E.C. (mhoscm -1) 159 310 236 28 
F (mg kg -1) 0.4 44.9 10.2 6.5 
C1 (mgkg -~) 0.6 4.3 1.6 0.8 
I (mg kg -1) 0.04 6.6 1.9 1.2 

Dissanayake & Chandrajith (1993) studied the 
geochemistry of endemic goitre in a village in the 
Central province near Kandy where a 40% rate 
of endemic goitre had been reported. Chandra- 
jith (1987) analysed a total of 120 soil and water 
samples collected from 60 locations using the 
Orion electrode for iodine. The authors also 
analysed the samples for pH, alkalinity, F- ,  C1, 

2q- 2 +  2 +  NO3-, Na +, Ca , Mg , Mn , Fe and total 
hardness. 

Table 2 shows the data obtained in the study 
of Dissanayake & Chandrajith (1993). A com- 
parison of the iodine levels obtained from the 
two studies mentioned above shows that in 
general the water iodine levels of Sri Lanka are 
higher than the value of 10 #g 1-1 regarded as the 
value below which goitre becomes endemic for 
Sri Lanka as suggested by Mahadeva & Shan- 
muganathan (1967). They are also considerably 
higher than those found in other endemic goitre 
regions such as northern England, southwest 
England and Wales as reported by Fuge (1989). 

Figure 2 shows the spatial distribution of 
iodine in soils in the Angunawela-Daulagala 
area, a region of high endemic goitre in the 

Kandy District (Fig. 1). The soils for the 
endemic region have an average of 1.9 mg kg- 1 
iodine (Table 3) with 27% below 1.0mgkg -1. 
Only 15% of the soil samples analysed had more 
than 3 mg kg -1 iodine. 

In contrast, soils in Wariyapola, a non-goitre 
region in the Dry Zone of northwest Sri Lanka 
(Fig. 1) had on the average more than 9 mg kg -1 
of iodine. The frequency histogram for both 
areas is shown in Fig. 3. The distribution of 
iodine in the soils is unimodal with peaks at 32% 
for both areas. 

The content of iodine in the soil and other 
factors such as geology and climate show a clear 
relationship with the incidence of goitre. The 
Wariyapola region located in the Dry Zone of 
Sri Lanka consists mostly of reddish-brown 
earth, and is characterized by flat topography 
with a few inselbergs. The area is underlain 
mainly by biotite gneisses, for which no iodine 
data are available. Fuge & Johnson (1986), 
however, quote a figure of 0.04mgkg -1 for 
biotite gneisses and 0.38 for amphibolites. The 
iodine content of soils is expected to be greater 
than that in rocks and Fuge & Johnson (1986) 
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Fig. 2. The spatial distribution of iodine in soils in the endemic goitre area around Angunawela-Daulagala in the 
Kandy District. 

record a range of 4-8 mgkg -1 as a mean value 
for iodine in soils. 

Soils are known to contain very low percen- 
tages of water soluble iodine. Magomedova et 

al. (1970) observed that for some soils in the 
USSR, only 1-12% of the total iodine was water 
soluble. Whitehead (1973) noted that only 24% 
of the total iodine could be extracted by boiling 
water while Fuge & Johnson (1986) recorded 
that 80% of the soils analysed, had less than 
10% cold water extractable iodine. The iodine 
content of groundwater is therefore expected to 
be very low and this is seen in the case of the 
endemic goitre region of Angunawela. 

The high rainfall of the Wet Zone takes away 
the iodine in the groundwater to deeper levels, 
while in the Dry Zone evaporation tends to 
bring up the iodine to surface soil layers, aided 
by capillary action. Some island-wide goitre 
surveys carried out earlier by Wilson (1954) and 
Mahadeva & Shanmuganathan (1967) had 
indicated that goitre is prevalent in areas where 
the rainfall is highest. Table 4 shows the mean 
iodine content of soils in relation to the 
incidence of endemic goitre. 

Salt and seafood including dry fish are the 
main sources of iodine in the diet. According to 
Mahadeva et al. (1968) the iodine content of 
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Fig. 3. Frequency histograms for the distribution of iodine in soils in an endemic goitre region and a non-goitre 
region in Sri Lanka. 

Table 4. Incidence o f  endemic goitre in relation to the iodine content in soils 

Area Population Mean Reference 
suffering iodine 

from goitre (%) content 
(mgkg -1) 

Taranaki (New Zealand) 
Auckland (New Zealand) 
Dunedin (New Zealand) 
Clutha Valley (New Zealand) 
South Canterbury (New Zealand) 
Angunawala-Daulagala (Sri Lanka) 
Wariyapola (Sri Lanka) 

4 14 Hercus 
4 12 et aL 

19 3.2 (1931) 
40 0.4 
62 0.3 

45* 1.9 present 
12" 9.4 study 

*Dr K. B. Heath, pers. comm. 

Table 5. Consumption o f  salt in different countries 

Country Salt consumption Reference 
(g per person 

per day) 

South India 18 Pasricha (1966) 
Taiwan 10 Kung-pei Chen (1964) 
USA 10 Johnson (1951) 
USA 20 Black (1952) 
UK 15-20 Davidson et al. (1975) 
Sri Lanka 07 Mahadeva & 

Karunanayake (1970) 

local food varies from one area to another, the 
Dry Zone crops having higher quantities of 
iodine. 

The iodine content in the local salt used for 

cooking is low when compared to that in other 
countries (Table 5). The salt used for cooking 
in Sri Lanka  is known to conta in  about  
498mg 100 g-l wet weight iodine (Mahadeva et 

al. 1968). The washing of  the salt prior to 
cooking and excessive heat applied during the 
cooking result in major losses of iodine. 

Factors affecting the endemicity of goitre 

in Sri Lanka 

The analysis of  the data for water as obtained by 
Balasuriya et al. (1992) show that the rank order 
correlation between iodine and the prevalence of 
goitre was only -0.64. The fact that the Kalutara 
District which has a very high prevalence of 

goitre (_~44%) is located near the sea further 
suggests that  some factors other than the iodine 
content may contribute to the aetiology of  goitre 
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Fig. 4. Typical case of goitre in Sri Lanka. 

in Sri Lanka, bearing in mind that the sea is a 
rich source of iodine. 

From among the factors other than nutri- 
tional iodine deficiency, goitrogens, which affect 
the utilization of iodine by the thyroid gland, are 
of extreme importance. The high rate of goitre 
among certain villagers (Fig. 4), whose lifestyles 
and dietary patterns are no different from those 
who live in non-goitre regions, point to a major 
role played possibly by goitrogens yet unknown 
in Sri Lanka. It is apparent that the utilization of 
iodine by the thyroid gland is obstructed by a 
goitrogen that may well be environmental in 
origin. 

Even though iodine may be found in sufficient 
concentrations in soil and water, its bioavail- 
ability may be seriously hampered if the iodine is 
fixed by substances prevalent in the environ- 
ment. 

Organic matter 

The ability of the soil to retain iodine is related 
to a large number of complex interrelated soil 
characteristics and described by Fuge & Johnson 
(1986) as Iodine Fixation Potential (IFP). They 
defined IFP of a soil as the total amount of 
iodine that can be fixed by the various fractions 
in a soil and which is a characteristic of the soil 
in a given environment. 

Organic matter in soils is known to trap and 
absorb iodine resulting in higher concentrations 
of iodine in soils rich in organic matter. This fact 
was demonstrated by Johnson (1988) who 
observed that surface soil samples (0-20cm) 
show good correlation between organic content 
and total iodine (rsp = 0.70). 

Humic substances in the organic matter play a 
major role in the speciation and geochemical 
mobility of chemical elements (Dissanayake 
1991). Iodine in view of its large ion could well 
be fixed by the humic substances resulting in a 
lowering of the bioavailability. The nature and 
extent of organic matter in the soils of the 
endemic areas are therefore worthy of further 
detailed investigation. 

Soil pH 

It has been suggested that highly acidic soils tend 
to be low in iodine due to the I- ion being easily 
oxidized to 12 which is then easily volatilized 
(Fuge 1990). The soil pH also influences the soil 
anion exchange capacity, which directly affects 
the iodine content. The study of Dissanayake & 
Chandrajith (1993) also showed that in the 
endemic goitre region around Kandy the soil 
pH was low ranging from 3.8-6.7 with a mean of 
5.2. Figure 5 illustrates the correlation of I- with 
other chemical parameters in hand pump wells, 
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Fig. 5. Correlations of iodide with other parameters in the wells of the Kandy District (after Perera et al. 1992). 

shallow wells and boreholes in the Kandy 
District as observed by Perera et  al. (1992), 
from a study of about 200 wells. It is seen that 
the pH and the F -  correlate significantly with 
that of the I -  ion in the water. 

Climatic influence 

The geographical distribution of endemic goitre 
in Sri Lanka is clearly influenced by the climate. 
The high prevalence of goitre in the wet climatic 
zone appears to indicate a strong leaching effect 

of iodine from soils due to the heavy rainfall. 
The higher levels of iodine as found in the Dry 
Zone exemplified by the Anuradhapura District 
indicate a process of concentration. 

Effect of clays 

As in the case of the organic matter present in 
the soil, clays also have a marked tendency to  

adsorb ions. Iodine is strongly sorbed in or on 
clays and colloids and the presence of clays in 
the soils markedly affects the bioavailability of 
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iodine. Whitehead (1979) has suggested that 

iodine in soils is retained mainly due to A1 and 

Fe oxides and organic matter based on a good 

correlation between iodine and the sesquioxides 

present in soil. 

Interestingly, the different clay mineral pro- 

vinces of Sri Lanka also coincide with the 

climatic zones. The wet zone consists mainly of 

gibbsite and kaolinite while the Dry Zone has 

the montmorillonite type of days. The geochem- 

istry of iodine in the soils is therefore governed 

to a marked extent by the combined effect of 

the climate and the clays bearing in mind that a 

low pH favours the uptake of iodine by iron and 

aluminium oxides. 

Prevent ion  of  g o i t r e  

The most convenient method of prevention of 

goitre is the iodization of the salt used in food. 
This practice has now been introduced in Sri 

Lanka, particularly in the endemic areas. How- 

ever, due to the fact that the vast majority of the 

population that  appears to undergo iodine 
deficiency disorders (IDD) in Sri Lanka are 

among the low income rural groups, a major 

awareness programme on the use of iodized salt 

is necessary. Such a venture must necessarily 

involve a concerted and coordinated effort by 
public health workers, manufacturers of salt, 

distributors and finally consumers. It is also of 

vital importance to monitor  the progress of such 

a community health programme continuously. 

C o n c l u s i o n s  

Several factors govern the geochemical path- 

ways of iodine and the incidence of goitre. 

Among the factors most clearly seen in Sri 

Lanka are climate, geology, nature of  soil 

inclusive of organic matter, clay content, pH 

and food. The fact that the iodine contents of 

soil and water do not show marked correlation 

with the endemicity of  goitre in Sri Lanka 

indicates a multifactorial aetiology which may 

include goitrogens, which affect the utilization of 

iodine by the thyroid gland. 

Grateful thanks are due to Sandra Paragahawewa, 
Anne George and Harshini Aluwihare for their 
assistance. 
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Clinical and epidemiological correlates of iodine deficiency disorders 
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Abstract: The iodine deficiency disorders, endemic goitre, stillbirths, abortions, congenital 
abnormalities, endemic cretinism, and impaired mental function, are found worldwide. 
Known for millenia, they currently put 29% of the world's population at risk. The most 
important is cretinism, found in two forms. Neurological cretinism possibly develops due to 
an insult in early pregnancy, hypothyroid cretinism to an insult late in pregnancy or in early 
life. 

The classical medical causes of environmental iodine deficiency, glaciation and leaching, 
do not adequately explain the prevalence and distribution of iodine deficiency disorders, nor 
have the new insights into the environmental chemistry of iodine been assimilated properly 
with medical knowledge. Joint studies would be of help. 

The presence of various factors other than iodine deficiency in the causation of the 
disorders is recognized. These are often thought to be geologically related. Recent work 
suggests plate tectonics as the unifying factor, since iodine deficiency disorders are found 
along many plate collision zones. Concentration of major and trace elements as a result of 
plate subduction provides a possible source of goitrogens. A systematic search is needed. 

The iodine goitrogen ratio could provide the link between environmental iodine and 
differing intensities of the iodine deficiency disorders found in affected communities. 

Endemic goitre and its attendant disorders are a 
worldwide problem. The review by Kelly & 
Snedden (1958) is still the most detailed, though 
lacking in data for many parts of the world. 
Recently the WHO has published an up-to-date 
listing of the size of  the problem (Micronutrient 
Deficiency Informat ion  System 1993), both  
nationally and by survey areas. Almost no 
country is exempt from the potential for iodine 
deficiency disorders but  due to preventive 
programmes in many countries and an increased 
standard of  living in others, some are now goitre 
free. However, there are now an estimated 1570 
million people at risk (29% of the world's 
populat ion).  This is due to both the ever 
increasing population of  the world as well as a 
reduction in the acceptable level of goitre from 
10% to 5 0 ,  this latter redefinition being a result 
of  the growing awareness of the deleterious 
effects of iodine deficiency on the brain. 

