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Foreword

Tropical lands are unique in a number of ways. Over150 countries have at
least half their landmass in the tropics and these represent more than 40%
of the world’s population of around 6 billion. Only two regions namely,
Singapore and Hong Kong lying in the tropical zone, rank among the 30
countries classified as those with high income by the World Bank. The ge-
ography, geology, extreme rock weathering, depletion of essential ele-
ments, agriculture, biodiversity and ecosystems, poverty, among others all
contribute to the uniqueness of these land masses. Most interestingly, the
fact that the vast majority of these people live in close association with the
geological environment points to a remarkable association with certain
diseases. This fact is highlighted by the authors in a number of interesting
case studies involving millions of people. The role of certain trace ele-
ments, their geochemical pathways under the extreme climatic conditions
as seen in the tropical environments lead to a fascinating aetiology of cer-
tain tropical diseases as exemplified by dental and skeletal fluorosis, iodine
deficiency disorders and diseases caused by a lack of essential trace ele-
ments. This would almost certainly create a major interest among the
medical fraternity on the importance of natural geological and geochemical
processes and pathways in the aetiology of some tropical diseases.

A central premise of this book is that humans are also well and truly a part
of the entire global environmental system and that they too are subjected to
all the complex geochemical processes that operate around them. Logically
therefore, humans who live in close contact with the immediate physical
environment should also be influenced to a marked degree by the geo-
chemistry of rocks, soils and water around them. It is this influence that
has resulted in the emergence of the new discipline of Medical Geology.
Nowhere is this better observed than in the tropical countries of the world.

The authors of this book have carried out significant research on the as-
pects mentioned above and their work has already been highlighted in sev-
eral prestigious scientific journals.
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This work can be considered as one of the pioneering efforts in the emerg-
ing discipline of Medical Geology, particularly on the tropical environ-
ment. There is clearly a dire need for the better understanding of the role
of the geological processes in human health and this book fulfils a long felt
global need.

Professor Dr. André Freiwald
Series Editor/ Erlangen Earth Conference Series
Erlangen, Germany



Preface

The emerging scientific discipline of Medical Geology has fascinated both
scientists and laymen alike in view of its highly interdisciplinary nature.
Medicine and Geology indeed form a truly awe inspiring scientific combi-
nation. The geosphere-biosphere interactions form an integral part of
Medical Geology and some of its impacts cover millions of people the
world over. From among these, those living in the tropical environments
are particularly vulnerable to the effects of “geo-bio” relationships.

Tropical environments are unique from the point of view of their climate,
soil characteristics, trace element deficiencies and enrichment, mineral im-
balances, extreme cases of rock weathering and leaching out of nutrients,
agricultural calamities among others. Millions of people living in these
geologically and geochemically unique environments serve as classic ex-
amples of human beings who live in intimate contact with the geo-
environment and whose general health characteristics are markedly influ-
enced by the geochemistry of the rocks, soils, water and plants found in
their habitats. The influence of geochemistry on human and animal health
is therefore best seen in the tropical environment. Medical Geology, as a
scientific discipline has derived immensely from the earlier studies of the
lands of the tropical belt of the world.

The extreme scarcity of text books covering the subject of Medical Geol-
ogy is understandable in view of its very recent origin as a scientific disci-
pline. It is the aim of this book to introduce the subject to students and re-
searchers both in the fields of Medicine and Geology interested in
geosphere-human interactions. It is clear that the geosphere does influence
human health to a marked degree and it is up to the scientists to track the
pathways of the disease - causing substances and elements originating
from the geosphere and how they cross the biological barriers and enter the
human body.

This book illustrates some interesting case studies of such geo-bio interac-
tions affecting a very large population of the world. Throughout the book,
the focus is on tropical environments and the impact of Medical Geology



X Preface

on millions of people, the vast majority of them living in developing coun-
tries of the tropical belt.

It should be emphasized that this book deals only with the relationship be-
tween natural geological factors and health in man and animals. As an in-
troductory text it is not intended to deal with the medical aspects of the
diseases mentioned in any great detail.

The authors wish to express their deepest gratitude to the Alexander von
Humboldt Foundation of Germany, which funded the research that culmi-
nated in the publication of the book. Grateful thanks are due to Hema and
Peter Dietze of Erlangen and also to Dr. med. Jayasumana and Nayananjali
Jagoda, Erlangen, for providing accommodation during the time, in which
this book was written. We thank colleagues and students of the Depart-
ment of Geology of the University of Peradeniya, Sri Lanka and Institute
of Geology and Mineralogy, University of Erlangen-Niirnberg for their as-
sistance in various ways. We particularly would like to thank Mr. Rasika
Mallawarachchi for typing the entire manuscript and Miss. Kushani Ma-
hatantila for editorial assistance.

The authors wish to place on record the most valuable support and encour-
agement given by Professor Dr. Heinz J. Tobschall, Chair of Applied Ge-
ology, University of Erlangen-Niirnberg throughout the compilation of this
book. All laboratory and office facilities at the Institute for Geology and
Mineralogy granted by him to the authors are deeply appreciated. Further,
his comments and criticisms have been most helpful to the authors in im-
proving the scientific value of the book. The authors also wish to record
their most sincere appreciation to Mr. Bill Campbell for his editorial cor-
rections which undoubtedly improved the grammar and style.

Special thanks are due to Professor Dr. André Freiwald, the Series Editor
of Erlangen Earth Conference Series for his guidance and support. We also
thank Dr. med. Alexander Woywodt of for making extremely valuable
comments on the medical aspects of the book. Finally, Dr. Christian
Witschel and Mrs. Christine Adolph from Springer are thanked for under-
taking the publication of this book.

C.B.Dissanayake
Rohana Chandrajith
Peradeniya, Sri Lanka
June, 2008
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About the Book

Over two billion people live in tropical lands. Most of them live in inti-
mate contact with the immediate geological environment, obtaining their
food and water directly from it. The unique geochemistry of these tropical
environments has a marked influence on their health, giving rise to dis-
eases that affect millions of people. The origin of these diseases is geologic
as exemplified by dental and skeletal fluorosis, iodine deficiency disorders,
trace element imbalances to name a few. This book, one of the first of its
kind, serves as an excellent introduction to the emerging discipline of
Medical Geology.
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CHAPTER 1
INTRODUCTION

HISTORICAL PERSPECTIVES

At the launch of the journal “Chemical Geology” in 1966, Manten (1966)
traced the historical foundations of chemical geology and geochemistry.
The first use of the word “geochemistry” was attributed to the Swiss chem-
ist C.F. Schonbein in 1838. He had discovered ozone and worked as a Pro-
fessor at the University of Basel. Geochemistry at this period of time em-
phasized the need to investigate the chemical and physical properties of
geological materials and their age relationships.

W. J. Vernadsky, a Russian geochemist developed the subject of geochem-
istry further by studying the concentration of chemical elements in relation
to the crust of the earth and the earth as a whole. Vernadsky’s contribu-
tions to geochemistry are well acknowledged and it is mainly due to his
early work that geochemistry in Russia received international recognition.
His influence on the younger colleagues was also marked and research on
geochemistry intensified with the publication of a large number of research
papers.

V.I. Verndasky, another Russian scientist, made major contributions to
geochemistry and published the book “La Geochemie” in 1924. Other
Russian scientists such as A.E. Fersman and A.P. Vinogradov developed
the science of geochemistry still further and their research findings opened
up whole new disciplines related to geochemistry, such as space chemistry,
biogeochemistry and chemistry of the interior of the earth.

Modern Geochemistry had its foundations in the outstanding work of F.W.
Clarke and V.M.Goldschmidt. Clarke's studies on rocks as chemical sys-
tems, the nature of chemical changes caused by external agencies and the
establishment of equilibrium were indeed most significant. His publication

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 1, © Springer-Verlag Berlin Heidelberg 2009



2 Introduction to Medical Geology

“The Data of Geochemistry” which appeared in several editions from 1908
to 1924 was a landmark contribution.

V.M. Goldschmidt, referred to as the father of modern geochemistry by
many, classified the elements geochemically and laid the theoretical foun-
dations for the understanding of the affinities of different chemical ele-
ments to the different units of the earth. He established the rules governing
the distribution of the elements in minerals and rocks. He studied the geo-
chemistry of the rare-earth elements (REE) and recognized the lanthanide
contraction. The importance of ionic size, ionic charge and the nature of
chemical bonding in minerals was well recognized by Goldschmidt and his
understanding of the geochemical cycles and pathways was truly remark-
able.

Moreover, Goldschmidt’s studies on meteorites and their importance in the
partitioning of elements in the crust, mantle and core of the earth led to
further studies of the chemistry of meteorites. It is now recognized that
plate tectonics and planetology with their far reaching transformation of
geological concepts had their roots in the basic discoveries of physics and
chemistry made between 1900 and 1930 (Wedepohl, 1996). A special pub-
lication of the Geochemical Society, paid tribute to Viktor Moritz Gold-
schmidt-the truly outstanding geochemist of the century (Mason, 1992).
His book “Geochemistry” (Goldschmidt, 1954) remains a classic work in
the field of geochemistry.

Subsequent workers of the modern era such as N.L. Bowen, S.S. Goldich,
K. Rankama and T. Sahama, H.L. Barnes, H.C. Helgeson, H.D. Holland,
K. Krauskopf, B. Mason, W.S. Fyfe, K.H. Wedepohl, I.M. Garrels and C.
Christ among many others, made invaluable contributions to the different
aspects of the major discipline of geochemistry. With the availability of
extremely powerful and accurate analytical tools, the science of geochem-
istry is now probing into the chemical compositions of materials in planets
as far as Mars and Jupiter as well as microbial matter from the interior of
the earth. With the development of the science of geochemistry, our under-
standing of the various earth processes has improved vastly. The knowl-
edge of the geochemical cycles and their pathways transcending the differ-
ent spheres namely atmosphere, hydrosphere, biosphere and lithosphere
enabled scientists to discover the intricate processes which influence the
distribution of the chemical elements. The significance of the interactions
between the different spheres is of special interest to geoscientists. From
among these, the geosphere-biosphere interactions have aroused the curi-
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osity of many and the role of geology on biological processes is beginning
to be increasingly investigated.

With the establishment of a relationship leading to rock-soil-water-plant-
animal interactions, the influence of geology on animal and human health
soon became apparent. As far back as the 11™ Century AD, the Chinese
recognized this influence. Regional variations in the prevalence of human
diseases were observed, indicating a geological association with the inci-
dence of some of these diseases. The science of Medical Geology was thus
established. The importance of the influence of the composition of the geo-
logical materials such as rocks, minerals, soils and water on the aetiology
of a localised disease is better appreciated when man and animal are con-
sidered as only a part of a system in a total environment. The geochemical
cycles and element pathways also involve man and hence the influence of
the chemical composition on human and animal health becomes clearer.

Terms such as Geomedicine, Medical Geology, and Medical Geochemistry
with their subtle differences in definitions, broadly deal with the geo-
graphical distributions of diseases with geological materials playing a very
significant part. As in many other scientific disciplines, the birth of a new
discipline is a gradual process with early examples arising from ancient
chronicles, reports and hear-say accounts.

Diseases such as the iodine deficiency disorders (IDD) and their relation-
ship to the geochemistry and geographical distribution of iodine in soil and
water had been recognized as far back as 1851 by Chatin (1852), a French
Chemist. Likewise, several other geographically related diseases, as exem-
plified by dental and skeletal fluorosis were shown to be closely related to
the geological environment.

The term “Medical Geochemistry”, though not as commonly used as
Medical Geology, could perhaps be broadly described as the science deal-
ing with the chemistry of the elements in geological materials in relation to
health in man and animals. An understanding of the chemical species, their
pathways, toxicities and bioavailabilities in human and animal health and
their impact comprise the main subject matter of the discipline of Medical
Geochemistry. Unlike the much broader discipline of Medical Geology,
the subject of Medical Geochemistry emphasizes the geochemistry of the
chemical species concerned and their pathways. It also overlaps with other
fields such as biochemistry and molecular biology. The mechanisms of the
entry of the trace elements from the geosphere into the human and animal
tissues is of particular scientific interest and has aroused the curiosity of
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scientists in a variety of disciplines. Medical geochemistry therefore deals
essentially with the geochemistry of those trace elements which originate
in the geological environment and which has a profound impact on the
human and animal life living in close proximity. It is thus closely related to
the geographical distribution of the diseases concerned, in view of the fact
that the geology and hence the geochemistry of a terrain concerned is
unique to that terrain. The excesses and deficiencies of the trace elements
in the rocks and minerals of the terrain are shown by their geochemistry
and a thorough understanding of the chemical speciation and the geo-
chemical cycles is clearly warranted.

The field of medical geochemistry has benefited immensely from the pio-
neering work of Russian, Scandinavian and the British geochemists. The
Russian geochemists (Vinogradov, 1938; Kovalsky, 1979) in particular
had recognized “biogeochemical provinces” in the former USSR where
they established relationships between geochemistry and health in both
humans and animals. Also of importance is the early work of Lag (1980,
1983), in the general area of “geomedicine” which was explored fully in
two symposia under the Norwegian Academy of Science and Letters.

In Canada, Warren et al. (1972) made important contributions to the field
of medical geology, where they recognized the importance of the geologi-
cal distribution of trace elements and their impact on health. British geo-
chemists also made major contributions to this field as evidenced by the
work of the Royal Society of London (1983) and Bowie and Thornton
(1985). The publication of the National Academy of Sciences (1974, 1978)
on “geochemistry and the environment” was a result of the workshops un-
dertaken by its sub-committee on geochemical environment in relation to
health and disease. More recently, The British Geological Survey has
made extremely valuable contributions to the field of Medical Geology
through their detailed studies in different terrains of the world. The work
of Jane Plant and her team deserves special mention.

Recently, however, with the development of fast and accurate analytical
techniques such as X-ray fluorescence (XRF) and Inductively Coupled
Plasma-Mass spectroscopy (ICP-MS) and also with concurrent improve-
ments in computer technology, geochemists are now able to geochemically
map vast areas fairly rapidly and superimpose geographic information
data. This has led to the better understanding of the geochemical pathways
through the various spheres, notably the biosphere. The science of “Medi-
cal Geology” can now be considered as a well established discipline in its
own right.
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WE ARE WHAT WE EAT AND DRINK

From a purely geochemical point of view, this old adage has a scientific
basis. Even though there are complicating factors; such as life style, sex,
age, migrations and food habits; deficiencies, excesses or imbalances in
the supply of inorganic elements do exert a marked influence on human
and animal health and also on the susceptibility to disease. As shown by
Mills (1996), these in turn, are frequently attributable to the composition of
the geochemical environment as modified by the influence of soil compo-
sition and botanical or cultural variables upon the inorganic composition of
the diet. Trace element anomalies have a significant impact on the compo-
sition of food chains.

Figure 1.1 illustrates the geochemical pathways which enable the trace
elements to enter the human body. The general geochemical principles
govern the processes of element distribution, accumulation and depletion
of trace elements in specific environments and this leads to situations
where humans and animals encounter mineral excesses, deficiencies or
imbalances. Such scenarios are somewhat clearer in developing countries
where large populations live in close contact with the soil and immediate
environment and whose food chains and trace element inputs are heavily
dependent on the geochemistry of the habitat. Marked geochemical varia-
tions and anomalies therefore clearly influence the health of the popula-
tion.

The importance of medical geology on the application to human and ani-
mal health can be emphasized by the following examples as summed up by
Dissanayake and Chandrajith (1999).

1. More than 30 million people in China alone suffer from dental
fluorosis caused by the excess of fluoride in drinking water. This is
clearly related to the geochemistry of the groundwater among
some other factors. Many countries, such as South India, Sri
Lanka, Ghana, Tanzania among others also have very high inci-
dences of dental (and in some cases) skeletal fluorosis.

il. Nearly 1 billion people (notably in developing countries) suffer
from lodine Deficiency Disorders (IDD) caused by the lack of io-
dine in the diet. These diseases include endemic goitre, cretinism,
foetal abnormalities among others. The relationship between the
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geochemistry of iodine in the rocks, soil, water, sea and atmos-
phere on the incidence of IDD is one of the most interesting re-
search studies that is now creating global interest among scientists.

P el PN
|elements | \ Pollution|

Trace
elements
in rock

A< 4 -

Weathering

Crops,
Food, Animals

Fig. 1.1. Geochemical pathways of trace elements entering the human body

iil. Arsenic is a toxic and carcinogenic element present in many rock-
forming minerals including iron oxides, clays and in particular sul-
phide minerals. When this arsenic gets into the groundwater
through oxidation and subsequently into the human body through
drinking water, serious health hazards can occur. Well documented
cases of chronic arsenic poisoning are known in southern Bangla-
desh, West Bengal (India), Vietnam, China, Taiwan, Chile, Argen-
tina, and Mexico. Skin diseases are the most typical symptoms of
chronic exposure to arsenic in drinking water, including pigmenta-
tion disorders; hyperkeratosis and skin cancer, but other renal, gas-
trointestinal, neurological, haematological, cardiovascular and res-
piratory symptoms can also result. The study of the medical
geochemistry of arsenic is now being recognised by several gov-
ernments as a priority area of study.
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1v.

V1.

Recent evidence indicates that cancer, after heart diseases, is the
leading killer in many industrialized societies and is largely due to
environmental factors. A large number of causative factors which
have been isolated are in one way or other environmental. Histori-
cally research into the causes of cancer was often based on the hy-
pothesis that all cancers are environmentally caused until the con-
trary was proved. Geochemistry therefore plays an important role
in the aetiology of cancer. A good example from developing coun-
tries that affects millions of poor people is the contamination of
drinking water by nitrogenous matter such as human and animal
wastes, nitrogen containing fertilizers etc. The common diseases
caused by this are stomach and oesophageal cancer and
methaemoglobinaemia (‘blue baby’ syndrome), caused by excess
nitrates. The passage of these chemical species from the environ-
ment into the food chain and into the human body is mostly geo-
chemical and the medical geochemistry of cancer has developed
into an intriguing field of research (Dissanayake and Weera-
sooriya, 1987).