Areas with a high prevalence of goitre are 
often determined by certain common features. 
(1) Most are high mountain regions, including 
the Alps and its adjoining chains, the Himalayas 
and its extensions through Burma, Thailand, 
Malaysia, Indonesia to Papua New Guinea; the 
Andean Cordillera and its continuation north 
into Central America. Low mountains are also 
affected e.g. the Appalachians and the Urals. (2) 
Rain shadow areas, e.g. Rocky Mountains,  
Nor th  America. (3) Alluvial plains, e.g. the 
Great Lakes basin of North  America, Finland, 

the low lying Netherlands,  and the Indo-  
Gangetic plain. (4) Areas with water supplies 
percolating through limestone, e.g. the Peak 
District of England and parts of  Colombia. 
Whether these are distinct areas or whether there 
is a common underlying cause is not  clear. 

Endemic cretinism 

Endemic goitre is only the t ip  of  the clinical 
iodine deficiency iceberg. The iodine deficiency 
disorders include stillbirths, abortions, congeni- 
tal abnormalities, endemic cretinism (commonly 
characterized by mental deficiency, deaf-mut- 
ism, spastic diplegia and lesser degrees of  
neurological defect), and impaired mental func- 
tion in children and adults with goitre associated 
with reduced levels of  circulating thyroid hor- 
mones (Hetzel 1986). Other more controversial 
effects of iodine deficiency are breast disorders 
such as fibrocystic disease (Ghent et al. 1993). 
Goitre itself is rarely a major health problem in 
a community. It is the fetal wastage and the 
impaired mental functions associated with goitre 
that  are so devastating to the community and 
the individual. But goitre remains the visible 

marker of such disorders. 
By far the most important  of the disorders is 

endemic cretinism (Pharoah 1985). There are 
two recognized types, the neurological and the 
hypothyroid. These are probably not  distinct 

entities but the two ends of a clinical spectrum. 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry andHealth 
Geological Society Special Publication No. 113, pp. 223-230 
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The prevalence of the major varieties varies 
worldwide and many affected individuals on 
close examination display a mixture of the two 
forms. The neurological variety is more often 
seen in the mountainous zones of iodine 
deficiency disorders, while the hypothyroid 
variety is common in Zaire in particular. The 
reason for this difference in distribution is 
thought to be due to the time of injury to the 
growing brain. An insult in early fetal life leads 
to neurological cretinism, whilst a later insult, 
towards the end of pregnancy or during early 
postnatal life, results in hypothyroid cretinism. 
The severity of the cretinism is correlated with 
the degree of the insult, which may be related to 
serum thyroid hormone levels: the greater the 
deficit the more severe the resulting cretinism in 
the child. In early fetal life the maternal thyroid 
hormone levels appear to be important, since at 
that stage the child's thyroid is not sufficiently 
developed to manufacture its own hormones 
(Pharoah & Connolly 1991a). The child's 
thyroid gland becomes functional later, and the 
fetal, or subsequently the neonatal, thyroid 
hormone levels are influential. Thyroid hor- 
mones are associated with cognitive and motor 
measures related to the developing brain (Phar- 
oah & Connolly 1991b). The timing and the 
depth of the insult are therefore crucial. During 
adult life thyroid hormones are required for 
normal mental competency and hormonal defi- 
ciency may be epitomized by myxoedema mad- 
ness. Seen uncommonly in the developed 
countries, this is a psychological state produced 
by a reduction in thyroid hormone levels caused 
by thyroid disease. It is eminently treatable by 
thyroid hormone replacement therapy, whereas 
the developmental problems in neurological 
cretinism are probably not reversible (Pharoah 
& Connolly 1987). 

Because the brain is sensitive to thyroid 
hormone lack, cretinism itself is not a discrete 
disorder, but merges into normality. It may be 
correct to say that in severely affected areas 
where the overt cretinism rate may rise to 10- 
15% of the community, almost everyone will be 
affected and their brain development influenced 
to some extent. Any increase in mental perfor- 
mance in cretins with treatment during early 
childhood is probably a functional improvement 
rather than any change in the brain itself. It is 
the permanency of the neurological disorder 
which makes control of iodine deficiency dis- 
orders so important. 

Iodine deficiency 

Goitre has been known for many centuries, the 

Hindu and Chinese literature of 4000 years ago 
bearing witness to neck swellings (Langer 1960). 
A coin from Syracuse c. 425BC shows a 
goitrous figure, Arethusa the city's patron 
nymph (Hart 1973). The first representation of 
cretinism is on a frieze from second or third 
century Ghandara, the great sub-Himalayan 
Buddhist kingdom (Merke 1971). Seaweeds such 
as Laminaria and Sargassum and preparations 
of pig and deer thyroids were used historically as 
treatments. In the first century Pliny knew of the 
efficacy of burnt seaweed for goitre (Cogswell 
1837). When Courtois in 1811 isolated iodine 
from the seaweed Fucus vesiculosus, Prout in 
1816 and Coindet in 1820 independently pre- 
scribed iodine as treatment for goitre, since this 
was the seaweed whose ashes had long been used 
empirically. Subsequently Coindet recognized 
the development of iodism and hyperthyroidism 
from large and toxic dosages and warned against 
such excess. Doses of the order of 5000 times the 
optimum were used (Matovinovic & Ramalin- 
gaswami 1960), and contributed to a decline in 
iodine therapy. But with the recognition of the 
concentration of iodine by the thyroid and its 
importance in the active hormone (Harington 
& Barger 1927) the use of iodine revived. 
The earlier unpalatable preparations have now 
largely been superseded and a variety of 
prophylactic compounds is available. The major 
challenge today is not the dose or the form of 
iodine but the distribution to the often remote 
and impoverished areas where the need is 
greatest. 

Boussingault promoted the use of iodized salt 
for prevention 150 years ago (Kelly & Snedden 
1958), but it was not until Marine & Kimball 
(1920) gave sodium iodide supplements to 
schoolgirls in Akron, Ohio that prophylaxis 
was successfully demonstrated. The use of 
iodinated oil injections was later pioneered in 
Papua New Guinea in the late 1950s (Hennessy 
1964) and successfully eliminated endemic cre- 
tinism from a community (Pharoah & Connolly 
1987). 

Such studies, allied to the physiology of iodine 
in the thyroid and brain, are evidence in support 
of the iodine deficiency hypothesis. An inverse 
relationship between environmental iodine and 
goitre prevalence has been repeatedly demon- 
strated (Roche & Lissitzky 1960; Gutekunst & 
Scriba 1987). Urinary iodine excretion, which 
parallels dietary intake and is easier to measure, 
is often low in goitrous areas (Follis 1964; 
Bourdoux et al. 1985), and animals fed on a 
low iodine diet develop goitre (Axelrad et al. 

1955). Nevertheless, there are anomalies in the 
correlation between iodine deficiency and the 



CORRELATES OF IODINE DEFICIENCY DISORDERS 225 

prevalence of goitre (e.g. Burma, Taiwan and 
Java (Kochupillai et al. (1980); Cuba (Pretell & 
Dunn 1987); Spain (Gutekunst & Scriba 1987); 
Missouri and northern England (Fuge 1989)), 
and adequate prophylaxis is not always success- 
ful in eradicating the disorder. Two recent 
studies have been unable to explain most of 
the variation in goitre rates. In Sri Lanka, 
Balasuriya et al. (1992) found that only 40% 
of the variability of goitre prevalence could be 
explained in terms of the iodide content of the 
drinking water, although drinking water only 
accounts for between 10 and 20% of the dietary 
iodine. In Bangladesh Filteau et al. (1994) could 
account for as little as 12% by iodine status and 
anthropometric variables. This suggests that 
there are other factors in the causation of iodine 
deficiency disorders, and many goitrogens have 
been implicated over the years but few have been 
adequately confirmed. There are even sugges- 
tions that iodine deficiency is not the cause of 
endemic goitre (Greenwald 1957). 

Goitrogens 

One goitrogen that has much support is thio- 
cyanate, released from inadequately prepared 
cassava. Studies in Zaire show that a raised 
urinary iodine/thiocyanate ratio may be consid- 
ered healthy, since no clinical problems are 
known and biochemical indices are normal. Low 
ratios are associated with goitre and very low 
ratios with cretinism (Delange et al. 1982). 
However, there are unanswered questions about 
the role of geology in some parts of Zaire. The 
clear cut difference in goitre prevalence in 
communities living on two different rock types 
on Idjwi Island in Lake Kivu, Zaire has been 
ascribed to cassava, but the original geological 
association (Delange et al. 1968) has never been 
explained adequately. The northern area of high 
goitre is based on a granite and gneiss basement 
while the non-goitrous southern end of the 
island has a basalt basement. Selenium defi- 
ciency has also recently been identified as a cause 
of goitre, but its role has yet to be clarified, 
although its involvement in goitrogenesis has 
been raised in these cassava areas of Zaire 
(Thilly et al. 1993). 

McCarrison (1906) in the Karakoram noted 
the increase in goitre prevalence in successive 
villages down river, which he attributed to the 
progressive pollution of the water, and with 
other later observations concluded that a micro- 
organism was involved. E.  eol i  was later 
incriminated as the causative organism in other 
endemias (Vought et al. 1967; Malamos et al. 

1971). Chapman et al. (1972) studying McCarri- 

son's original work in the same Karakoram 
valley showed that the increase in goitre 
prevalence there was not due to bacterial 
contamination of the water. They suggested that 
the high silt load was absorbing the iodine from 
the water, but failed to explain why this should 
increase down river when the main source of 
iodine in the environment is the atmosphere, not 
bedrock. 

The higher prevalence of goitre in hard water 
areas has long been appreciated. Prosser (1769) 
recognized that 'Derbyshire Neck' was asso- 
ciated with limestone regions. Experimental 
evidence for this association was seen in the 
observation (Taylor 1954) that calcium induces 
goitre in the iodine deficient rat though Harrison 
et aL (1967) and Malamos et al. (1971) dispute 
this. Day & Powell-Jackson (1972) found that 
the variation in goitre prevalence correlated in 
Nepal not only with the degree of hardness but 
also with the fluoride content of the water. The 
role of fluorine is not yet clear despite this last 
observation. Other areas of fluorosis do not have 
consistently high goitre prevalence and it must 
be asked whether or not in Nepal the fluorine, as 
well as the hardness factor, was acting as a 
marker for some other mineral which affects 
goitrogenesis and occurs in related geological 
formations. What this mineral could be is as yet 
unknown. The geology of the iodine deficiency 
disorders is still a poorly understood subject. 

A possible correlation exists with plate sub- 
duction zones. In northern Pakistan, in the area 
where McCarrison made his original observa- 
tions, there seems to be a clear' cut geological 
differentiation of goitre prevalence into two 
groups north and south of the east-west trend- 
ing Main Karakoram Thrust (Stewart 1990). 
Markedly different goitre prevalences are found 
and are shown in Fig. 1. As expected there is an 
age and sex variation but there is also an 
independent, statistically significant, difference 
between the two areas (p < 0.01). The Main 
Karakoram Thrust is the western continuation 
of the Indus-Tsangpo Line and part, therefore, 
of the collision boundary between the Indian 
and the Asian plates. Whether the difference is 
simply due to the differing geochemical signa- 
tures between the two plates or whether it is 
related to the collision is still unclear. However, 
several suspected goitrogens such as BF4, SO3F, 
molybdate, and Li are recognized to occur in the 
minerals north of the Main Karakoram Thrust 
in Pakistan and Afghanistan (Stewart 1990; 
Tahirkheli 1982; Quasin Jan, University of 
Peshawar, pers. comm.) and are believed to be 
concentrated in Asia, the non-subducting plate, 
by crustal melting and metallogenic processes 
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Fig. 1. Goitre prevalence across the Main Karakoram Thrust, Pakistan. Sample size: 1896 persons (3.4% total 
population) to the north and 4321 persons (2.7% of total population) to the south of the thrust. 

associated with the plate boundary. Currently a 
search for possible goitrogens in northern 
Pakistan is underway, admitting the possibility 
of testing this hypothesis in other collision zones 
since it seems possible that there is a link 
between other collision zones and goitre too. 
The postulate that subduction concentrates 
possible goitrogens in the non-subducting plate 
is intriguing in the light of the distribution of 
goitre already noted earlier, in particular the 
mountainous regions. Goitre is particularly 
prevalent on the non-subducting plate of sub- 
duction zones associated with the Andes and the 
Himalaya-Indonesia-New Guinea belt. All 
these areas are noted for the severity of the 
whole spectrum of the iodine deficiency dis- 
orders. Other non-subducted plates such as the 
Philippines and Turkey also have iodine defi- 
ciency disorders associated with the plate 
boundary. Ordinary weathering will supply 
goitrogens to the food chain. In such situations 
iodine would act in a similar way to its action 
with cassava, the ratio of iodine to the goitrogen, 
rather than the absolute level of iodine, being 
important. 

Environmental iodine 

However, if our understanding of the geology of 
the disorders leaves a lot to be desired, our 
awareness of the links between environmental 
iodine levels and the disorders is not as clear as is 
often assumed. 

Two medical red herrings concerning environ- 
mental iodine levels need to be exposed. The 
classical environmental explanations in the 
medical literature for goitre occurrence are that 
glaciation and leaching cause soil iodine in 
endemic areas to be low (Hetzel 1989). Neither 

of these is true as quoted although still repeated 
(Micronutrient Deficiency Information System 
1993), and recent work by environmental 
scientists on the distribution of iodine is hardly 
known in the medical literature. 