Podoconiosis or non-filarial elephantitis, named and characterised
by Price (1988) affects large populations in Ethiopia, Kenya, Tan-
zania, Rwanda, Burundi, Cameroon and the Cape Verde Islands.
The most interesting feature observed was that the affected areas
were consistently associated with red clay soils. Analysis of lymph
nodes from diseased tissues showed the presence of micro-
particles consisting predominantly of aluminium, silicon, and tita-
nium. It was suggested that the pathological agent is a mineral
from volcanic bedrocks, probably the amphibole eckermanite
(Harvey et al., 1996). In this case too, the importance of research
into medical geology is obvious.

The main causes of low production rates among grazing livestock
in many developing countries are probably linked to under nutri-
tion. However, mineral deficiencies and imbalances in forages also
have a negative effect. The assessment of areas with trace element
deficiency or toxicity problems in grazing livestock has tradition-
ally been executed by mapping spatial variations in soil, forage,
animal tissue or fluid compositions. Regional stream sediment
geochemical data sets collected principally for mineral exploration
already exist in many developing countries (Agget et al., 1980;
Plant and Thornton, 1986). The application of these data sets for
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animal health studies in tropical regimes is now being developed
(Fordyce et al., 1996).

vii. One of the most intriguing yet, not very well defined aspects is the
geochemical correlation between the incidence of cardiovascular
diseases and the water hardness in the areas concerned. In several
countries and areas, a negative correlation has been observed be-
tween water hardness of the country or region and its death rate
due to heart diseases (Masironi, 1979). Even though a causal effect
still cannot be ascribed to this geochemical correlation, the effect
of trace elements in drinking water on heart diseases is worthy of
serious study. It is of interest to note that such a negative associa-
tion between water hardness and cardiovascular pathology is evi-
dent in both industrialized and developing nations.

DEFICIENCIES, EXCESSES AND IMBALANCES OF
TRACE ELEMENTS

Geochemically, elements are often classified as major, minor and trace
elements depending on their relative abundance in geological materials,
even though a precise definition has not been ascribed. Elements are
broadly classified as essential or toxic depending on their impact on human
and animal health. With new research and discoveries, the optimum and
danger levels often change as exemplified by mercury and arsenic when
their extreme health hazards were realized. As against this, with advances
in analytical techniques as well as our understanding of the physiological
importance of the different elements, new elements hitherto thought of as
not being physiological important, have recently been classified as essen-
tial.

Such a classification of elements essential to human health and those con-
sidered to be toxic or undesirable is shown in Figure 1.2. What is of great
importance is the fact that, whatever the element, it is the dosage that is
critical. Elements, which are considered as being truly beneficial to human
and animal health, may also lead to debilitating diseases if ingested in
large doses.
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Fig. 1.2. The periodic table of elements showing those elements essential to hu-
man health and those considered or known to be toxic or undesirable. Note that
some elements fall in both categories, others are possibly essential for living or-
ganisms (Source: Groundwater Geochemistry and Health, 1996; reproduced with
kind permission of the British Geological Survey)

It is of interest to note that Paracelsus (1493—1541) defined the basic law
of toxicology, namely “All substances are poisons; there is no element
which is not a poison. The right dose differentiates a poison and a rem-
edy”. This basic law can be put in its perspective as shown in Figure 1.3.
The effects of deficiency and excess of essential and non- essential trace
elements on the growth and health of organisms are highlighted. It should
be noted that it is the optimal range of the essential elements that one
needs to keep intact in the ideal situation. Diseases such as hyperkalemia
(excess K), hypercalcaemia (excess Ca) and hyper-phosphatemia (excess
P) are known.

Potassium for example, is a major ion of the body, 98% of which is intra-
cellular. The concentration gradient is maintained by the sodium and po-
tassium-activated adenosine triphosphatase (Na'/K'-ATP ase) pump. The
ratio of intracellular to extra-cellular potassium is important in determining
the cellular membrane potential. Small changes in the extra-cellular potas-
sium level can have profound effects on the function of the cardiovascular
and neuromuscular systems. It has been shown that in serum the normal
potassium level is 3.5-5.0 meq/L and the total body potassium stores are
approximately 50 meq/kg (3500 meq in a 70 kg person). Hyperkalemia is
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therefore defined as a serum potassium level greater than 5.5 meq/L, bear-
ing in mind that a level of 7.0 meq/L and greater is classified as a severe
condition, with a mortality rate as high as 67% if not treated rapidly
(Garth, 2001).

a) ESSENTIAL (e.g. Cu, Zn) b) NON-ESSENTIAL (e.g. Cd, Pb)
i | ! ! |
DEFICIENT, OPTIMAL | TOXIC | LETHAL TOLERABLE : TOXIC | LETHAL
| I |
{ ) | = | |
b 1 1 1 I |
E i I | E I |
) 1 i ! &) i i
o 1 1 1 o 1 1
o 1 1 1 e I 1
a | I I (=] I 1
| ! I | ] | |
= i i = |
METAL CONCENTRATION METAL CONCENTRATION

Fig. 1.3. Deficiency and oversupply of essential and non-essential trace elements
(Forstner and Wittman, 1981)

Similarly calcium, another essential element, could cause the disease hy-
percalcemia (Carrol and Schode, 2003). The reference range of serum cal-
cium levels is 8.7-10.4 mg/dl, with somewhat higher levels present in chil-
dren. Approximately 40% of the calcium is bound to protein, primarily
albumin, while 50% is ionized and is in physiologically active form. The
remaining 10% is complexed to anions.

For hypercalcemia to develop, the normal calcium regulation system must
be overwhelmed by an excess of parathyroid hormone (PTH), calcitriol,
some other serum factor that can mimic these hormones or a huge calcium
load (Fukagawa and Kurokawa, 2002).

Iron, another essential and important nutrient, can cause significant dam-
age to the endothelium, the inner lining of blood vessels, if present in ex-
cessive levels in the body. Table 1.1 shows examples of effects of mineral
deficiencies and excesses in human beings and Table 1.2, examples in
plants.

While food is a major source of the trace elements needed by the body,
some other elements, notably fluorine, is mainly ingested through water as
fluoride. Figure 1.4 illustrates the levels of trace elements, both essential
and toxic, in groundwater. Their significance in terms of health and envi-
ronmental protection is of particular importance in that provision of safe
drinking water is a dire need in developing countries.
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Fig. 1.4. Major and trace elements in groundwater and their significance in terms
of health. Concentrations shown are those typical of dilute oxygenated groundwa-
ter at pH 7 (Edmunds and Smedley, 1996).

The World Health organization (WHO) plays a leading role in providing
guidelines for food, drinking water quality and also for trace elements. Ta-
ble 1.3 shows the guidelines for the different elements and other harmful
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substances in drinking water. According to the WHO (1996), the tradi-
tional criteria for essentiality of trace elements for human health are that
absence or deficiency of the element from the diet produces either func-
tional or structural abnormalities and that the abnormalities are related to,
or a consequence of, specific biochemical changes that can be reversed by
the presence of the essential metal.

As pointed out by the WHO, one of the important aspects of the essential-
ity of trace elements that the medical geologist must necessarily be aware
of, is the margin between individual and population requirements and the
tolerable intake (TI). This may turn out to be very small and in some in-
stances may even overlap among individuals and populations. Developing
countries with their different life styles and inadequate nutritional require-
ments coupled with a host of natural and anthropogenically related envi-
ronmental problems may have markedly different tolerable intakes as
compared to those living in developed and temperate countries. Medical
geology should therefore necessary link up with toxicology and nutrition
science. Terms such as acceptable daily intake (ADI), tolerable intake (TI),
tolerable upper intake level (UL) and homeostasis as used by the Interna-
tional Programme on Chemical Safety (IPCS, 1987) need to be incorpo-
rated into the terminology of Medical Geology. Table 1.4 shows the Indian
water standards which perhaps may be more appropriate for those living in
developing countries of the humid tropical belt.

Groundwater quality, drinking water, health and sanitation are of special
importance to developing countries in view of the fact that central water
purification and proper water disposal techniques may not be available in
most areas and the groundwater quality then becomes critically important
in locating sites for wells for domestic and community use. In highly popu-
lated countries such as India and Sri Lanka lying within the tropical belt,
water quality becomes a major factor in urban and sub-urban development.

An interesting case study in this regard is highlighted by Hutton and Lewis
(1980) in their study of nitrate pollution of groundwater in Botswana.
They observed nitrate levels as high as 603 mg/L in several water supplies
providing drinking water to many villages. A lithium chloride tracer in-
jected into a pit latrine was detected in the supply borehole 25 m away af-
ter only 235 minutes. The steep hydraulic gradient between the latrine and
the borehole had obviously induced the rapid movement of nitrates in open
fissures.
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Table 1.1. Typical geochemical and soil features associated with inorganic ele-
ment anomalies causing nutritional diseases in man and domesticated livestock

(Mills, 1996)

SYNDROME ENVIRONMENTAL QUALITY SPECIES
AFFECTED

Article I

Deficiencies

low cobalt Soils intrinsically low in Co, eg. ex- ruminant live-

low phosphorus

low selenium

low zinc

Article 1T
Toxicities
high arsenic

high fluoride

high molybdenum

high selenium

tensively leached, acid arenaceous
soils or with Co immobilized with
Fe/Mn hydroxide complexes.