The glaciation hypothesis rests on the suppo- 
sition that the great glaciations stripped soils 
from the underlying rocks and there has been 
insufficient time elapsed to raise soil iodine to 
prevent goitre developing. The hypothesis is 
usually ascribed to Goldschmidt (1954) though 
it occurs in the medical literature some 14 years 
earlier (Shee 1940). One other medical worker in 
Switzerland supports the hypothesis with evi- 
dence (Merke 1965, 1967). However, there are 
several objections to the hypothesis. Goitre is 
now known to have a much wider distribution 
than glaciation and continues beyond the 
glaciated boundaries of northern Europe and 
North America. The medical surveys of both 
Shee (1940) and Merke (1967) are open to doubt 
in the light of more recent findings. Shee was 
unaware of the influence of seaweed fertilizer as 
a source of iodine while Merke's analysis 
dismissed non-local foods as an important 
source of dietary iodine. Both of these facts are 
now well attested and raise doubts about the 
medical basis for the glaciation hypothesis. But 
glaciation is still assumed in the medical 
literature to be the local cause of environmental 
iodine deficiency (Micronutrient Deficiency In- 
formation System 1993). The medical aspects of 
the hypothesis have never been examined 
critically, although non-medical scientists have 
questioned it (Fleming 1980; Fuge & Johnson 
1986). Unpublished observations from northern 
Pakistan found no correlation between glacia- 
tion and goitre prevalence. 

Leaching is even less well understood in the 
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medical literature, there being no clear descrip- 
tion of the concept but a wide acceptance of its 
validity. The assumption is made that the 
occurrence of endemic goitre must mean low 
soil iodine, and the further conjecture that 
leaching must have occurred is quietly added 
often without any environmental evidence. 
Water flowing through soil is expected to 
transport iodine from the topmost layers, either 
depositing it in the deeper levels where it lies 
unavailable to plants, or removing it completely 
in the run-off. The source of water is quoted 
variously as rain, river, flood or irrigation 
(Hetzel 1989). The assumption is that soil iodine 
is high initially and then reduced by the flow- 
through of water. Leaching by glacial melt may 
even be quoted as the mechanism for the 
efficiency of glaciation in lowering soil iodine 
levels (Koutrous et al. 1980). The idea that soil 
iodine may be tightly bound and not free to 
move through the groundwater into rivers is not 
known medically, though Fuge & Johnson 
(1986) have demonstrated that iodine distribu- 
tion in soils is governed both by the supply of 
iodine and the ability of the soil to retain it. 

Atmospheric input in wet and dry deposition, 
soil type (Zborishchuk & Zyrin 1974; Fuge & 
Johnson 1986), the state of growth of covering 
vegetation (Asperer & Lansangan 1986; Mura- 
matsu et aL 1991) humus, animal biomass (Bors 
& Martens 1992) and oxides of A1 and Fe 
(Whitehead 1978) have all been shown to affect 
the retention and distribution of iodine in the 
soil. It is no wonder that there is at times 
confusion over the role of environmental iodine 
in the causation of the iodine deficiency dis- 
orders. These various factors need to be taken 
into account in any future discussion of soil 
iodine and endemic goitre. In this context it 
would be good if the Iodine Fixation Potential 
of soils, as proposed by Fuge & Johnson (1986), 
was given a quantitative basis, to define its 
potential in characterizing areas where goitre 
occurs. A collaborative study between medical 
and earth scientists would be ideal. Simple soil 
iodine concentrations do not give enough 
information on the potential availability of 
iodine. 

One point that has received little attention 
from either group is the definition of low 
environmental iodine, whether soil or water. 
For example, the mean river iodine level is 
5#g1-1 (Fuge & Johnson 1986), and values 
under this may be low environmentally, but 
whether or not they are low medically is a moot 
point. If  goitrogens are as important as they 
appear to be then this could explain why water 
iodine levels sometimes do not correlate with 

goitre prevalence (Fuge 1989), and sometimes 
do; see for example the various figures given in 
Stanbury & Hetzel (1980), where in such diverse 
places as Algeria, Cameroon, Michigan, Tunisia 
and Iraq water iodine is inversely related to 
variations in goitre prevalence, while in Burma, 
Italy and Taiwan it is not (Table 1). There is also 
the impression of different goitre prevalences at 
the same environmental iodine levels, though 
this has not been formally studied. Perhaps the 
suggested joint study needs to cover water as 
well as soils to clarify the environmental factors 
in the aetiology of goitre. 

Table 1. Water iodine levels and goitre prevalence 
Adapted from, Stanbury & Hetzel 1980 

Place Water iodine Goitre 
#g 1-1 prevalence % 

Algeria 3.5 80 
4.5 70 

Cameroon 2-4 58 
> 4 non-endemic 

Italy 0.3 more 
0.35 11 
0.55 49 
0.82 48 
1.75 less 
2.02 10 
2.26 49 
2.38 5-40 
9.09 38 
500 7 

Michigan 0.0 65 
0.3 56 
7.3 33 
8.7 26 

Tunisia 3.9 50 
3.9 36 
6.9 1 

In examining terrestrial iodine the atmo- 
spheric input must not be ignored. The atmo- 
sphere is recognized as the source of soil and 
water iodine, transporting iodine from its 
sources in the sea to land. Figures quoted by 
Whitehead & Truesdale (1982) indicate that in 
Berkshire (UK) and central Russia the annual 
losses through run-off were probably similar to 
annual input from the atmosphere 20 and 45 g 

1 I ha- respectively). This would suggest that 
there are steady states in the iodine cycle which 
are set variously according to local factors. 
Distance from the sea is correlated with goitre 
prevalence, such as in a coastal country like 
the Netherlands (Kelly & Snedden 1958). No 
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analysis over a greater distance has yet been 
published, but it is conceivable that this correla- 
tion is limited to the immediate coastal area in 
the light of the many complexities already 
outlined in the environmental control of iodine 
levels. Maritime influence on environmental 
iodine probably decreases exponentially with 
distance from the sea. Sadasivan (1980) reports 
an order of magnitude difference between rain 
iodine near the coast of India and inland during 
the monsoon, while Perel 'man (1972) notes a 
similar difference between iodine in Black Sea 
air (10-20#g/m 3) and that in the air of the 

Cherkassy region, former USSR, some 3000 km 
or more inland (1.28#g/m3). L~g & Steinnes 

(1976) studied soil iodine in Norway and 
commented that in the northern area nearer 
the sea the decrease in soil iodine with increasing 
distance from the sea far exceeded the decrease 
in annual precipitation, while in eastern Norway 
the drop in values was lower than the corre- 
sponding decrease in precipitation. This sounds 
like an exponential decrease, not unexpected, 
since many environmental parameters behave in 
this manner, and even mineral dust shows a 
probable exponential decrease in concentration 
as it is transported over the sea (Knap & Kaiser 
1990). Atmospheric iodine occurs as gaseous 
inorganic, gaseous organic and particulate spe- 
cies. Each has a different residence time and may 
be removed by either wet or dry deposition 
(Whitehead 1984). The depositional velocity 
depends on the species, for example, elemental 
iodine settles at about 1 cm sec -1, methyl iodide 
has a velocity of less than 0.01 cmsec -1, while 
that of various atmospheric particles ranges 
from 1-5 cm sec -l, though no figure for particu- 
late iodine is known (Whitehead 1984). It is 
likely that the summation of these various rates 
will give an exponential decrease, but this needs 
confirmation. 

Postulate 

We can postulate a correlation between these 
various ideas, the timing and depth of injury to 
the growing brain affecting the type of cretinism 
produced, the role of goitrogens in the aetiology 
of the iodine deficiency disorders, and the role 
of environmental iodine. Water iodine may be 
related to the atmospheric input but not the 
availability of iodine. The availability of envir- 
onmental iodine to the diet depends on a variety 
of soil factors, such as atmospheric input, soil 
type, vegetation cover, humus, animal biomass, 
and A1 and Fe oxides. A low dietary iodine on 
its own will produce the full range of  iodine 
deficiency disorders in a community. However, 

in the presence of  a goitrogen iodine will act only 
as a limiting factor, the ratio of iodine to 
goitrogen being the determinant of the outcome. 

The goitrogen may often be geologically related, 
and may be subject, as may iodine, to an annual 
cycle of concentration. This will give a varying 
iodine-goitrogen ratio causing differences of 
timing and depth of  any insult to the growing 
brain. Thus we will find differing intensities of 
cretinism and the other disorders in an affected 
community. 

Conclusions 

There is a need for a new examination of the 
environmental cycle of iodine, particularly in 
plants, soil and water, with respect to the 
occurrence of iodine deficiency disorders. Sec- 
ondly, a systematic search for mineral goitro- 
gens in endemic goitre areas should be under- 
taken to identify other factors which affect the 
development and progress of  iodine deficiency 
disorders. 

AGS was supported in part by gifts from churches and 
individual Christians. 
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The protective role of trace elements in preventing aflatoxin induced 

damage: a review 
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Abstract: Recent evidence has shown that there are important interactions in experimental 
models and human beings between trace element status and aflatoxin B1 (AFB1) exposure. 
The hypothesis is presented that these interactions operate through altered host antioxidant 
status leading to excess free radical production resulting in cell damage and clinical disease. 
Geographical differences in the geochemical environment could have a major influence on 
the pattern of disease. Appropriate nutritional intervention studies are required to determine 
potential benefits of trace element supplementation in aflatoxin exposed populations. 

The geochemical environment has a profound 
influence on the level of health of man and 
animals; moreover, the geochemical environ- 
ment, particularly as it affects intake and 
utilization of trace elements, plays a major 
causal role in many specific diseases (Hopps 
1975). In this symposium Plant et al. (1996) have 
reported that, in developing countries, altera- 
tions in the geochemical environment not only 
caused trace element deficiencies but also de- 
pleted conservative elements such as iodine, the 
deficiency of which is associated with goitre and 

cretinism. Trace element interactions with myco- 
toxins in foods are an example of such an effect. 
Mycotoxins (fungal toxins) are often detected in 
foods, particularly in developing countries. 
Chemically, the mycotoxins are organic com- 
pounds with low molecular weight. The most 
important among these, aflatoxin B1 (AFB1) 
which is elaborated by Aspergillusflavus and A. 
parasiticus is a well known hepatotoxin, muta- 
gen, immunosuppressant and carcinogen in 
animals and man (Busby & Wogan 1984). The 
adverse biological effects of AFB1 are mani- 
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Fig. 2. Antioxidants and trace element dependent enzymes involved in the prevention of free radical formation. 

fested after its metabolic activation by cyto- 
chrome P-450 into an active form AFBv8,9- 
epoxide and subsequent interaction with cellular 
macromolecules (Fig. 1). 

Recent research has clearly indicated that 
drugs and toxins can interact with dietary 
nutrients in a number of ways. The mechanism 
of such interaction is poorly understood but the 
outcome of such encounters determines whether 
there will be no detectable effect or if an acute or 
chronic adverse effect will be experienced by the 
host. Several naturally occurring factors in the 
diet modify the metabolic activation of afla- 
toxins. Among these, trace elements play an 
important role in modulating the biological 
effects of AFBI and this review attempts to 
focus on possible mechanisms involved in this 
interaction. 

Importance of dietary trace elements 

Most of the trace elements are essential con- 
stituents of all living tissues with highly specific 
functions. Hopps (1975) highlighted the impor- 
tance of trace elements in the geochemical 
environment in relation to health and disease 
and emphasized that specific requirements must 
be satisfied. The geochemical environment is an 

important factor in enabling the individual to 
meet these needs. 

Of the trace elements, copper (Cu), selenium 
(Se), manganese (Mn), iodine (I) and zinc (Zn) 
are components of enzymes. Some are also 
bound to specific proteins, either for storage or 
transport purposes or for both, e.g. Cu in 
caeruloplasmin and Cu and Zn in metallothio- 
nein (Waterlow 1992). Trace element dependent 
enzymes are involved in the prevention of free 
radical formation. Free radicals are species 
containing one or more unpaired electrons. 
These radicals are chemically very active and 
have very short half-lives and are continuously 
produced in vivo. In consequence, organisms 
have evolved not only antioxidant systems to 
protect against them, but also repair systems 
that prevent the accumulation of oxidatively- 
damaged molecules. The chemistry of free 
radicals is reviewed in detail by Halliwell 
(1993). The trace element dependent enzymes 
(catalase, glutathione peroxidase, superoxide 
dismutase, and caeruloplasmin) are involved in 
the scavenging of reactive oxygen species (Fig. 2) 
and in this role have attracted considerable 
attention in recent years (Athar et al. 1993). One 
of the major antioxidant defence mechanisms in 
mammals is the sequestration of transition metal 
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ions into forms incapable of stimulating free 
radical reactions (Halliwell 1993). 

In vivo s t u d i e s  

Among the trace elements, selenium (Se) has 
been studied to the greatest extent. Under 
certain environmental conditions aflatoxin may 
be present in diets in which Se may be deficient 
or in excess. 

Newberne & Conner (1974) observed that 
pretreatment of animals with sodium selenite in 
the diet (0.03-5ppm) for a two to three week 
period prior to dietary administration of AFB1, 
protected animals against the acute toxicity of 
aflatoxin at a dosage of 1.0 ppm even though 
this dose was mildly toxic. The dose levels of 
0.03 and 5 ppm were found to be too low and 
too high respectively for their protective effects 
against aflatoxin toxicity. They attributed the 
protective mechanisms to the antioxidant effect 
of Se in quenching the free radicals produced in 
the tissues by AFB1. 

In rabbits orally dosed with sodium selenite 
(50mgkg -1) and inoculated with A.  f l avus  

antigen, Alexsandrowicz (1976) observed that 
sodium selenite induced an accelerated response 
and significant increase in concentration of 
specific antibodies against this antigen. 

In rats given 42 #g of AFB1 for 27 days with 
sodium selenite in drinking water at doses of 3 
and 6mgkg -1 for 79 weeks, Lei et al. (1990) 
observed an inhibitory effect of selenium on the 
development of preneoplastic liver lesions and 
this was more pronounced at the low than at the 
high dose of selenium. 

Petr et al. (1990) recorded a protective effect 
of selenium against the mutagenic effect of AFBI 
in Chinese hamsters pretreated with 2ppm 
sodium selenite. 

Pretreatment of calves with a single intra- 
muscular injection of selenium-vitamin E (5 mg 
of selenium and 68 IU of oe-tocopherol per 60 kg 
of body weight for 14 days) before oral dosing 

1 with 0.1 mg kg- AFB1, improved the feed intake 
compared to that of the toxin only fed calves 
(Brucato et al. 1986). The protective effect of 
selenium was attributed to the stimulation of 
glutathione peroxidase with resultant conjuga- 
tion of the reactive metabolites of aflatoxin and 
reduction in oxidative damage. 

The exact mechanisms of protection are not 
known. The protective effect of Se against AFB1 
may be due to: (a) the antioxidant action of Se as 
an integral component of glutathione peroxidase 
protecting against lipid peroxidation and resul- 
tant peroxidative damage which may influence 
the carcinogenic process (Baldwin & Parker 

1987); (b) reduction in the in vivo covalent 
binding of AFB1 to macromolecules (Chen et al. 

1982). (c) modulation of the hepatic and 
intestinal microsomal enzyme system (Lalor et 

al. 1978; Nyandieka et al. 1990) by dietary Se. 
However, it is interesting that in another study 

(Burk & Lane 1983), Se deficiency in rats was 
shown to protect against the hepatotoxic effects 
of AFB1 possibly by a mechanism related to 
more rapid glutathione synthesis and higher 
activity of glutathione S-transferase in Se 
deficient livers. 

The selenium status of a population tends to 
be determined primarily by the geochemical 
environment and its interaction with diet and 
nutritional products. Because of geochemical 
differences, the estimates of adult human ex- 
posure to selenium via the diet range from 11 000 
to 5000 #g day -1, in different parts of the world; 
however, dietary intake more usually falls within 
the range of 20-300/zg day -1 (WHO 1987). Low 
selenium in the soil results in low selenium levels 
in food and water, which has been associated 
with increased risk of cancer of various organs 
(Combs 1989) and also has been attributed to 
the high incidence of Keshan disease (endemic 
cardiomyopathy) and Kashin-Beck disease (an 
endemic osteoarthropathy) in China (WHO 
1987). 

The high incidence of hepatoma in the south- 
ern part of China has been directly related to the 
lifestyle and environment of the residents, 
particularly with regard to the contamination 
of their grain source by AFB1 (Hart 1993). 
Quidong County, Jiansu Province, has one of 
the highest incidence rates of hepatoma in China 
at 45.9/100 000. The high incidence of hepatoma 
is related to low levels of selenium in the blood 
of the residents in this region of China and low 
Se levels in their grain (Li et al. 1986). 

Yu et al. (1985) have reported that the 
administration of a Se-enriched yeast suspension 
to Wistar rats and ducks, that also received 
AFBI, reduced the incidence of hepatoma. 
Based on these observations an intervention 
study using Se-yeast (200 #g day -1) was carried 
out on a high risk population with hepatitis B 
surface antigen. A significant decrease in the 
incidence of hepatoma was observed in the 
treated group during a two year follow-up 
(Han 1993). Yu et al. (1988) also observed a 
protective effect on reducing cellular DNA 
damage induced by AFB1 in the lymphocytes 
from people receiving Se supplements. 

Studies have also been carried out on other 
trace element interactions with AFB1 such as 
copper, zinc, iron, manganese, fuorine and 
iodine. Acutely toxic AFB1 doses (5-7mgkg -1, 
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Fig. 3. The action of aflatoxins as noxae through interaction with trace elements. 

intra-peritoneally) altered the distribution of Fe, 
Cu, and Mn in rat liver, kidney and spleen 
(Doyle et al. 1977). Zinc carbonate supplemen- 
ted diets were found to prevent hepatocellular 
necrosis and cell proliferation in Syrian hamsters 
chronically dosed with aflatoxin (Llewellyn et al. 

1986). Katzen & Llewellyn (1987) recorded the 
bio-interaction of Mn and AFB1 in rats follow- 
ing the administration of AFB1 and radioactive 
manganese chloride (MnCI2). In pigs fed aria- 
toxins, a progressive reduction in Unsaturated 
Iron Binding Capacity (UIBC) and Total Iron 
Binding Capacity (TIBC) was observed and this 
was attributed to decreased transferrin levels in 
aflatoxicosis (Harvey et al. 1988). Increased 
molecular reactivity of AFB~ leading to subse- 
quent DNA adduct formation was evident in the 
liver microsomes of rats fed copper deficient 
diets for 9-13 weeks. The activities of micro- 
somes returned to normal after supplementation 
of the same diet with a small level of copper 
emphasizing the role of copper in the activation, 
and hence in modulating the carcinogenicity of 
AFB1 (Prabhu et al. 1989). 

Maxwell et al. (1992) observed that dietary 
aflatoxin (25 #g of AFBI for 8 weeks) caused a 
significant decrease in serum copper and zinc 
levels in rats. The decrease in serum copper and 
zinc levels was attributed to the possible inter- 
action of AFB~ and these trace elements. 

In vitro studies 

Using Sa lmone l la  t yph imur ium strains TA100 
and TA98, Francis et al. (1988) tested the 
inhibitory activity of various trace elements on 
mutagenesis induced by AFBI in the presence of 
a rat liver microsomal activation system and 
they observed that Cu, Mn and Se possessed 
exceptional inhibitory activity for AFBx whereas 
Zn and Fe produced moderate inhibition. The 
inhibition was competitive with regard to Se and 
Mn but non-competitive for Cu suggesting that 
these trace elements might interact with some 
components of the microsomal enzyme system, 
thus interfering with the bioactivation of AFB~. 
The authors considered that the capacity of trace 
elements to inhibit AFBl-induced bacterial 
mutagenicity reflects on their ability to afford 
protection against the development of AFB1 
induced neoplasia. 

Outcome of interaction of aflatoxin and 

trace elements 

Even though several mechanisms of interaction 
of AFB1 with trace elements have been postu- 
lated it is most probable that free radicals are the 
net result of such interactions. AFB~ is a known 
exogenous factor in the generation of reactive 
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oxygen species (Busby & Wogan 1984) and the 
essential trace elements Cu, Mn, Se, Zn and Fe 
are important constituents of enzymes con- 
cerned with the scavenging of these species and 
provide protection against free radical-induced 
tissue damage (Athar et al. 1993). Interaction of 
AFB~ with these elements results in free radical 
generation and cellular toxicity. In addition 
AFB1 induced gastro-intestinal disturbances 
could interfere with the absorption of these 
trace elements. These trace elements are also 
required for host immunocompetence (Shronts 
1993) as their deficiency has been shown to 
interfere with the antioxidant reactions related 
to phagocytic, cell-mediated and humoral  
immune functions. As aflatoxins are potent 
immuno suppressants as evident from extensive 
animal studies (Busby & Wogan 1984), this 
combination of factors in the malnourished 
individual may contribute to increased suscept- 
ibility to infections. This is exemplified in 
Kwashiorkor, a form of protein-energy malnu- 
trition observed in children in the tropics in 
which the antioxidant nutrient status such as 
vitamin A, E, /~-carotene, Zn, Se, Fe, Mn are 
low. The clinical symptoms of this disease have 
been considered to result from an impaired 
defence system unable to detoxify an increased 
production of free radicals (Golden & Ramdath 
1987). The free radical theory in the causation of 
Kwashiorkor has been proposed by Golden et 

al. (1991). These authors argue that Kwashi- 
orkor results from an imbalance between the 
production of free radicals and their safe 
disposal. The various noxae to which these 
children are exposed produce an oxidative toxic 
stress which leads to excess free radical genera- 
tion. 

Aflatoxins have been found to be an impor- 
tant etiological factor in Kwashiorkor based on 
epidemiological and clinical studies (Coulter et 

al. 1988; Hendrickse 1988). It is probable that 
aflatoxins could act as noxae through interaction 
with the antioxidant trace elements resulting in 
the generation of excess free radicals and also by 
directly or indirectly suppressing the immune 
response. This process is represented in Fig. 3. 

The interaction of aflatoxin with trace ele- 
ments is only one aspect of the multitude of 
interactions taking place in the biological system 
and further evidence that the geochemical 
environment can influence specific biological 
mechanisms of disease. There are significant 
interactions occurring between trace elements 
such as Zn, Cu and Fe (Davis 1980), toxic 
elements (Stanstead 1980) and other dietary 
factors. Understanding these complex inter- 
actions and characterizing them will involve a 

multidisciplinary approach involving biomedical 
scientists, nutritionists, epidemiologists, geolo- 
gists and geochemists. 

Conclusions 

Aflatoxin B1, a potent mycotoxin that occurs in 
the diet, interacts with trace elements as demon- 
strated by in vivo and in vitro studies. The 
interaction of AFB~ with trace elements may 
lead to changes in host immunity and also 
favour free radical production. Aflatoxins have 
been implicated in humans and animals with 
malnutrition and presumably trace element 
deficiency. Intervention studies by supplementa- 
tion with trace elements in aflatoxin endemic 
areas, as in the Quidong County in China, have 
significant potential in improving our under- 
standing of the control of nutritional/environ- 
mental problems. The interaction of aflatoxin 
with trace elements is only a single aspect of the 
multitude of factors affecting trace element 
status in human beings and animals. Another 
example is Kashin-Beck disease, an endemic 
osteoarthropathy that occurs in eastern Siberia 
and certain parts of China which have been 
attributed to selenium deficiency. Although the 
etiology of this disease has not been fully 
established, selenium deficiency has been attrib- 
uted as one of the main causative factors. Other 
factors such as mycotoxin contamination of 
cereals with certain Fusar ium strains in China 
and high phosphate and manganese contents in 
the soil, food and drinking water in endemic 
areas in eastern Siberia have been suggested 
(WHO 1987). 

Processes in the geochemical environment, in 
addition to causing trace element deficiencies, 
are also known to cause depletion of well 
recognized elements such as iodine which leads 
to goitre and cretinism (in some situations 
related to goitrogens in food). In certain 
situations geochemical alterations may also 
result in the escape of toxic metals such as 
cadmium, lead and arsenic from the soil-plant 
barrier which contaminate the food chain and 
cause toxicity to human beings and animals 
(Plant et al. 1993). As Hopps (1975) clearly 
points out 'Scientists are often divided as a result 
of an isolation that comes from concern with 
only the disciplinary area of their primary 
interest. AU the advantages of each discipline 
are necessary to understand the complex inter- 
actions that reflect health or disease.' Primary 
prevention requires the application of highly 
sensitive methods for early detection of risk 
factors in the environment, food and water. 
Future progress depends on a multidisciplinary 
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approach involving biomedical scientists, nutri- 
tionists, epidemiologists, geologists and geo- 
chemists and an integrated common corrective 
action. 
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Abstract: Primary volcanic phenomena are potentially catastrophic, whilst those of a 
secondary nature may be merely considered as background activity but may be of sufficient 
intensity to cause long-term suffering to indigenous populations. The latter is the case at 
Poas volcano in Costa Rica, where a change in the quiescent state of the volcano has been 
shown by increasing activity during the last decade. Acid gases are apparently now being 
emitted more intensely than before, particularly during the dry season, to the detriment of 
the health of people and domestic livestock living in the surrounding countryside. Damage 
to crops and farm buildings is also evident. 

A pilot geochemical study has been undertaken at Poas volcano to determine the principal 
constituents of the gas emissions, the form in which they are most likely to be transported 
and the extent of the area within which they can be easily measured. 

The results obtained indicate that emissions of mixed volatile acids contribute to the 
problems encountered, and that, as might be expected, seasonal changes and distance from 
the source also exert control. Rainfall effectively scrubs the acid gases during the wet season, 
thereby considerably ameliorating the immediate effects of the emissions. 

Poas is a composite stratovolcano rising 1400m 

above its surroundings in the populated Cordil- 
lera Central of Costa Rica (Fig. 1). The last 

major eruptions occurred in 1952/53, when 

phreatic activity resulted in the loss of the crater 

lake and culminated in the growth of a 45 m high 

pyroclastic cone, which subsequently became the 

focus of continuous fumarolic activity. A new 

lake had formed by 1967 and reached a depth of 

about 50m, circulating mildly acidic brines at 

about 40~ Apart from minor fluctuations in 

level and temperature, and a brief period of 

............................ Ca,,O o n ......... 
"".,....~ 
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Fig. 1. Location of Poas Volcano, Costa Rica. 
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239 



240 R.A. NICHOLSON ET AL. 

Table 1. Sulphur dioxide concentrations from long-term diffusion tubes (24 hour average) 

Location 1991 (/zg SO2/nl 3) 1992 ~g SO2/m 3) 
Wet season conditions Dry season conditions 

Control tubes (Bajos del Toro) 0.4 4 
Cajon 250 249 
San Luis 299 730* 
Trojas 60 124 
Farm near summit 314 499* 
Public viewpoint 117 156 

Sample locations shown on Fig. 2. 
*Approximate data only due to normal tube capacity being exceeded. 

geyser activity during 1978/79, the system 
appeared stable until early 1986 when a long- 
term decrease in the lake level and increase in 
acidity commenced. Intense geysering again 
occurred from June 1986 to July 1987, and these 
events heralded the start of a new magmatic 
cycle which has been studied by a variety of 
geophysical and geochemical techniques (Brown 
et aL 1989; Barquero & Fern~indez 1990; Rowe 
et al. 1992a, b). However, the environmental 
hazards posed by the escape of high temperature 
volcanic gases and aerosols are only now 
becoming apparent. The effects of acid gases 
can be seen on the western flank of Poas, which 
is completely denuded of vegetation on the 
inner-facing slopes for c. 1 km downwind, and 
only supports low scrub elsewhere. 