High Fe/Al parent materials with low
pH and highly organic soils.

Soils intrinsically low in Se, eg:
leached arenaceous soils particularly
when low in organic and argillaceous
fractions.

Calcareous parent materials and de-
rived soils especially when adventi-
tious soil present in diets high in
cereals and legumes. Arid arenaceous
soils.

Waters from hydrothermal sources or
soils derived from detritus of mineral
ore (especially Au) workings. Well
waters or irrigation waters from sand-
stones high in arsenopyrite.

Waters from some aquifers especially
from rhyolite-rich rocks, black shales
or coals; soils from F-containing resi-
dues of mineral or industrial deposits.
Aggravated by high evaporative
losses.

Mo from molybdeniferous shales or
local mineralization especially if
drainage is poor and soil pH >6.5 (a
significant cause of secondary Cu de-
ficiency).

stock, specific

ruminant live-
stock, specific

human subjects,
farm livestock,
general

human subjects
farm livestock,
general

human subjects
farm livestock,
general

ruminant live-
stock, specific

Bioaccumulation of Se in organic-rich human subjects

soil horizons; accumulation by high
evaporative losses of high pH
groundwaters.

farm livestock,
general
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Table 1.2. Signs of deficiency or excess of mineral elements in plants (Wellen-
stein and Wellenstein, 2000)

ELEMENT PRIMARY SIGNS OF SIGNS OF
FUNCTIONS IN DEFICIENCY EXCESS
PLANT
Nitrogen Growth of green (leaf Reduced growth, vigour.Soft growth, spin-
and stem) portions of Chlorosis of older dly growth, leaf
plant. leaves first, premature curl, reduced
leaf drop. flowering, symp-
toms of Potassium
deficiency.

Potassium  Root growth, sugar ~ Dwarfing, chlorosis of Deficiency symp-
and starch production, older leaves first, leaf toms of nitrogen,

cell membrane integ- curling. magnesium, cal-
rity. cium, iron, zinc,
copper, manga-
nese.
Calcium Cell wall formation, Poor growth, deformed Symptoms of

cell division, enzyme newer leaves, chlorosis magnesium defi-
catalyst, neutralization of newer leaves, black- ciency.
of toxic metabolites. ened areas at leaf ends

and new growths with a

leading yellow edge,

stunted, shortened roots,

dead root tips.

Magnesium Chlorophyll and pro- Interveinal and marginal Symptoms of cal-

tein production, car-  chlorosis starting in the cium deficiency.
bohydrate metabolism, older leaves, increase in

enzyme activation.  appearance of anthocya-
nin in leaves, necrotic
spotting.
Phosphorus  Constituent of nucleic Older leaves are affectedSymptoms of ni-
acids, coenzymes first, an increase in an- trogen, zinc, iron

NAD and NADP re- thocyanin pigment and adeficiencies.
quired for photosyn- dark blue green colora-
thesis, respiration and tion, sometimes with
many metabolic proc- necrotic areas, and
esses, and the energy stunting.
compound ATP. Es-
sential for root growth,
flowering and seed
production.

Sulfur Protein formation, Root stunting, general
photosynthesis, and ni-chlorosis starting with
trogen metabolism.  younger leaves.
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ELEMENT PRIMARY SIGNS OF SIGNS OF
FUNCTIONS IN DEFICIENCY EXCESS
PLANT

Boron Sugar transport, DNA Death of meristematic Interveinal leaf
synthesis. tissue, root stunting, no necrosis.

flower formation.

Iron Component of cyto-  Interveinal chlorosis of
chromes and ferro-  newer leaves.
doxin, synthesis of
chlorophyll.

Manganese Enzyme activation in Interveinal chlorotic and Stunting, necrotic
respiration and nitro- necrotic spotting. spotting of leaves.
gen metabolism.

Zinc Trytophan synthesis, Smaller, distorted Symptoms of
enzyme activation. leaves, stunting, in- magnesium or

terveinal chlorosis of  iron deficiency.
older leaves, white ne-
crotic spotting, resetting.

Copper Enzyme component, Stunted, misshapen Symptoms of
electron carrier protein growth. magnesium or
in chloroplast. iron deficiency.

Molybdenum Nitrogen and potas-  Chlorotic interveinal
sium metabolism. mottling, marginal ne-

crosis, folding of the
leaf, no flower forma-
tion.

Such case studies clearly illustrate the overlap between a variety of disci-
plines such as structural geology, hydrology, community health, town and
country planning and medical geology.

As a tool in assessing the state of the environment, geochemical parame-
ters in relation to human health issues have proven to be of immense value,
both nationally and internationally. The availability in many parts of the
world of sufficient data that show trends over time make such parameters
useful indicators in monitoring environmental changes. Trace elements and
chemical species that show direct relationships are the most useful as
geoindicators of human health (Dissanayake, 1996). Medical geology is
therefore rapidly gaining status in monitoring environmental health.



16 Introduction to Medical Geology

Table 1.3. Characteristics of water and waste water. WHO (1993) Drinking water
guidelines (mg/L unless specified)

Parameter Guide Level Note
Microbiological
Total Coliforms/100 ml 0 95% absent over 12 month period
E.coli 0
Inorganics
Antimony 0.005
Arsenic 0.01
Barium 0.7
Boron 0.3
Cadmium 0.003
Chromium 0.05
Copper 2
Cyanide 0.07
Fluoride 1.5 Depends on local conditions
Lead 0.01
Manganese 0.5
Mercury 0.001
Molybdenum 0.07
Nickel 0.02
Nitrate 50 Sum of ratio of concentration to GL
Nitrite 3 should not exceed 1 for both together
Selenium 0.01

Organics (Part list only)
Carbon tetrachloride 0.002

Dichloromethane 0.020
Trichloroethene 0.040
Benzene 0.010
Toluene 0.700
Ethylbenzene 0.300
Acrylamide 0.0005
Nitrilotriacetic acid 0.200
Tributyltin oxide 0.002
Pesticides (Part list only)
Atrazine 0.002
DDT 0.002
2,4-D 0.030
Heptachlor 0.00003
Pentachlorophenol 0.009
Permethrin 0.020
Simazine 0.002

Mecoprop 0.010
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Table 1.4. Indian water standards (Bureau of Indian Standards, 1991)

Property/ Desirable Permissible Undesirable effect

Constituent limit limit outside the desirable limit
Physio-chemical Characteristics

Turbidity JTU Scale 2.5 10 Aesthetically undesirable

Colour (Pt-Cobalt 5.0 25 Aesthetically undesirable

Scale)

Taste and Odour Unobjec- Unobjection- Aesthetically undesirable

tionable able

Major Chemical Constituents

pH 6.5-8.5 6.5-9.2
Total dissolve solids, 500 1500
mg/L

Total Hardness, as 300 600
CaCO;mg/L

Calcium, mg/L 75 200

Magnesium, mg/L

Chloride, mg/L

Sulphate, mg/L

Nitrate, mg/L

Fluoride, mg/L

<30if SO4 100

is 250 mg/L

250 1000
200 400
45 100
1.0 1.5

Affects taste

Causes gastrointestinal irrita-
tion.

May cause urinary concretion,
disease of kidney, bladder and
stomach disorder.

Essential for nervous and mus-
cular system, cardiac function
and coagulation of blood. De-
ficiency causes rickets. Excess
concentration causes kidney or
bladder stone and irritation in
urinary passage.

Essential as an activator for
many enzyme systems. Defi-
ciency results in structural and
functional changes. Excess
concentration may have laxa-
tive effects. Magnesium salts
are cathartic and diuretic.
Affects taste and palatability.
Causes indigestion may be in-
jurious to people suffering
from heart and kidney dis-
eases.

Causes laxative effects in pres-
ence of Magnesium.

Causes infant Methemoglo-
binemia (Blue babies). May
cause gastric cancer and af-
fects central nervous system
and Cardio-Vascular system.
Essential for teeth and
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Property/
Constituent

Desirable Permissible

limit

limit

Undesirable effect
outside the desirable limit

Iron, mg/L

Manganese, mg/L
Copper mg/L

Zinc, mg/L

Arsenic, mg/L

Cadmium, mg/L

0.3

0.05
0.05

5.0

0.05

0.01

Chromium(VI), mg/L0.05

Cyanide, mg/L
Lead, mg/L
Selenium, mg/L
Mercury, mg/L
Polynuclear Aro-

matic hydrocarbon,
mg/L

0.05

0.05

0.01

0.001

0.20

1.0

0.5
1.5

15

bones, reduces dental caries in
concentration range of 0.8 - 1.0
mg/L and at high level teeth
mottling, skeletal and crippling
fluorosis occurs.

Gives bitter sweet astringent
taste.

Unpleasant taste

Astringent taste, deficiency re-
sults in nutritional anaemia in
infants, high concentration
may damage liver and cause
central nervous system irrita-
tion and depression.

Very small amount beneficial.
Imparts astringent taste at
higher concentration.

Toxic Constituents

0.05

0.01
0.10

0.05

0.05

0.10

0.001

0.20

Skin diseases, circulatory sys-
tem problem, risk of cancer.
Kidney damage.

Lung tumor, Allergic dermati-
tis

Causes nerve damages and
thyroid problem.