Gas monitoring 

A preliminary visit to Poas took place in late 
1991 towards the end of the wet season in Costa 
Rica, during which the proposed sampling was 
curtailed because of the danger of slope in- 
stability in parts of the crater induced by heavy 
rain (Nicholson et aL 1992). As Poas volcano 
comprises andesitic lavas separated by layers of 
unconsolidated volcaniclastic materials, periods 
of exceptional rainfall cause some areas to be 
liable to spontaneous collapse. During 1991, 
parts of the crater area were therefore consid- 
ered inaccessible for safety reasons, and it was 
decided to repeat the sampling exercise when 
drier conditions would be encountered. This 
would also allow comparison of analytical data 
obtained during wet and dry seasons. During 
this initial visit long-term diffusion tubes were 
emplaced for approximately two weeks to 
determine sulphur dioxide gas concentrations 
around the volcano. Figure 2 indicates the 
approximate locations of these sample sites in 
relation to the active crater. 

A second visit took place a few months later 

in early 1992, when a marked difference was 
noted between the conditions encountered and 
those experienced at the end of 1991. Little or no 
rain fell throughout the entire visit, and there 
was only light precipitation from persistent 
afternoon cloud-cover. However, acid fall-out 
from the volcanic plume appeared to be more 
intense in the drier air, and this was evident by 
personnel experiencing dry throats and being 
able to smell 'sulphurous' fumes in the atmo- 
sphere. Brief interviews with local people con- 
firmed this as typical of the dry season effects of 
the volcano (Nicholson et al. 1993). 

Results 

In the populated areas downwind, several kilo- 
metres from the summit, acid gases were 
detected in the atmosphere, although the highest 
concentrations of sulphur dioxide (SO2) mea- 
sured did not exceed 0.3-0.5 ppm over periods of 
a few minutes. These measurements were carried 
out using an MEI (Survey Plus) toxic gas 
monitor equipped with an electrolytic sensor 
for the detection of SO2. Data subsequently 
obtained from the long-term diffusive gas 
samplers showed comparable values (Table 1). 

During a visit to the crater rim on the north- 
western side of the volcano (Fig. 2) in 1992, the 
highest temporal SO2 concentration recorded 
using the toxic gas monitor was c. 35 ppm (Short 
Term Exposure Limit 5.0ppm; HSE 1995). 
Stinging sensations caused by acid precipitation 
on exposed skin were pronounced. The acid 
gases present at this location were later con- 
firmed by collecting the acid fall-out on filter 
papers impregnated with sodium formate, and 
measuring the sulphate and fluoride contents. 
On this later occasion low cloud within the 
crater obscured the view and variable air 
circulation ensured that the volcanic plume was 
constantly changing direction, and therefore 
levels of SO2 measured with the toxic gas 
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Fig. 3. Fluoride, chloride and sulphate concentrations measured in crater lake waters between February 1992 and 
January 1993. 

monitor did not exceed 0.2 ppm at any one time. 
However, Draeger chemical diffusion tubes 
emplaced above open ground showed a total 
flux of 10ppm SO2 over a four-hour period, i.e. 
2.5ppm per hour. The use of similar tubes 
confirmed that there was no hydrogen chloride 
or hydrogen sulphide at this location. Studies 
carried out at the public viewing platform on the 
southern side of the main crater, which is much 
closer to the source but normal to the prevailing 
wind direction, did not detect measurable con- 
centrations of any of the three acid gases, even 
after five hours of exposure. 

In the crater bottom, values of 2.5 and 5.0 
ppm per hour for hydrogen chloride and SO2 
respectively were obtained with the Draeger 

chemical diffusion tubes; there was no indication 
of hydrogen sulphide. However, atmospheric 
SO2 concentrations measured using the toxic gas 
monitor ranged between 20 and 70ppm. The 
wind direction was highly variable, and although 
positioned only 100 m-300 m from the source of 
the gases, it was often possible to work for 
prolonged periods without a respirator, because 
the gas plume was impacting throughout the 
caldera. This effect is very localized due to the 
nature of the terrain, and in no way affects the 
general southwesterly flow of the plume away 
from the crater (Fig. 2). It was not possible to 
approach any of the high temperature fumaroles 
venting through the remnants of the crater lake, 
due principally to the presence of acid waters 
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and thixotropic sediments, but it was possible to 
collect lake water samples. 

Crater lake water chemistry 

Major and trace elements in the water samples 
were determined by a combination of ICP/AES, 
ion chromatography, flow injection analysis, 
selective ion electrode and titrimetric techniques. 

The pH of the crater lake water samples was 
not determined but previous investigations have 
shown that acid concentrations were generally 
high, with pH values of c. -0.5 being common 
(Rowe et aL 1992b). 

Under such highly acid conditions it would be 
expected that any uncomplexed anionic species 
will be present as the free acids. Figure 3 shows 
the distribution of fluoride, chloride and sul- 
phate in the lake waters throughout 1992/93, 
although practical difficulties associated with 
sampling from exactly the same location on each 
occasion may have slightly affected the overall 
results. These samples were collected by staff of 
OVSICORI-UNA (Observatorio Vulcanol6gico 
y Sismol6gico de Costa Rica-Universidad 
Nacional) as part of their routine sampling 
programme. In general much higher concentra- 
tions prevail throughout the drier months 
(December-April) indicating the gradual deple- 
tion by evaporation or drainage of the remnants 
of the lake, followed by dilution with rain water 
during the wet season. It was reported by local 
scientists that rainfall was much heavier than 
usual during the latter months of 1992 and early 
1993. This obviously affected the concentrations 
of dissolved ions (Fig. 3), which would normally 
be expected to start increasing as the lake waters 
either evaporated or drained away (Brown et al. 
1991). 

Gas geochemistry 

Diffusion samplers. To corroborate data on acid 
precipitation around the volcano, long-term 
diffusion tubes were emplaced at sites near the 
summit, and also at several locations on the 
downwind side, to collect SO2. The village of 
Bajos del Toro some 6km from Poas summit 
(Fig. 2) was chosen as the background location 
because there is no record of gases having 
impacted on this area on a regular basis, and it 
was also readily accessible by road. Other areas 
could equally have served as background mon- 
itoring sites, but were either more difficult to 
approach or records of gas dispersion were 
incomplete. The other diffusion samplers were 
placed in villages where they would receive 
constant exposure to the volcanic gases, subject 

to the prevailing winds. During the 1991 survey, 
tubes were emplaced for between 336 and 430 
hours and during the 1992 survey for c. 600 
hours. The tubes were subsequently returned to 
the UK for analysis; all data are shown in Table 
1 calculated as an average exposure time over 24 
hours. 

At some locations measurements indicated 
significantly increased levels of 802 during the 
dry season in early 1992, compared to those 
obtained under much wetter conditions in 1991. 
However, the order of magnitude increase 
shown by the control tubes placed in the Bajos 
del Toro is well within the unexposed control 
variation of the tubes. The release of acid gases 
and aerosols into the environment is much 
greater during the drier months, due principally 
to the loss of the scrubbing effects of rainfall 
near the summit source. 

Impregnated papers. Simple chemical absorption 
techniques were used to monitor the short-term 
variation of gas dispersion at different locations 
around the crater (Fig. 2). During the 1992 visit, 
a site was chosen on the crater rim, due north of 
the public viewpoint and directly under the 
'normal' direction of the gas plume. One litre 
volumes of air were pumped through individual 
filter papers impregnated with sodium formate, 
at predetermined intervals over a period of 
almost four hours, during which time the aerial 
SO2 concentration was monitored using the 
toxic gas monitor. The papers were then sealed 
in polyethylene bags and returned to the 
laboratory for analysis. Each paper was cut into 
two pieces, one being leached with distilled water 
for sulphate determination, and the other with a 
special buffer solution to extract the fluoride. 
The results are shown in Table 2, and for 
comparison, also include data for 1 litre volumes 
of air sampled on the top of the lava dome 
within the crater, at atmospheric SO2 concentra- 
tions of 10-20ppm. These latter samples are 
significantly higher due to greater exposure to 
high gas concentrations. It is to be expected that 
there would be a general increase in both 
fluoride and sulphate content, with the accom- 
panying temporal increase in the measured 
aerial SO2 concentration. 

Environmental and health effects 

It has been shown that there is a wide variation 
in the amounts of acid contaminants dispersing 
into the air from Poas crater lake. The damage 
to vegetation is readily visible immediately 
downwind of the volcano, but there are un- 
doubtedly potentially more serious effects at 
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Table 2. Acid ion and S02 data from impregnated papers (11 pumped samples) 
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Sample no. Time F -(mg F l) SO4-(mg 1-1) SO2 (ppm) 

1 12:15 0.15 0.64 3.0 
2 13:00 0.11 0.53 0.4 
3 13:15 0.10 0.42 0.4 
4 13:30 0.09 0.87 0.6 
5 13:45 0.10 0.54 0.2 
6 14:00 0.10 0.66 0.2 
7 14:15 0.15 0.54 0.4 
8 14:30 0.22 0.56 0.3 
9 14:45 0.20 0.55 0.6 

10 15:00 0.25 1.79 1.5 
11 15:15 0.31 1.63 1.0 
12 15:30 0.29 1.76 0.8 
13 15:45 0.32 1.99 1.8 
Lava Dome 0.40 3.65 10.0 
Lava Dome 0.50 7.87 15.0-20.0 

greater distances from the summit, caused by the 
long-term low concentrations of these contami- 
nants. The principal agricultural problems are 
likely to arise from general acid precipitation 
comprising halogen and sulphur acids, which 
readily disperse from the source during the dry 
season. Sulphur species measured as SO2 have 
been monitored at least 7 km from the summit, 
and may cause health problems such as respira- 
tory tract irritation and asthma attacks in 
susceptibles. The SO2 results from higher 
strength sulphur acids being formed through 
evaporation of water during vapour transport 
(Nicholson et al. 1993). The formation of acid 
aerosols is suspected, and these preliminary 
measurements have indicated that although the 
amounts may be very small, they are a potential 
pathway through which acid gases escape to the 
environment. Further studies are needed to 
substantiate this. 

The enhanced levels of SO2 measured at some 
localities indicate the problems of acidic compo- 
nents in the atmosphere near the volcano, and 
are very conspicuous through visible damage to 
vegetation. This emphasizes the environmental 
problems created when a change in wind 
direction alters the fallout zone of the volcanic 
plume. During the wet season, many areas seem 
to be protected from the effects of the acidity, 
presumably because rainfall effectively scours 
the main acid components of the plume close 
to their source. The release of acid gases and 
aerosols into the envi ronment  is therefore 
apparent ly  much greater during the drier 
months. Local farmers complained of aggra- 
vated respiratory problems during the dry 
season, and also damage to important (for 

Costa Rica) cash crops such as coffee. WHO 
guideline exposure values for SO2 are 30/zg/m 3 
for plants and 50#g/m 3 for humans (annual 
average), and 100/zg/m 3 for plants and 125/zg/ 
m 3 for humans (24 hour  average). Therefore by 
reference to Table 1 it can be seen that the 
recommended exposure levels to SO2 are being 
routinely exceeded, in some locations by sub- 
stantial margins. Visible foliar damage to coffee 
plantations and other vegetation several kilo- 
metres from the summit of  Poas was indeed 
apparent on each of  the field trips, and therefore 
invisible damage to soil profiles may also be 
expected, with obvious consequences for plant 
health. It is hoped to undertake further studies 
at Poas involving health studies of the local 
population and air monitoring of  SO2 and air- 
borne particulates with the objective of assessing 
the health impacts of gaseous emissions from 
Poas volcanic crater lake. 
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Williams, Glen Campbell and Clare Downing of 
Warren Spring Laboratory who provided the SO2 
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analyses. The late Professor Geoff Brown, and his 
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Kriging: a method of estimation for environmental and 

rare disease data 

M. A. O L I V E R  

Institute of Public and Environmental Health, School of Chemistry, The University of 

Birmingham, Edgbaston, Birmingham B15 2TT, UK 

Abstract: Most properties that are distributed in geographical space vary, and often in a 
complex way. The information available is usually fragmentary, but we often want to know 
the values at intermediate locations. This is the case for both environmental and disease 
data. However, the nature of the data and the information that we require from them 
ultimately can be quite different. For rare disease knowing its spatial distribution is often 
not enough, we also want to know the variation in the underlying risk. At present direct 
links between disease and factors in the environment are tenuous; however, there is 
increasing interest in obtaining more precise evidence. Geostatistics provides us with a 
means of analysing both kinds of data underpinned by the same body of theory, the Theory 
of Regionalized Variables. Two types of geostatistical estimation are described here. 
Disjunctive kriging for estimating the probabilities of exceeding particular threshold values 
in the environment: it is illustrated with an example of soil salinity in Israel. Standard 
geostatistical technique has been adapted to analyse the spatial distribution of a rare disease, 
and to estimate the risk of developing it: this is illustrated with an analysis of childhood 
cancer in the West Midlands Health Authority Region where the risk appears largest in 
rural areas. The aim in the future is to use the information from both approaches to identify 
areas for further investigation concerning the aetiology of certain diseases. 

Most  features of the environment vary spatially, 
often in a locally erratic and unpredictable way. 
In many instances investigators want to know 
how their data vary spatially, and this usually 
means analysing the variation and displaying the 
information as maps. Spatial pattern reflects the 
underlying structure in the variation, and it 
often provides clues as to its possible cause. 
Human diseases also vary spatially and the same 
observations apply. For  some diseases the 
spatial pattern is well defined and there are clear 
links with the environment (Lovett & Gattrell 
1988), but for others, especially rare diseases, the 
patterns, the relations with other factors and 
their causes are obscure. Walter (1993) has 
shown that identifying and assesssing spatial 
pattern by visual perception alone is not enough. 
It  needs to be supplemented by some kind of 
statistical analysis of the data. 

Geostatistics provides the tools to analyse 
spatial variation, and it is now well established 
in the Earth sciences, for instance in petroleum, 
mining, ground water, soil science, geology and 
so on. It embraces a large suite of analytical 
techniques, such as variography, coregionaliza- 
tion, kriging, simulation, fuzzy geostatistics, and 

so on (see Armstrong 1989; Soares 1993), all 
underpinned by a coherent  and consistent 
theory. The purpose of this paper is to describe 
forms of  kriging suitable for analysing environ- 

mental and disease data, and to suggest how 
they could be used in a complementary way in 
the future. The first example describes disjunc- 
tive kriging for estimating the probability of 
exceeding the threshold value of some concen- 
trat ion in the environment that could be harmful 
to crop, animal or human health. The other 
analyses the risk of  ch i ldhood cancer by 
binomial kriging. 

Governmental agencies, such as the European 
Union,  are setting statutory limits for the 
concentration of certain substances in the soil, 
water, atmosphere and so on that might be 
harmful to plant and animal fife. In addition 
land managers are also aware that if nutrient 
levels fall below certain critical concentrations 
plants and animals will fail to thrive. In both of 
these situations a method to aid the decision of  
whether or not to act to ameliorate the situation 
is needed. Disjunctive kriging provides estimates 
of  the variable and of the probabilities that the 
threshold is or is not exceeded at each place of 
interest. In other words it assesses the risk of  
taking the estimate at face value. Yates & Yates 
(1988) and Webster & Oliver (1989) have shown 
that  disjunctive kriging is well suited for decision 
making on environmental issues. The method is 
illustrated here with an example of soil salinity 
in Israel where crop yield is affected when the 
electrical conduct ivi ty  of  the soil solut ion 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
Geological Society Special Publication No. 113, pp. 245-254 
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exceeds 4 mS cm-k This method could also have 
potential in geographical epidemiology when 
epidemiologists have to decide which areas 
should be investigated in more detail. 

Geographical epidemiology is concerned with 
identifying and analysing the spatial distribution 
of diseases. Epidemiologists want to know their 
overall regional pattern as well as those areas 
where the risk is unusually large. Historically 
geographical studies of diseases have provided 
important clues about their aetiology. For 
instance Snow's (1855) observations on the 
distribution of cholera in London, and Burkitt's 
(Burkitt & Wright 1970) mapping of the 
distribution of a lymphoma in Africa (Burkitt's 
lymphoma). These diseases had a fairly distinct 
pattern that could be explained; however, for 
others, especially rare ones, the patterns are 
more obscure, and their aetiology is only partly 
understood. Epidemiologists are also interested 
in aspects of the environment that could be a 
risk to human health. The apparent geographi- 
cal variation of some diseases must be inter- 
preted with caution: other factors could 
contribute to the variation in the recorded 
frequency apart from environmental ones. Con- 
sequently many statistical analyses have been 
applied to the spatial distributions of diseases to 
try to identify real differences in incidence from 
place to place (see Marshall 1991). 

Oliver et al. (1992) have adapted standard 
geostatistical method to analyse the incidence of 
rare disease. The significance of this develop- 
ment is that both the disease and the environ- 
mental data can be analysed by techniques 
embraced by a single body of theory in the 
search for similar patterns. The ultimate aim is 
to gain insight into the aetiology of diseases. 

Geostatistical theory 

The spatial variation of most properties, regio- 
nalized variables, is so complex that it defies 
simple mathematical description. Therefore, 
Matheron (1965, 1971) suggested a stochastic 
approach and he brought together several 
isolated ideas in spatial analysis into a coherent 
body of theory, the Theory of Regionalized 
Variables. This treats any property distributed in 
geographical space, which may have one, two or 
three dimensions, as a random variable, Z(x), 
where x denotes the spatial coordinates. How- 
ever, their variation is not generally unstruc- 
tured, it is almost always spatially dependent at 
some scale, i.e. points within a given distance 
apart depend on one another in a statistical 
sense. This structure may be overlain by more 
or less erratic local variation, or 'noise' at the 

working scale. Both of these components of 
spatial variation can be described by the 
variogram, which summarizes the variation 
succinctly. 

The  var iogram 

The variogram is central to geostatistics and 
essential for most other geostatistical analyses. It 
compares the similarity between pairs of points a 
given distance and direction apart (the lag), and 
expresses mathematically the average rate of 
change of a property with separating distance. If 
Matheron's intrinsic hypothesis holds, i.e. the 
local mean and the variance of the differences 
are constant over a given area, then the 
variogram exists. The usual computing formula 
is: 

1 M(h) 

$(h) - 2M(h)E{Z(X i ) - -Z (X i~ -h ) }2  (1) 
i =1  

where -~ is the experimental semivariance, z(xi) 
and z(x; + h) are the values at xi and xi+ h, h is 
the separation, or lag, between any two places, 
and M is the number of pairs of comparisons at 
a given lag. The function that relates 7 to h is the 
variogram. 
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Fig. I. The experimental variogram of the Hem'rite 
transformed electrical conductivities (EC): the points 
are the sample semivariances and the solid line the 
fitted exponential model. (Redrawn from Wood et al. 
1990.) 

Interpreting the variogram can sometimes pro- 
vide insight into the structure of the variation. In 
most instances the variance increases with 
increasing separating distance as in Fig. 1. This 
corresponds with more or less strong correlation 
or spatial dependence at the shortest distances 
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which weakens as the separation increases. 
Variograms often flatten when they reach a 
variance known as the 'sill' variance: they are 
bounded (Fig. 1). Such variograms are second 
order stationary and suggest that there are 
patches or zones with different kinds of soil for 
instance, whereas unbounded ones suggest con- 
tinuous change over a region. The distance at 
which the sill is reached, the 'range', marks the 
limit of spatial dependence. The variogram often 
has a positive intercept on the ordinate, 'the 
nugget variance'. This is the part of the variation 
that we cannot predict. Much of it derives from 
spatially dependent variation within the smallest 
sampling interval, somewhat less from measure- 
ment error and purely random variation. A 
completely flat variogram, 'pure nugget', means 
that there is no spatial dependence in the data 
and that interpolation should not be attempted. 

Kriging 

The observations that describe many geographi- 
cal properties are often fragmentary. To deter- 
mine their spatial distribution we need to 
estimate their values at unsampled points. 
Kriging is the geostatistical technique for 
estimating values locally; it is based on a 
mathematical model of the spatial variation. It 
is an optimal estimator in the sense that the 
estimates are unbiased and have known estima- 
tion variances. The latter provide some informa- 
tion on the reliability of the estimates. Kriging is 
a generic term for a set of methods including 
ordinary kriging, disjunctive kriging, cokriging, 
Bayesian kriging and so on. It is essentially a 
local weighted averaging procedure, but one in 
which the data carry different weights according 
to their positions both in relation to the 
unknown point and to one another. The kriging 
weights are obtained from the variogram, or 
equivalently the covariance function. Estimates 
can be made for points or over blocks of land, 
water, etc. 

Laslett et al. (1987) compared several methods 
of spatial estimation including global means and 
medians, moving averages, inverse squared 
distance, natural neighbour interpolation, quad- 
ratic trend surface analysis, Laplacian smooth- 
ing splines and ordinary kriging. They found 
that most of the methods were either poor 
predictors or suffered from theoretical draw- 
backs. Laplacian splines and ordinary kriging 
performed the best, but the splines over- 
smoothed the variation compared with kriging. 
In addition to being an optimal estimator 
kriging is based on sound theory, it honours 
the data and it is local. The reliability of kriging, 

however, depends on having a precise variogram 
and on satisfying the assumptions of the intrinsic 
hypothesis. 

In ordinary kriging the estimate of our 
variable, Z, at a point, x0, is given by: 

N 

(xo) = (2) 

where Ai are the weights which sum to 1 to avoid 
bias, and subject to this are chosen to minimize 
the estimation variance. (Readers who want 
more information about the theory of kriging 
are recommended to read Chapter 14 of Webster 
& Oliver (1990) to start with, followed by Cressie 
(1993).) For environmental properties kriging 
has been used mainly for interpolation and 
mapping (Oliver & Webster 1990). 

Disjunctive kriging for decision making 

Ordinary kriging provides optimal estimates, but 
as with all estimates they embody some error 
because they derive from sample information. 
Decisions based on them with regard to the 
likelihood of toxicity or deficiency associated 
with a prescribed threshold value may be more 
or less sound in consequence. The true value at a 
place might exceed the threshold even though 
the estimate is less and vice versa. As a result an 
agency could fail to deal with pollution or a land 
manager might remedy a soil condition that did 
not exist. To aid decision there is a need to know 
the risk of taking the estimates at their face 
value, of incurring unnecessary expenditure or 
of perpetuating environmental damage and 
suffering if nothing is done. Disjunctive kriging 
was developed by Matheron (1976) for miners 
faced with this problem. It provides estimates of 
the property, the estimation variances and the 
probabilities that the true value exceeds or fails 
short of a critical threshold. Isarithmic maps of 
the probabilities enable those areas in most need 
of attention to be identified. 

Theory 

Rivoirard (1994) has given a clear and detailed 
description of the complex theory; this paper 
contains only a summary of the main points. To 
estimate the conditional probabilities requires 
stronger assumptions than those for linear 
kriging: that the values of the properties are 
the outcome of a second order stationary 
process, and that the bivariate probability 
distribution is known and that it too is 
stationary throughout the region of interest. 
To ensure this the variable must be transformed 
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so that it has a standard normal distribution. 
Methods of transformation such as logarithms, 
square roots, logits, etc. change the general form 
of the distribution but not the detail. A more 
flexible method is needed, and the one that 
Matheron (1976) recommended for environmen- 
tal data uses Hermite polynomials and has the 
form: 

oo 

Z(x) = r : ~ akHk{r(x)} (3) 
k=0  

where Y(x) is the transformed value, r is a linear 
combination of Hermite polynomials and coeffi- 
cients: Hk, k =  1, 2, 3 .... is an infinite series of 
Hermite polynomials and Qk are coefficients 
evaluated by Hermite integration. In general k is 
no more than order 10. Hermite polynomials are 
orthogonal polynomials related to the Normal 
distribution. In addition to providing a detailed 
transformation of the data the transformation 
is also invertible, hence the results are in the 
original units in which the property was 
measured. 

The disjunctively kriged estimates are linear 
combinations of the estimates of the Hermite 
polynomials of the transformed sample values. 
In disjunctive kriging the weights have to be 
found k times per estimate instead of once as in 
ordinary kriging, and the kriging equations have 
to be solved k times per estimate also. The 
estimation variance is also determined for each 
estimate. 

Once the Hermite polynomials have been 
estimated at an unknown point the conditional 
probability that the true value there exceeds the 
critical value, z~, can be estimated by defining an 
indicator function, f~[Z(x)>Zc]. Based on the 
transformation using Hermite polynomials the 
indicators are related and are given by: 

f~[Z(x) >_ zc] = 9t [Y(x) >_ Yc]. (4) 

The probability of exceeding the threshold is 
written in terms of the Hermite polynomials 
with respect to the observed values in the 
neighbourhood. At the sampling points the 
probability is known, elsewhere it has to be 
estimated by: 

fiDK[y(Xo) > y~] = 

r o l l  K 

1 - G ( y c ) -  ~-~--~-Hk-l(Yc)g(yc)I?-I {y(xo)} 
k=l ~ / k  k 

(5) 

where G(Y~) is the cumulative probability 

distribution, g(yc) is the probability density 
function, and L is the number of Hermite 
polynomials used, usually no more than ten. 

Soil salinity in Bet Shean 

The problem of soil salinity in the Bet Shean 
Valley, Israel (Wood et al. 1990) shows how 
disjunctive kriging can be used for decision 
making in situations where concentrations in 
the environment are likely to exceed a given 
tolerance which could limit crop growth or be 
harmful to human or animal health. 

The salt concentration in soil is usually 
measured in terms of the electrical conductivity 
(EC) of the soil solution: it is greater the larger 
the salt concentration. An EC of 4mS cm -1 in 
the soil is usually regarded as critical, marking 
the onset of salinization. In this example the aim 
was to use the probabilities from disjunctive 
kriging to advise farmers of the risk that they 
were taking by not ameliorating their soil by 
using gypsum or good quality irrigation water, 
improving drainage or having a fallow year, all 
of which are costly remedies. 

Analysis and Results. Wood measured the 
electrical conductivity of 201 topsoil samples 
taken from an area of 2030 ha in November 1985 
[Wood et al. (1990) give the details of the 
survey.] The measurements were strongly posi- 
tively skewed and were transformed to a 
standard normal distribution using Hermite 
polynomials. The sample variogram was com- 
puted from the transformed values and an 
exponential model fitted to it. The model 
describes one form of second order stationarity, 
and so this assumption underlying disjunctive 
kriging is satisfied. Figure 1 shows the sample 
semi-variances plotted as points, the fitted model 
as the solid line, and its equation. 