Serious Cumulative body poi-
son

Small amount beneficial, large
amount toxic.

Large amount causes brain and
kidney damage

Toxic




CHAPTER 2

GEOCHEMISTRY OF THE TROPICAL
ENVIRONMENT

TROPICAL ENVIRONMENT

Tropical regions cover approximately 40% of the surface of the earth and
have a diversity of climates. As noted by Koppen (1936), two broad cate-
gories of tropical climates can be distinguished, namely tropical rainforest
and periodically dry savannah. Depending on the rainfall, these two cate-
gories are often further subdivided.

The Food and Agricultural Organization (FAO, 1978) proposed a more de-
tailed climatic characterization defining agro-ecological zones for the de-
veloping world. Subsequently, the FAO (1993) simplified and broadened
the agro-ecological zoning method to illustrate the distribution of the ma-
jor soil resources globally (Fig. 2.1). In the context of the tropical envi-
ronment, only four subdivisions were considered relevant:

(a) Arid zone.

(b) Seasonally dry tropics and sub-tropics.
(c) Humid tropics and sub-tropics, and
(d) Mountainous zone.

From the point of view of medical geology, an agriculture-based classifica-
tion becomes useful on account of the rock-soil-water-plant-human rela-
tionships.

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 2, © Springer-Verlag Berlin Heidelberg 2009
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Fig. 2.1. World’s major climates (FAO, 1978)

Subdivisions of the Tropical Environment

Arid zone

The arid climatic zone is characterized by an length of growing periods
(LGP) of less than 75 days. The major arid areas include the Sahara, the
Kalahari, the Namibian desert and the Horn of Africa. Other areas include
the Arabian Peninsula, Central Asia, the western United States, the North
Western parts of Brazil, South Western part of Latin America and Central
Australia.

Due to the very short LGP, agricultural crops cannot complete their normal
cycle and yields, if any, are insignificant. Further, the non-availability of
soil moisture for most of the year, results in soil characterisation being af-
fected. Weathering is therefore extremely slow. From among the pedoge-
netic processes, migration and accumulation of soluble salts, calcium car-
bonate and gypsum are perhaps the only functional processes and these
result in Solonchaks and Solonetz, Calcisols and Gypsisols. The extremely
strong wind action causes the formation of sandy soils (Arenosols) which
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have a lack of finer particles. Soil horizon development is virtually non-
existent under these climatic conditions.

Seasonally dry tropics and sub-tropics

This type of climate is observed in the tropics and sub-tropics where the
dry season prevails between 90 to 285 days and the rainfall is not confined
to the winter. As shown in Fig 2.1, this zone covers approximately 2475
million ha and includes large areas of South and Southeast Asia, Northern
Australia, the major part of Africa, South and Central America between the
deserts and the tropical rain forests.

As observed by the FAO (1993), the climate dependent agriculture poten-
tial of this zone is heavily determined by the length and intensity of the dry
season. The relatively high temperatures prevailing in the zone and the
pronounced wet season favours rock weathering and soil formation with
the accumulation of silica and alumina resulting in clay formation, mostly
kaolinite. As shown in Table 2.1 and 2.2, Ferralsols, Acrisols and Lixisols
are more abundant in this zone. When the parent rocks are abundant in Ca
and Mg, smectites form and this gives rise to Vertisols.

Humid tropics and sub-tropics

This climatic zone which covers approximately 1925 millions ha, is char-
acterized by high temperatures throughout the year and alternating wet and
dry seasons. Areas such as central and coastal West Africa, the Amazon
Basin, Southeast Asia and the islands of the Pacific Ocean belong to this
climatic zone. The combined hot and wet climatic features of the zone
provide ideal conditions for the growth of tropical rain forests and also ag-
ricultural productivity for most of the year.

Weathering is intense and the soil profile often reaches depths of as much
as 150 m. Kaolinitic clays are very common and on account of the intense
rainfall, nutrients are easily leached out. Among the soils present are Fer-
ralsols (extremely weathered soils), Acrisols (less weathered) and these
cover about 57% of the land of the climatic zone (Table 2.1). Groundwater
tends to be abundant and this results in the formation of Gleysols and Pod-
sols.
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Table 2.1. Extent (units of 1000 ha) of major soil groups by climatic zone in the
tropics and subtropics (FAO, 1993)

Arid Mountainous Seasonally dry Humid Trop-
tropics and Sub- ics and Sub-
tropics tropics

Histosols 3410 792 12232 32449
Leptosols 419462 544330 198332 66731
Vertisols 51243 3820 222983 29012
Fluvisols 90074 4401 84360 66207
Solonchaks 140324 3608 20824 4415
Gleysols 34492 11002 111543 167704
Andosols 9418 20683 18379 20674
Arenosols 395942 6980 320140 127284
Regosols 170083 35916 52109 9391
Podzols 1366 3221 13475 11343
Plinthisols 53 255 15657 42354
Ferralsols 0 4036 231347 507217
Planosols 3762 2609 74083 6267
Solonetz 57037 5367 36771 518
Greyzems 2230 5010 0 0
Chernozems 11794 1802 0 0
Kastanozems 143513 17569 44729 459
Phaecozems 2089 8721 15249 2703
Podzoluvisols 0 17358 0 0
Gypsisols 86711 1666 54 0
Calcisols 552765 44857 47267 5430
Nitisols 2792 9996 101782 87291
Acrisols 1067 13581 238808 589386
Luvisols 165499 13541 62002 21827
Lixisols 26397 11390 366862 31697
Cambisols 503586 153299 192294 95617
TOTAL 2875109 945810 2481282 1925976

Mountainous zone

The sudden changes in altitude and varying morphology of the slopes
bring about marked climatic changes. The temperature and rainfall there-
fore change quite significantly over short distances. There is great hetero-
geneity in vegetation and some of the lands are of the fragile type. From
the foregoing account, it is clear that the climate is perhaps the most criti-
cal determinant of the agricultural productivity, influencing the soil forma-
tion and nutrient availability.
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Table 2.2. Extent (units of 1000s ha) of main soil groups by continent (FAO,

1993)

Europe North & Australasia North
C. Asia America

Leptosols 64836 710863 48789 83303
Cambisols 157288 452241 81084 169019
Acrisols 4170 148241 32482 114813
Arenosols 3806 3436 193233 25512
Calcisols 56657 95264 113905 114720
Ferralsols 0 0 0 0
Gleysols 17641 323611 421 131053
Luvisols 142658 99739 127445 179244
Regosols 26848 33169 887 283933
Podzols 213624 21825 8459 220770
Kastanozems 55598 173265 1827 153704
Lixiols 0 0 0 0
Fluvisols 40250 73327 8827 10387
Vertisols 5856 11797 90019 9120
Podzoluvisols 161684 153911 O 5470
Histosols 32824 99451 1167 934562
Chernozems 98551 90566 0 40101
Nitisols 0 0 10100 0
Solonchaks 2308 46895 16565 127
Phaeozems 9221 19948 3562 70320
Solonetz 7906 30062 38099 10748
Planosols 1877 2413 38941 6500
Andosols 4058 18361 6953 17590
Gypsisols 379 16494 0 0
Plinthosols 0 0 3895 2816
Greyzems 6090 23331 0 4462

Africa South & South & Total

SE Asia  C. America

Leptosols 381531 119408 246588 1655318
Cambisols 369232 209385 135153 1573402
Acrisols 92728 263005 341161 996600
Arenosols 462401 94530 118967 901885
Calcisols 171237 220068 24318 796169
Ferralsols 319247 O 423353 742600
Gleysols 122313 37084 86707 718830
Luvisols 17609 41332 40478 648505
Regosols 140684 64357 29093 578971
Podzols 11331 5982 5522 487513
Kastanozems 2802 0 80561 467757
Lixiols 244830 86145 105545 436520
Fluvisols 98400 57357 67687 356235
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Vertisols 106126 76328 38076 337322
Podzoluvisols 0 0 0 321065
Histosols 12270 24829 9245 273248
Chernozems 0 0 0 229218
Nitisols 98510 48796 48112 205518
Solonchaks 48574 48512 24344 187325
Phaeozems 341 1855 48992 154239
Solonetz 13800 0 34652 135267
Planosols 18944 4655 56566 129896
Andosols 5270 8840 45973 107045
Gypsisols 51757 21387 0 90017

Plinthosols 7992 1711 44721 61135

Greyzems 0 0 0 33883

ROCK WEATHERING AND SOIL FORMATION IN THE
TROPICS

As discussed in the earlier section, the tropical environment is character-
ized by seasonal heavy rainfall (exceeds 5000 mm per year in some cases),
with long periods of drought and high ambient temperatures. The intensity
of chemical weathering is therefore extreme and some of the tropical soils
are weathered to such an extent (Fig 2.2), that potassium, an essential plant
nutrient usually present in appreciable concentrations is present only in
trace amounts (Fyfe et al., 1983). Coincidentally, the world’s most under-
developed countries also lie in such tropical environments where poor ag-
ricultural productivity caused by the impoverishment of soil in essential
nutrients has had a marked impact on the economy of these countries over
the years.