The electrical conductivities and probabilities 
were estimated at intervals of 100 m on a square 
grid using the variogram model, the Hermite 
transformed values, and a critical threshold of 
4mS cm -1. Figure 2a shows the isarithmic map 
of electrical conductivity. In much of the area 
the estimates exceed 4 mS cm -~ and in these areas 
the farmers could expect losses of yield unless 
they treat their land. The more interesting point 
relates to those parts of the region where the 
estimated EC is e. 4mS cm -l or less. In these 
areas we need to know the risk of taking these 
estimates at their face value. They covered about 
half of the area. Figure 2b shows the estimated 
conditional probabilities for the indicator 
f~[EC(x)> 4] and they provide the answer. The 
probabilities exceed 0.4 over much of the area, 
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Fig. 2. (a) Map of the disjunctively kriged EC values for Bet Shean. Ca) Map of the estimated conditional 
probabilities of EC exceeding a threshold of 4mScm -1. (Redrawn from Wood et al. 1990.) 

only in a very small area are they less than 0.25. 
Thus the risks of salinity and of  reduced yields 
are fairly large over a much greater area than the 
estimates suggested. The conditional probabil- 
ities identify those areas where there is an 
important  risk of  salinity even though the 
estimates suggest that the soil is not  saline. 
Figure 2b provides a means of  deciding where 
remedial action is most needed and where there 
is no need to act. 

Analysing the spatial pattern of childhood 

cancer 

This analysis addressed the problem of deter- 
mining whether there were any real differences 
geographically in the risk of a child's developing 
cancer in the West Midlands Health Authority 
Region (WMHAR) for 1980 to 1984 inclusive, 
and of estimating it. If  there were real and 
evident regional patterns in the risk then its 
solution could guide epidemiologists to search 
for the reasons, perhaps in the environment, and 
to concentrate on those areas where it is greatest. 

Several investigators have devised methods 
for estimating and mapping the risk of disease. 
Clayton & Kaldor (1987), Besag et al. (1991) and 
Bernardinelli & Montomoli  (1992) have used 
Bayes estimation to map the risk of various 
malignancies, including lip, thyroid and breast 

cancers, respectively, and Bithell (1990) used 
kernel density estimation to determine the risk 

of childhood cancer in Cumbria. These methods 
seemed not  to make the best use of  known 
spatial autocorrelation in the data. Carrat  & 
Valleron (1992) used ordinary kriging to map 
the spread of a virus in an epidemic in France. 
The standard technique does take into account 
the autocorrelation, but it is not  suited to 
estimating the risk of a rare disease, such as 
childhood cancer. If  the rates of incidence of  a 
rare disease are estimated by standard kriging or 
any other interpolator, such as inverse squared 
distance or splines, the result will show their 
variation from place to place. However, the rates 
are poor estimates of the risk and are unreliable. 
This is because there is a large error  in 
estimating the risk from the incidences arising 
from the small risk and the limited population 
in the ward. Apparent pattern in the spatial 
distribution of the incidences is no guarantee 
that there is structure in the risk: the risk could 
be completely random. 

The  data  

The West Midlands Health Authori ty  Region 
(WMHAR) covers about 25 000 km 2. It includes 
rural, urban, industrial and suburban environ- 
ments. During 1980 to 1984 inclusive there were 
605 cases of cancer among the 1.13 million 
children under fifteen years of age living there. 
The cases are distributed among 345 of  the total 
840 electoral wards (the areas for which popula- 
tion is recorded). When the cases were mapped 
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Fig. 3. Cases of childhood cancer in the West Midlands Health Authority Region from 1980 to 1984 inclusive. 
Each dot represents a diagnosed case, and its position is that of the child's home. 

(Fig. 3) their density varied enormously: it is 
much greater in the towns than in the rural 
areas, if only because many more children live 

there. However, this apparent pattern in the 
cases may not reflect the true pattern in the 
underlying risk. My aim was, therefore, to 
explore the data for spatial autocorrelation with 

a view to identifying meaningful pattern in it. 

Theory and analysis 

Following Lajaunie (1991) the present author 
assumed that there is an underlying risk, R(x), of 
a child's developing cancer and to which all 

children are exposed: this is the regionalized 
variable. As a first step to estimating the risk 
locally the local rate of incidence, F(xl), was 

calculated i.e. the ratio of the number of cases 

within each ward, L(xi), to the number of 
children living there, n(xi):F(xi)= L(xi)/n(xl), 
where Xg, i = 1, 2, . . . ,  denotes the centroids of 

the wards. It was also assumed that  the different 
cases occur independently, so that R is the only 

possible source of correlation among them. 

Hence the observed rates, F(xg), are drawn from 
a binomial distribution that  depends on the risk, 

R(xg), and the number of children, n(xg). The 

rates of incidence were plotted with the ward 
boundaries for the W M H A R  (Fig. 4). This map 

gives a different impression of the apparent risk 

from that of the cases (Fig. 3): the higher rates 

are in the rural and suburban areas rather than 
the urban areas. This map must still be treated 
with caution, however, because the rates of 
incidence are poor estimates of the risk. 

Estimating the risk variogram. The first step in 
estimating the risk variogram is to compute an 
experimental variogram (Fig. 5a) of the frequen- 
cies, 7e, with the usual formula equation (1). The 
full derivation of the risk variogram is given in 

Oliver et al. (1993a). It can be estimated by: 

2 

1 {7"(1 - 7")} - 6" ~R(h) = ~ ( h )  - ~ 
R 

n(xi) + n(xi + h) 
(6) 

in which the quanti ty beneath the bar is the 

average over all pairs of wards involved in 
calculating "~F(h). It  takes into account the 

variation in the numbers of children from ward 

to ward. The semivariances, "~R(h) where h = Ihl 
for isotropic variation, were calculated from the 

rates of incidence in this way, and the results are 
shown by the set of  points in Fig. 5b. Since 

the true variogram is continuous a model was 
fitted by weighted least squares approximation 
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Fig 4. Map of the rates of incidence of childhood cancer in the West Midlands Health Authority Region for the 
period 1980 to 1984 inclusive plotted by electoral ward. 

using Ross's (1987) maximum likelihood pro- 
gram. The solid line in Fig. 5b is Whittle's (1954) 
elementary correlation. In its isotropic form the 
function is: 

7(h) = c { 1 - ! g l ( ! ) }  (7) 

where c is the sill estimating the a priori variance 
of the process, r is a distance parameter, and KI 
is the modified Bessel function of the second 
kind. 

Binomial kriging. The rates of incidence, F(x/), 
and the risk variogram are used to estimate the 
risk, R, of a child's developing cancer at points 

x0 throughout  the Region, and to map it. Our 
procedure is effectively an extension of ordinary 
cokriging (Oliver et al. 1993a). Assuming the 
mean to be unknown the risk at a place, Xo, is 

N 

R(x0) = ~ AiF(xi) (8) 
i=1 

where N is the number of data and Ai are 
weights. It involves solving the kriging system 

N 

AiCF(xi, xj) + r : CF.(~,xj) Vj 
i = l  

N 

E A i  = 1 (9) 
i = 1  

where ~b is a Lagrange multiplier, the Cv(xi, xj) 
are the covariances of  the rates, and the 

CFR(Xo,Xj) are the covariances between the rates 
of  incidence and the risk. The covariances of the 
risk CR are obtained from the risk variogram 
and from these the other covariances are derived 
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Fig 5. Variograms of childhood cancer in the West Midlands. (a) The experimental variogram of the rates of 
incidence, "~F(h), computed using the usual formula (1). (b) The experimental variogram of risk, "~R(h), with the 
fitted model shown as the solid line. (Redrawn from Oliver et al. 1992.) 

(see Oliver et al. 1993a). The risk of a child's 
developing cancer and the estimation variances 
were estimated by solving the kriging equations 
(9) at 2 km intervals on a square grid throughout  
the region. In most situations a kriging neigh- 
bourhood containing 16-25 points is sufficient, 
but in this adaptation of kriging we found 
(0liver et al. 1993b) that more distant data carry 
sufficient weight to be included in the equation 
and N was set to 100. The estimates of  the 
underlying risk and the estimation variances 
were then 'contoured' to produce isarithmic 

maps, (Fig. 6a, b). 

Resu l t s  a n d  discussion 

Both the variogram of rates of incidence, "~r(h), 
and that of the risk, "~R(h), are bounded (Fig. 5). 
This suggests that the risk of a child's developing 
cancer has a coarse patchy distribution; i.e. 
wards with large risk in general occur near to 
others with large risk, and similarly those with 
small risk occur close to others where it is small. 
The distance parameter of the risk variogram 
suggests that the pattern or autocorrelation in 
the risk extends to c. 47 km. The semivariances 
of the rates are much larger than those of the 
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Fig. 6. (a) Map of the estimated risk of childhood cancer in the West Midlands made by binomial kriging. (b) Map 
of the estimation variances of the risk of childhood cancer in the West Midlands. (Redrawn from Oliver et al. 

1992.) 

risk, (Fig. 5a) and the projection of the empirical 
values to the ordinate has an appreciable nugget 
variance. The latter is the principal difference 
between the variograms; it represents the error 
in estimating the risk from few cases among the 
finite population. There is no nugget variance in 
the risk variogram because the wards, which 
form the support of our sample, are contiguous. 

The kriged map of the risk, Fig. 6a, supports 
the interpretation of the variogram: the risk has 
a patchy distribution. The rural areas and the 
fringes of the conurbation appear to have a large 
risk, whereas it is small in the urban areas in 
general. This contrasts markedly with the 
impression gained from the distribution of cases, 
(Fig. 3) and it is also somewhat different from 
the map of the rates (Fig. 4). Figure 6b displays 
the estimation variances, showing that they are 
greatest at the edges of the region. They are also 
larger for the rural areas where the data are most 
sparse, than for the urban areas where the wards 
are smallest and where the data are most dense. 

The pattern in the risk of childhood cancer for 
the WMHAR is similar to that observed else- 
where in Great Britain by, for instance Alex- 
ander et  al. (1990) who found that the risk of 
children's developing lymphoblastic leukaemia 
was largest in wards farthest from large urban 
centres, and Greaves (1988) who observed more 
childhood lymphoblastic leukaemia in rural 
areas than in towns. 

It now seems worth searching for possible 
environmental causes where the risk is large, and 
the present author plans to do that in the future. 
Environmental properties can be analysed by 
disjunctive kriging, as described earlier, to 

provide both optimal estimates and estimates 
of the probabilities associated with certain 
critical levels of concentrations in the environ- 
ment. Such maps should provide epidemiologists 
with the kind of spatial information that would 
enable them to focus attention on certain areas 
for further investigation. 

For this study 5 years of the 20 years of data 
available have been analysed, taking all children 
less than 15 years of age and all forms of the 
disease to ensure enough data to estimate the 
variogram reliably. More detailed analyses will 
be possible and are planned for the full dataset 
using the major diagnostic subgroups and other 
subsets related to age, sex, ethnicity, social class 
and so on. The West Midlands conurbation will 
also be analysed as a separate unit to examine 
the spatial variation of the risk in a large urban 

area. 

Conclusions 

The case study of salinity in Israel shows how 
the conditional probabilities can be used for 
assesssing whether or not to ameliorate the land. 
Geostatistics is already a well established tech- 
nology in the Earth sciences, and our adaptation 
of it for analysing childhood cancer shows how 
it could also be applied to estimating the risk of 
diseases. It seems possible that both of the 
geostatistical approaches described here could 
assist epidemiologists to focus further attention 
on certain areas in their search for possible 
causal links between some diseases and the 
environment. This is the approach that our 
team intends to pursue in the West Midlands 
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Hea l th  Au tho r i t y  Region to determine whether  

env i ronmenta l  factors contr ibute  to the risk of  

ch i ldhood  cancer.  
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A review of the geochemical factors linked to podoconiosis 

R. H A R V E Y ,  J. J. P O W E L L  & R. P. H.  T H O M P S O N  

The Gastrointestinal Laboratory, The Rayne Institute, St  Thomas" Hospital, 

London SE1 7EH, UK 

Abstract: Podoconiosis, or non-filarial elephantiasis, was named and characterized by the 
late Ernest Price (Price 1988, 1990). He described the clinical features of swelling and 
deformity of the legs associated with enlargement of the draining lymph nodes. 
Histopathological examination of these nodes showed them to contain bi-refringent 
particles. He identified the epidemiological association between the local type of soil and the 
disease, and finally he confirmed this association by microanalysis of the particles in diseased 
tissue, showing them to be sub-micron aluminosilicate and silica, which are characteristic of 
the clay fractions of the local soil. It remains unclear what it is within the heterogeneous 
range of microparticles identified in tissue, and soil factors, that is responsible for the 
toxicity, and what are the host factors that determine certain individuals to be sensitive to 
them. Prevention of progression of the disease could be achieved by preventing further 
uptake of particles by using adequate footwear. 