Fyfe et al. (1983) noted that soils in such regions will be dominated by
minerals such as gibbsite, goethite, kaolinite and quartz. A few trace ele-
ments are expected to remain in refractory minerals such as zircon, rutile
etc, but the critically important feature is that most bio-essential elements
are reduced to extremely low levels. These soils were termed “impossible
soils”.

In another interesting study on the chemistry of some Brazilian soils,
where chemical leaching of elements was extreme, Kronberg et al. (1979)
observed that trace elements show a wide range of behaviour and that the
major elements had severely leached. They showed that the trace element
behaviour appears to be largely controlled by the dominant clay or Al,Os-
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Si0, minerals or the degree of weathering. The main components (SiO,-
Al,0;-Fe,03-H,0) are known to be present mineralogically as quartz, kao-
linite, goethite and hematite.

Rock Rock Kaolin Gibbsite
+ Aerosols
Smectite Dust
A K'in
\ Soil water
A \_a_ [ ) Productivity

NN

Log Time _)

Fig. 2.2. A schematic diagram showing weathering progress from rock to bauxite
and plant productivity (Fyfe et al., 1983)

Some of the tropical environments are characterized by very thick laterite
profiles over 150 m thick (Fig 2.3) and it has been established that it has
taken tens of millions of years for these thick laterite profiles to form. With
respect to crustal abundance, except for the least soluble refractory oxides
of elements such as Sc, Zr, Nb, Gd, Tm and Th and some bio-important
elements such as B, Cl, Mo, Se, Sn and I, most other elements are highly
depleted. Figure 2.4 illustrates the relationship of geochemistry and the ki-
netics of plant nutrition. Such a relationship will undoubtedly have an im-
portant bearing on the medical geochemistry of that particular environ-
ment.

The clays which form from unweathered rocks are of three types namely
smectites, illites and kaolin in order of decreasing complexity. In the pres-
ence of smectite clays in association with unweathered minerals, many
trace elements such as Zn, Cu, Rb, Cs, tend to get concentrated in the
weathering process. According to Fyfe et al. (1983), when the primary
minerals are leached and their surface areas are reduced to the point where
solution concentrations drop below their metastable solubilities, the smectite
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and other complex clays begin to degrade with kaolin increasing in
abundance in the soil. Humid tropical environments are the best locations
for such processes.

Fig. 2.3. A thick laterite profile from Sri Lanka

As shown in Figure 2.4, if K, exceeds K, there will be depletion of essen-
tial elements and if K, ceases to operate, the levels of most essential nutri-
ents (major and trace) will fall below the optimum value for nutrition and
as a result of this infertility prevails. When the essentiality of trace ele-
ments in human and animal health are taken into consideration, an under-
standing of such a rock-soil-plant relationship in a terrain becomes all the
more important.
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Fig. 2.4. Geochemistry and the kinetics of nutrition (Fyfe et al., 1983)

The generalized relationships between regolith, thickness of the weather-
ing zone, climatic factors and water chemistry are shown in Figure 2.5. It
has also been observed that the organic matter in the soil also tends to get
depleted due to intense oxidation which often extends to the weathering
front. This is generally accompanied by the depletion of some major ele-
ments such as P, N and K and soluble cations such as Na'" and Ca*" as well
as anions ClI, PO,*” and NO; . The natural vegetation of these infertile soils
is therefore low and the essential trace elements needed for human and
animal health become relatively sparse.

Arctic Temperate Desert Tropical |Equatorial
Electrical conduetivity/ .
Total dissolved solids low moderate high moderate low
Major cations: Total activity low ¢ high low
Dominant ions Na Ca, Mg, Na > Na, Fe _
Major anions: Total activity low high low %
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Fig. 2.5. Generalized relationships between regolith, thickness of weathering zone,
climatic factors and water chemistry (Plant et al., 1996; Pedro, 1985)

Under tropical environmental conditions, element fractionation in the
weathering of rocks and soil formation result in heterogeneous distribution
of elements in terrains. Accordingly, areas of unique geochemical features
develop with their inherent deficiency or excess of trace and major elements.
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These special areas could also be termed as “geochemical provinces” and
as shown in later chapters, they form an important facet of medical geol-
ogy of tropical environments.

The bioavailability of essential and toxic elements plays a major role in the
aetiology of environment-related diseases and this is influenced to a
marked degree by the mobility or non-mobility of the elements concerned
in the “rock-soil” environment. The laterites, so typical of the tropical en-
vironment, often function as “scavengers” of cations and anions and these,
therefore, control the distribution of the elements in the ‘geochemical
provinces’ to a marked degree. There are numerous external and internal
factors that are responsible for the concentration and partitioning of ele-
ments in laterites.

The presence of active surfaces on which element adsorption and concen-
tration takes place is an essential pre-requisite. Laterites contain abundant
amorphous and poor crystalline constituents that show high adsorption
rates. These were termed “scavengers” by Kiihnel (1987).

The following are considered as common “scavengers” in soils and later-
ites, (i) amorphous silica (ii) Fe, Al and Mn-oxyhydroxides (iii) organic
matter. Clay minerals such as smectite as well as phosphates, carbonates
and some sulphides are also known to act as “scavengers”. The high ability
of these mineral phases to take up and fix elements from migrating solu-
tions is mostly due to the presence of a very large surface area, which en-
hances chemical reactivity to a marked degree. The minute particle size
and the amorphous nature is particularly responsible for the presence of the
large surface area.

The ability of the “scavengers” to trap all available particles including wa-
ter molecules, cations, or anions in governed by the need to compensate
for the charge imbalances in the amorphous surface. Table 2.3 shows ex-
amples of some “scavengers” in laterites and soils present in the tropical
environment.
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Table 2.3. Examples of some “scavengers” in laterites and soils (Kiihnel, 1987)

Scavenger Collected cations Possible products after
(anions) recrystallization

Fe-oxyhydroxides  Ti, Cr, Al magnetite, maghemite, hematite
Cr, Al, Ni, Co, (F) goethite and other FeOOH poly-
Co morphs
Cu goethite + heterogenite
(AsOy) delafossite, goethite + cuprite

Mn-oxyhydroxides goethite + struvite
Co, Ni
Ba, Zn, Al todorokite, woodruffite
Li, Al psilomelane
K, Na lithiophorite
Zn, Pb, Ag cryptomelane, birnessite
Ca, Mg hetaerolite, quenselite
Fe, Mg marokite

Silica (Si0y) bixbyite, jacobsite

braunite

Al, Ni, Na, K

Al-oxyhydroxides Cu opal, jasper, quartz

+silica chryocolla
+magnesia Ni, Co, Cr
Ni clay minerals
Cu smectites
Ni, Fe, Al talc, sepiolite, serpentinite
Ni(CO)s, (SO4)  vermiculite
pyroaurite

pyroaurite, takovite

Tropical Weathering of Mineralized Terrains

Intense weathering in mineralized terrains in tropical environments brings
about unique changes in the geochemistry and mineralogy in the terrain.
People living in such areas are often subjected to a unique geochemistry.
The largest reserves and resources of lateritic nickel for example, occur in
developing countries in the tropics and sub-tropics.

The conditions necessary for the formation of laterite deposits resulting in
the concentration of Ni, Co, Cr and Al are well known. Dissanayake
(1984a) briefly discussed the main criteria for tropical weathering:

(a) Climate: a humid tropical or sub-tropical climate with seasonal
changes of rainfall and temperature promotes the laterization proc-
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(b)

(c)

(d)

(e)

ess. Due to the high intensity of the rainfall, metals are easily
brought into solution and leached away. During the dry season,
saturation of the metal ions in solution is followed by precipitation
at specific physico-chemical environments resulting in concentra-
tions of metals at various levels.

Drainage: Good porosity of the rocks and easy drainage permit the
circulation of leaching groundwaters. This enables the chemical
processes involved in the weathering to achieve completion.

Topography: Regions with strongly pronounced relief are not con-
ducive to weathering, since erosion outweighs chemical weather-
ing. A flat or nearly flat topography, especially on old land sur-
faces, enables optimum water table conditions to operate with the
resulting accumulation of the products of chemical weathering.

Time: Prolonged exposure to the above mentioned factors under
stable tectonic conditions results in the near completion of the
weathering processes and the presence of weathering products at
different stages of evolution indicates the relative time of expo-
sure.

Parent rocks: Ultrabasic rocks such as peridotites are known to
contain significant contents of Ni, Co and Cr (Turekian and Wede-
pohl, 1961) and the availability of such rocks covering large areas
is a necessary criterion for the concentration of Ni, Co and Cr in
the laterites.

Weathering Profiles

In lateritic terrains, weathering of different stages of evolution can be seen.
Alteration of ultrabasic rocks into laterite involves complicated processes
resulting in extreme changes of physical, chemical and mineralogical
composition. Figure 2.6 illustrates two weathering profiles over serpen-
tinites from Sri Lanka and Indonesia, respectively, the latter showing the
mineralogical composition.

Weathering of Nickeliferous Serpentinites

In a typical cross-section, a distinct transition from the uppermost weather-
ing products to the unaltered primary ultramafic rock can be seen. As
shown in Figure 2.6 the lateritic iron ore or the cap can be seen on the top.
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In places where decayed plant material is absent, the duricrust can be seen
as a solid brown cap-like covering composed mainly of secondary iron-
oxides and hydroxides. Iron has been leached out and re-precipitated by
solution activity. On a nickeliferous serpentinite in Sri Lanka, Dissanayake
(1984a) observed that the duricrust is distributed as bare patches generally
devoid of vegetation. The iron-bearing material generally takes the form of
massive rounded reddish brown nodules of a concretionary nature. It is
common to find the surface strewn with such iron-ore concretions of vary-
ing sizes.

Serpentinite in Indonesia
MINERALOGICAL

Serpentinite in Sri Lanka

ron Crust PROFILE

‘/ T CHARACTERISTICS COMPOSITION
op seil
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Fig. 2.6. Weathering profiles over serpentinite in Sri Lanka (Dissanayake, 1984a)
and Indonesia (Kiihnel et al., 1978)

Below the lateritic cap could be seen the remnants of highly weathered
serpentinized ultramafic rock retaining in most cases the original reticulate
or banded structure. A conspicuous feature in this zone is the occurrence of
small black grains of magnetite and chrome spinels. This feature has been
observed in a number of case histories (Sri Lanka: Dissanayake and Van
Riel, 1976; India: Ziauddin and Roy, 1970; Thailand: Pungrassami, 1970;
Cuba: Fisher and Dressel, 1959). It is also common to find the weathered
ultrabasic rock assuming varying shades of green. It is of interest to note
that Brindley and Hang (1973) had observed a close correlation of the
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intensity of green colour as determined by the Munsell colour chart, with the
nickel content. This feature is worthy of consideration in nickel prospect-
ing. Generally, the fragments and blocks become larger and more abundant
downwards. The concentration of chrome-spinels, which are resistant to
weathering increase upwards in the weathered zone. It is the material of
this zone which needs to be analyzed carefully for nickel.

The next layer below is generally characterized by the occurrence of green
coloured clays-sometimes called nontronites. While the original reticulate
and banded structure may remain, the chrome-spinels and magnetite may
be inconspicuous in this zone. Another important feature is the occasional
occurrence of secondary silica in the form of chert, agate, opal and chal-
cedony. These have resulted from the leaching of silica by descending so-
lutions and in the presence of significant concentrations of nickel assume a
green colour.

Just above the fresh parent ultramafic rock is the partly weathered mate-
rial. A noteworthy feature of this zone is the occurrence of carbonates in
the form of calcite/magnesite. Their presence imparts a white appearance
to the rock and pockets of shining white carbonate aggregates may indeed
be found as in the case of the nickeliferous serpentinite of Sri Lanka.

The above-mentioned weathering profile, even though highly generalized,
can be observed over ultramafic rocks in humid tropical terrains. The
thickness of the various zones, however, varies widely depending on the
locations. In some instances as in the case of the Moa serpentinized ul-
tramafic mass of Cuba (Linchenat and Shirokova, 1964), the weathering
profile may attain depths greater than 50 metres. It should be noted that
nickel is concentrated in the weathered serpentinite zone up to about 10
times the parent rock value and generally reaches a peak close to the upper
boundary zone. This feature of nickel being concentrated at the base of the
weathering profile is very characteristic of most nickeliferous laterites and
should be noted carefully. It is also of interest to note that cobalt is concen-
trated slightly above the zone where nickel is enriched.

Formation of Secondary Minerals

During lateritic weathering the formation of new and secondary minerals
constitutes an important phase. It is therefore of great importance to locate
and identify the neo-mineralization. This helps in the study of chemistry of
the weathering profile in terms of partitioning of elements and also in se-
lecting the proper metallurgical procedures for extraction. With the devel-
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opment of optical microscopy, electron microscopy, X-ray diffraction
techniques, the cryptocrystalline characters of these secondary mineral
phases have been studied in detail (e.g.: Kiihnel et al., 1978; Chukrov,
1975; Esson and Carlos, 1978; Brindley, 1978). The surface area of such
crystallites is extremely large and this determines the reaction rates during
element concentration.

Brindley and Maksimovic (1974) and Brindley (1978) have systematically
classified the hydrous nickel-containing silicates, ubiquitously present in
the weathering profiles associated with nickeliferous laterites as follows:

1 : 1 layer type minerals chrysotile-pecoraite
lizardite-nopouite
berthierine-brindleyite

2 : 1 layer type minerals talc-willemsite
kerolite-pinielite
clinochlore-nimite
sepiolite-falcondite

The term garnierite, following the recommendations of Pecora et al. (1949)
and Faust (1966) is now accepted as a general term used widely when
more descriptions cannot be given. Apart from this various other new min-
eral names such as nontronite, vermiculite and schuchardite are now in
use. For detailed descriptions of the nomenclature of hydrous nickel sili-
cates, the reader is referred to the work of Brindley and his co-workers
(Brindley and Hang, 1973; Brindley and Maksimovic, 1974; Brindley and
Wan, 1975; Brindley, 1978). The distribution of some of these secondary
mineral phases in a weathering profile is illustrated in Figure 2.6.

Chemistry of Weathering of Ultra-basic Rocks

The change from a fresh ultrabasic rock to a fully formed laterite is a result
of extensive geochemical remobilization and can be exemplified by the
comparison of the chemical and mineralogical compositions of an average
peridotite altered subsequently to a serpentinite and a laterite. The data in
Table 2.4 obtained from the same bore-hole illustrate the degree to which
chemical weathering alters a rock with the resulting remobilization and
concentration of elements. Among the most striking features observed is
the leaching out of magnesia and silica. It is of interest to note that these
two oxides constitute nearly 80-90% of the original unweathered rock but
in the end-product only about 1-2% remains - an indication of the extreme
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leaching and accompanying remobilization. The descending meteoric wa-
ters contain carbonic and organic acids and these are responsible for the
leaching out of some of the constituents of the original rock. The extreme
leaching and concentration of the elements during the laterization of the ul-
trabasic rocks is illustrated in Figure 2.7. Alumina and also oxides of tita-
nium are somewhat stable components of the parent rock and are generally
used in the material balance composition.

Table 2.4. Chemical composition and mineralogical composition of average peri-
dotite, serpentinite and laterite (after Kiihnel et al., 1978; * from the same bore-
hole; tr- traces)

Chemical Composition Average Peridotite* Serpentinite Laterite

Si0, 43.9 43.2 1.84
TiO, 0.8 tr 0.14
AlLO; 4.0 1.7 9.00
Fe,04 2.5 10.6 67.40
FeO 9.9
NiO 0.2 2.8 1.50
MnO 0.1 0.2 0.80
MgO 34.3 324 0.80
CaO 35 tr tr
Na,O 0.6 tr tr
K,0 0.2 tr tr
H,0 - 13.9 14.22
Cr,04 0.3 0.2 3.77
S tr tr tr
Cl tr tr tr
Mineralogical Olivine Serpentine  Goethite
Composition Pyroxene Spinel Hematite
Spinel Hematite  Serpentine
Sulphide Goethite Spinel
Magnesite Clay
Talc Mineral

Clay mineral Silica
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Fig. 2.7. Variation of elements with depth in a weathering profile over serpentinite
(after de Vletter, 1978)

HYDROGEOCHEMISTRY OF THE TROPICAL
ENVIRONMENT

The distribution of the different chemical species in the various compo-
nents of the hydrological cycle has a marked influence on the medical ge-
ology of tropical lands, particularly in relation to groundwater related dis-

€asces.

Figure 2.8 illustrates the components of the shallow groundwater cycle that

are sensitive to change. Several geochemical processes could take place in
the groundwater cycle that could markedly alter the chemistry of the water.
From among these the following processes are considered important:

(a)
(b)
(c)
(d)
(e)
€3]
(2

evaporation and evapotranspiration,
selective uptake of ions by vegetation,

decay of organic matter,

weathering and dissolution of minerals,

precipitation of minerals,

mixing of different water qualities and

anthropogenic activities.
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Fig. 2.8. Components of the shallow groundwater cycle showing elements that are
sensitive to environmental change (Edmunds, 1996)

A schematic overview of the processes that affect water quality in the hy-
drological cycle is shown in Figure 2.9. Table 2.5 shows the processes
which are important as sources of different ions and processes that may
limit their concentration in fresh water. Trescases (1992) has shown that
chemical elements are more likely to undergo pronounced fractionation in
tropical environments than in temperate regions. The process of chemical
separation, however, depends on their chemical mobility and the nature of
the local environment. On account of this, tropical environments are far
more likely to have areas with the potential for deficiency or toxicity con-
ditions (Plant et al., 2000). The relative mobility of some essential and po-
tentially toxic elements in different surface conditions is shown in Figure
2.10.
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Table 2.5. Processes which are important as sources of different ions and proc-
esses that may limit their concentration ions in fresh water (after Appelo and

Postma, 1994)

Elements

Process

Concentration Limits

Na*

Dissolution, cation exchange
in coastal aquifers

Kinetics of silicate weathering

K* Dissolution, adsorption, Solubility of clay minerals,
decomposition vegetation uptake