The local fine reddish-brown soils are similar in 
all areas of tropical Africa where non-filarial 
elephantiasis is prevalent. These soils are in 
areas of high al t i tude (>  1250m), modest 
average temperature (20~ and high, hot 
season rainfall (>  1000mm annually) (Price & 
Bailey 1984). This precise epidemiological rela- 
tionship has been shown in the Wollamu district 
of Ethiopia (Price 1974), the Nyambene range of 
Kenya (Crivelli 1986), and the Cameroon high- 
lands (Price & Henderson 1981). A study (Kloos 
et al. 1992) in the Illubabor region of western 
Ethiopia of the incidence of disease in migrant 
and indigenous populations in an area of 
podoconiosis, showed that prevalence in mi- 
grants resident for more than six years was 
comparable to that of the indigenous population 
(c. 8%). This migrant effect emphasizes the 
environmental causation of podoconiosis and its 
geographical specificity. Superimposing the pre- 
valence data for podoconiosis on a geological 
map of Africa reveals a correlation between 
alkali basalt rocks and podoconiosis. Weath- 
ering of these rocks under the above climatic 
conditions produces the characteristic clay soil. 
A study (Price & Plant 1990) of particle size in 
soils from endemic (upland) and non-endemic 
(lowland) areas using a disc centrifuge and a 
Multisizer to measure the size range, found 
significantly more particles of less than 5 #m in 
the upland podoconiosis areas. Analysis of 
particles from a digest of a diseased femoral 
lymph node showed a size range of 0.3~5#m, 
suggesting either toxic particles are within this 
size range or a smaller size facilitates uptake into 
the tissues. 

Evidence for the pathogenic role of local soils 
in podoconiosis came from Price's microanalysis 
studies (Price & Henderson 1979; BlundeU et 
al. 1989) on diseased tissue, namely the skin, 
lymphatics and lymph nodes of the legs. 
Birefringent particles were initially identified by 
light and polarizing microscopy, and further 
analysis was then performed with transmission 
electron microscopy and X-ray microanalysis. 
This showed accumulations of sub-micron 
microparticles within phagolysosomes of macro- 
phages. Microanalysis showed these micro- 
particles to contain mainly silicon and alumi- 
nium with lesser amounts of titanium and iron. 
Analyses of the morphology of particles and 
elemental ratios identified the aluminosilicate 
kaolinite, silica, as mainly amorphous silica, 
with some quartz and some iron oxides. Electron 
diffraction studies confirmed the presence of 
kaolinite and small amounts of quartz, in 
addition to small amounts of haematite, goethite 
and gibbsite. These microparticles make up the 
clay fraction of the local soils, but they are 
environmentally ubiquitous, and, apart from 
increased proportions of the microparticles in 
soils of endemic areas, it is not clear why they 
should become toxic. 

The toxicity of a mineral (Hochella 1993) is 
related to the following. (a) Mechanical or 
dimensional properties: the size of particles in 
diseased tissue has been emphasized. Smaller 
particles are more easily absorbed through 
abrasions in the feet and transported in the 
lymphatics. In other particle related diseases a 
specific fibrous shape is the most important 
toxicological determinant (Stanton et al. 1981), 

From Appleton, J. D., Fuge, R. & McCall, G. J. H. (eds), 1996, Environmental Geochemistry and Health 
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but in podoconiosis tissue there is no prepon- 
derance of fibrous minerals. (b) With decreasing 
size the surface area to volume ratio of particles 
increases and different chemical properties as- 
sume importance. These include surface and 
near surface composition, surface atomic struc- 
ture, surface microtopography, surface charge 
and its pH and dependence on surrounding 
solutions, durability (dissolution rate), asso- 
ciated minor or trace elements and associated 
minor and trace phases. Such factors determine 
the ability of particles to interact in biological 
systems and the nature of that interaction. Some 
work has been performed to assess these factors 
in soils taken from either podoconiosis endemic 
or non-endemic areas. Blanke et al. (1983) used 
the thermoluminescence to discriminate between 
both groups. The volcanic rock from which the 
soils form has undergone rapid cooling. At high 
temperatures there are many imperfections in 
the crystal lattice in addition to extended defects 
as phase transitions, which are fixed by rapid 
cooling, forming a metastable system at ambient 
temperature. The process by which the bedrock 
is weathered to form the particulates in the soil 
will further alter these imperfections. Thermo- 
luminescence operates by trapping electrons and 
holes at the imperfections at ambient tempera- 
ture, electrons and holes are generated by 
ionizing radiation, and subsequent heating 
liberates characteristic emission spectra. Ana- 
lyses were performed on the soil fraction of size 
less than 10#m. Thermoluminescent curves 
resembled those of pure quartz for both soil 
groups, but soils from endemic areas had a 
characteristic second peak which, interestingly, 
disappeared on heating. It was postulated that 
these characteristic lattice defects related to the 
different biological behaviour of these soil 
fractions. Differences in the surface are likely 
to be of more importance to the biological 
behaviour of particles, however, with decreasing 
particle size and increasing surface area to 
volume ratio, lattice defects will increasingly 
affect surface properties. 

Soil particle surface has been directly assessed 
(Davies & Townsend 1990) using thermostimu- 
lated exoelectronic emission. This technique is 
similar to thermoluminescence but exoemission 
involves analyzing electron emission from the 
surface of the material under study, rather than 
electromagnetic spectra from the crystal lattice. 
A characteristic emission was identified from 
podoconiosis soils, with a peak at 75~ How- 
ever, neither technique is able to specify the 
cause of the altered reactivity of the podoconio- 
sis endemic soils. 

Price did not identify any association between 

specific trace elements in soil and areas of 
disease, which contrasts with a recent study 
(Frommel et al. 1993). Soils were collected from 
an area of podoconiosis in the Ethiopian Rift 
valley and from other nearby areas of low 
incidence, and thirty-five elements were analysed 
by X-ray fluorescence spectroscopy and induc- 
tively coupled plasma mass spectroscopy. The 
soil was described as consisting of weathered 
rock fragments with limited argillaceous and 
organic components. High values of sulphur, 
cerium, lanthanum, neodymium, vanadium, 
beryllium and zirconium were found in soils 
from endemic areas, and concentrations of the 
latter two elements were double those in non- 
endemic areas at 4.6 v. 2.6ppm and 618 v. 
323ppm respectively. Beryllium is associated 
with a well described disease whose microscopic 
pathology has a superficial resemblance to tissue 
changes in podoconiosis (Seaton 1987; Aller 
1990), and zirconium minerals have been sug- 
gested as a cause of chronic lung inflammation 
(Bartter et al. 1991). The authors suggest these 
trace elements are directly involved in the 
pathogenesis of podoconiosis. However, beryl- 
lium has not been identified in podoconiosis 
tissue, and zirconium only at low levels (Price & 
Henderson 1978). Microanalysis of particles in 
tissues may not be sensitive enough to detect 
adsorbed trace elements, while lighter elements, 
such as beryllium require special techniques for 
detection. However, zirconium minerals are 
extremely durable and would be expected to be 
present as easily identified particulates, not as 
diffusely adsorbed ions, and the low level in 
diseased tissue make them an unlikely aetiologi- 
cal factor. There is good evidence that trace 
amounts of iron on mineral surfaces increases 
their toxicity (Ghio et al. 1992; Keeling et  al. 

1994). The surface of silicates can complex iron, 
both in soils and within the body, basic rocks 
have a high iron content, which, mobilized by 
weathering can interact with clay minerals. Iron 
is often identified in particles from podoconiosis 
tissue. As yet no studies have specifically 
examined the role of iron in podoconiosis. 

Price identified cases of podoconiosis in 
Ethiopia, Kenya, Tanzania, Rwanda, Burundi, 
Cameroon and the Cape Verde Islands (Price 
1990) and areas of prevalence within these 
areas were consistently associated with the red 
clay soils described above. One case report 
(Corachan et al. 1988) describes two cases of 
podoconiosis from Equatorial Guinea in areas 
of two distinct soil types, from Rio Mumi a 
coastal enclave with a red clay soil, and Biolo, a 
volcanic island with a black lava soil and high 
annual rainfall. Analysis of lymph nodes from 
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Fig. 1. Transmission electron micrograph of a macrophage engorged with microparticles from a lymph node of an 
Ethiopian patient of E. W. Price with podoconiosis. X-ray microanalysis shows microparticles to contain 
aluminium, silicon, titanium and iron. Micrograph provided by E. W. Price. 
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diseased tissues showed the presence of micro- 
particles, which were further analysed by elec- 
tron microscopy, energy dispersive X-ray 
analysis and X-ray diffraction (Fig. 1). In the 
Rio Mundi case particles ranged in size from 1- 
7 #m, were of predominantly silicon and alumi- 
nium, while X-ray diffraction studies gave an 
amorphous pattern. In the Bioko case particles 
were bigger (range 2-25 #m), predominant ele- 
ments were aluminium and silicon with a 
significant peak for titanium and X-ray diffrac- 
tion studies were compatible with the amphi- 
bole, eckermanite. The authors suggest this 
mineral to be the pathological agent in this case, 
and that a weathered volcanic bedrock is the 
more general prerequisite for the disease. 

The ability of a given mineral to produce 
disease (i.e. its pathogenicity) is finally deter- 
mined by the nature of its interaction with 
effector cells of the immune system, particularly 
the macrophage. This cell has the ability to take 
up (phagocytose) particles, and subsequent 
processing may activate the cell to produce a 
range of chemical species including cytokines 
(Driscoll & Mauer 1991), chemical messengers 
modulating the local and systemic immune 
response, and reactive oxygen species (Gabor 
et al. 1975; Kennedy et al. 1989), which are 
highly reactive molecules capable of reacting 
with and damaging a range of biomolecules. The 
final result is the tissue changes recognized in 
disease, namely inflammation and fibrosis. The 
extreme consequence of particle uptake and 
macrophage activation is death of the cell, which 
liberates insoluble particles that are then avail- 
able for re-uptake and perpetuation of this 
process. 

A study by Spooner & Davies (1986) assessed 
the toxicity to murine macrophages in culture of 
soil fractions from podoconiosis prevalent areas. 
Particles of less than 2#m were separated out 
and added to a culture of peritoneal macro- 
phages at a concentration of 50#gml -~, with a 
standard microparticle quartz (a quartz with de- 
fined toxicity to macrophages, used in pneumo- 
coniosis research) as a positive control. In 
contrast to the quartz, which produced 100% 
cell death in 24 hours, the soil fraction from 
endemic and non-endemic areas produced 50% 
cell death in 96 hours. Soil analysis on the 
specimens used in this study showed a higher 
proportion of smaller particles in the specimen 
from the endemic area and a significant differ- 
ence in aluminium/silicon ratio, namely 0.48 and 
0.63 for the non-endemic and endemic areas 
respectively. The authors suggested that the 
inability to discriminate between soil types in 
their study is related to the bioavailability of the 

small particle fraction in vivo. Thus the greater 
number of small particles, whose different A1/Si 
ratios may reflect different mineral species in the 
endemic soil, increases the number that are 
taken up which may interact with the immune 
system. 

Crystalline silica has well established biologi- 
cal properties. Its effects at a cellular level on 
macrophages have been described above, but in 
the lungs, dusts produce a chronic inflammation, 
silicosis, in proportion to their quartz content. 
Lung inflammation and neoplasia can also be 
produced in animal models of pneumoconiosis, 
by inhalation of microparticles of crystalline 
silica. Fyfe & Price (1985) demonstrated that 
crystalline silica injected into a lymphatic of the 
leg of a rabbit damaged and blocked the vessel. 
Quartz particles of 0.1-4.0/zm were injected 
in suspension directly into an isolated limb 
lymphatic, and histopathological examination 
showed a vigorous macrophage response with 
marked inflammation, while lymphangiograms 
demonstrated complete obstruction of the in- 
jected vessel extending to the draining lymph 
node. These changes were progressive following 
a single injection and closely resemble those seen 
in podoconiosis. However, most silica in podo- 
coniosis tissue is amorphous, and so it cannot be 
assumed that this has the same effect as crystal- 
line quartz, and is responsible for the patholo- 
gical changes. 

Price & Henderson (1978) also analysed the 
elemental content of lymphatic tissue in subjects 
with and without podoconiosis. Light micro- 
scopy showed birefringence at the site of 
accumulation of particles; this was not observed 
in non-elephantiasis tissue. Electron microscopy, 
however, revealed that there were accumulations 
of similar microparticles in both groups. X-ray 
microanalysis showed an identical range of 
elements, but a difference in the A1/Si ratio, 
with particles in elephantiasis tissues tending to 
have higher concentrations of silicon. Price's 
hypotheses were either that this difference 
reflected a quantitative difference in uptake of 
a toxic fraction or that in elephantiasics the 
nature of the interaction of the host with 
particles determined their toxicity. The mechan- 
ism for this could be differences in particle 
absorption and dissolution, neutralization of the 
active surface of particles by interaction with 
chelating proteins, or involvement of specific 
immune effector mechanism that recognize 
particles to be antigenic and trigger a hypersen- 
sitivity response. It has been suggested by 
Ziegler (1994) that the interaction between 
soil derived inorganic microparticles and the 
immune system, in addition to causing podo- 
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coniosis, predisposes to Kaposi's sarcoma. This 

tumour is associated with immune deficiency, 

which can be generalized, as in for example 

AIDS, or localized to the limbs, as occurs in 

podoconiosis areas. 

Price's studies have therefore shown that 

podoconiosis is related to certain soil types, 

and that minerals from the clay fraction of this 

soil taken up into the lymphatics of the lower 

limb can be toxic and cause a destructive 

inflammatory process responsible for the signs 

and symptoms of this disease. It remains 

unclear, however, what it is within the hetero- 

geneous range of microparticles identified in 

tissue and soil fractions that is responsible for 

the toxicity, and what are the host factors that 

determine certain individuals to be sensitive to 

them. 
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