Mg** Dissolution Solubility of clay minerals

Ca** Dissolution Solubility of calcite

cr Evapotranspiration None

HCO Soil CO, pressure, weathering ~ Organic matter decomposition

SO42_' Dissolution, oxidation Removal by reduction

NO; Oxidation Uptake, removal by reduction

Si Dissolution, adsorption Chert, chalcedony solubility

Fe Reduction Redox-potential, Fe*" solubil-
i ity, siderite, sulfide

PO,} Dissolution Solubility of apatite, Fe, Al

phosphates. Biological uptake

In an interesting study on the biogeohydrodynamics in a forested humid
tropical environment in south Cameroon, Braun et al. (2002), perhaps for
the first time world-wide, attempted to combine different approaches in
hydrology, biogeochemistry, mineralogy, crystallography, microbiology,
geophysics and pedology. One of the major results they obtained is the es-
sential role played by the vegetation and soil organic matter in the frac-
tionation, distribution or storage of the chemical elements in the humid
tropical environment. They noted a strong geochemical contrast between
the different groundwater zones-namely, flooded areas, hill slope lateritic
profiles, weathering interface between the saprolite and the basement rocks
and the swampy areas. Humic substances were particularly important in
the weathering budget of elements usually considered as immobile in the
surficial cycle, e.g.: Al, Th, Zr, and Fe.
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Fig. 2.9. A schematic overview of processes that affect the water quality in the
hydrological cycle (Appelo and Postma, 1994)

The relatively high content of the oxygen containing functional groups
such as CO,H, phenolic and alcoholic OH, ketonic and quinonoid C=0
provide mechanisms for the easy interaction of organic soil and water con-
stituents (Schnitzer, 1978). It is through the acid functional groups that
these materials are thought to interact with metal ions to form metal-
organic associations of widely differing chemical and biological character-
istics.

Kerndorff and Schnitzer (1980) investigated the sorption of humic acid of
metals from an aqueous solution containing Hg (II), Fe (III), Pb, Cu, Al,
Ni, Cr (III), Cd, Zn, Co and Mn with special emphasis on effects of pH,
metal concentration and humic acid concentration. They observed that the
sorption efficiency tended to increase with rise in pH, decrease in metal
concentration and increase in humic acid contents of the equilibrating solu-
tion. The orders of sorption were as follows;

pH2.4: Hg>Fe>Pb>Cu=Al>Ni>Cr=Zn=Cd=Co=Mn
pH 3.7: Hg=Fe> Al>Pb>Cu>Cr>Cd=7Zn=Ni>= Mn

pH4.7: Hg=Fe=Pb=Cu=Al=Cr>Cd>Ni=Zn>Co> Mn
pH4.7: Hg=Fe=Pb=Al=Cr=Cu>Cd>Zn>Ni>Co>Mn
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Fig. 2.10. The relative mobility of some essential and potentially toxic elements in
different surface conditions (Plant et al., 2000)

The abundance and distribution of organic matter therefore plays a very
significant role in a geochemical province where the element distribution
shows a unique pattern. The water quality of groundwater in organic-rich
soils will show special geochemical signatures as against groundwater in
soil notably absent in organic matter.

In developing countries, many of which are in the equatorial humid tropi-
cal belt, the chemistry of the groundwater is of special importance in rela-
tion to medical geochemistry. The ground and surface water is often di-
rectly used as drinking water and the link between groundwater chemistry
and health is obvious.

The groundwater derives its solutes from contact with various solids, lig-
uids and gases as it finds its way from the recharge to the discharge area.
The chemical composition of the rocks, mineral and soils through which
the groundwater flows causes very large variations of the chemistry of the
groundwater. In rural areas of the developing countries of the tropics,
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particularly in areas where contamination due to industrial emission is mini-
mal, the chemistry of the rocks, minerals and soils of a terrain is of para-
mount importance in the health of the indigenous people. Table 2.6 shows
the concentration ranges of dissolved inorganic constituents in groundwa-
ter. These constituents are all ions except for aqueous silica. Minor and
trace constituents of the water are far greater in number and anomalous
situations occur when some of the trace elements shown in Table 2.6 reach
very high concentrations and these would undoubtedly have an impact on
the health of the people living in that area. Excess nitrates caused by heavy
inputs of nitrogen—bearing fertilizers, heavy metals in acid soils around
mineral deposits are examples. Iron is also known to show elevated con-
centrations around lakes, wet lands and in contaminant plumes (Kehew,
2001).

In the tropical environment, the water quality could be conveniently dis-
played in a piper diagram. It consists of two triangles one for cations and
one for anions and a centrally located diamond-shaped figure. The concen-
trations of Ca, Mg and Na+K are on the three axes of the cation triangle.
Similarly, CI", SO, and CO,™+HCO;™ are plotted in the anion triangle.
The water analysis depicted as a point in the two triangles is now projected
onto the rectangle (Fig. 2.11).

The value of a piper diagram is further enhanced by its ability to classify
the water types based on the water analyses plotted in the ion triangles.
The water types also termed chemical facies, are illustrated in Figure 2.11.
Medical geology has greatly benefited by the use of these Piper plots since
geochemical provinces with their inherent water quality characteristics can
be linked to problems of human and animal health. Such classifications of
water types are particularly relevant to studies of the medical geology of
cardiovascular diseases, where water hardness is a major factor.

In Bangladesh, a tropical humid country where leaching of soils is intense
throughout the country, variability in climate causes variability in weather-
ing rates. Islam et al. (2000) noted that spatial variability exists in the rate
of mobilization/retention of both major and trace elements suggesting the
importance of local controls. These authors noted that lakes and reservoirs
are also generally enriched in all measured elements (Fig. 2.12), some-
times independently of the degree of depletion or enrichment of the soil
profile. The study of Islam et al. (2000) in a tropical environment devas-
tated by natural hazards, including adverse medical geochemistry (e.g. As,
Al) is interesting from the point of view that it is not only the groundwater
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that had received high inputs of major and trace elements, but surface wa-
ter as well, compounding the drinking water problem of Bangladesh.

Table 2.6. Concentration ranges of dissolved inorganic constituents in groundwa-
ter (Freeze and Cherry, 1979; Davis and De Wiest, 1966)

Major constituents (greater than 5 mg/L)

Bicarbonate Silica
Calcium Sodium
Chloride Sulfate
Magnesium

Minor constituents (0.01-10.0 mg/L)
Boron Nitrate
Carbonate Potassium
Fluoride Strontium
Iron

Trace constituents (less than 0.1 mg/L)
Aluminium Molybdenum
Antimony Nickel
Arsenic Niobium
Barium Phosphate
Beryllium Platinum
Bismuth Radium
Bromide Rubidium
Cadmium Ruthenium
Cerium Scandium
Cesium Selenium
Chromium Silver
Cobalt Thallium
Copper Thorium
Gallium Tin
Germanium Titanium
Gold Tungsten
Indium Uranium
Todide Vanadium
Lanthanum Ytterbium
Lead Yttrium
Lithium Zinc
Manganese Zirconium

The chemical changes that occur in groundwater flow systems influence
the hydrogeochemical anomalies that may be present locally and which
may eventually have a bearing on the human and animal population. It has
been observed (Chebotarev, 1955) that groundwater tends to evolve
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chemically in long flow systems resulting in more concentrated solutions.
As shown by Kehew (2000), this sequence is as follows:

HCO;™= HCO;™+ SO,* > SO,* + HCO;™ © SO,~ + CI" >CI' + SO+ > CI”

% % %
p—
Ca
Cations

Fig. 2.11. (a) Classification of water types using the Piper trilinear diagram, (b)
water analyses plotted on Piper trilinear diagram
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Fig. 2.12. Percent increase in dissolved elements in water of tropical environment
in comparison to worldwide typical values: Rajarampur, b. Shamta, c. Mainamoti,
d. Andulia (after Islam et al., 2000)
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Toth (1963) classified the groundwater flow systems as local, intermediate
and regional flows systems, the size of each of them being governed by the
topography in the drainage basin relative to the depth of the flow system.
Figures 2.13 and 2.14 illustrate the distribution and hydrochemical facies
of the different types of groundwater flow systems. From the point of view
of medical geochemistry, the recharge and discharge areas are of signifi-
cance in view of the hydrogeochemical anomalies that may be present at
such localities, bearing in mind that the chemical composition of ground-
water in flow paths that cross multiple rock types can be highly variable.
Figures 2.15 shows such a scenario in a tropical environment in which the
base rock mineralogy, soils, morphology and the ground water flow re-
gime combine to form geochemical anomalies.

The presence of mineralization can also affect the groundwater quality of a
terrain and this may have an impact on the health of the population living
in such terrains. It is known that at depth, groundwater can transport ore
and host elements both laterally and vertically. Exploration geochemists
therefore use groundwater chemistry in regions where mineral deposits are
deeply buried by a thick overburden as a tool in mineral exploration. The
geochemical signatures from such buried mineralization are very often not
amenable to most exploration techniques. The interaction of the groundwa-
ter within a body of mineralization brings about a change in the quality of
groundwater chemistry. Groundwaters can therefore be used as pathfinders
to concealed ore deposits. In an article published by the Australian Insti-
tute of Geoscientists (AIG, 2003), over 5500 groundwaters across mineral
provinces of Australia have been sampled and the method applied.

Regional Local
recharge discharge
area Local area
e discharge Dy ‘ [
Regional area i i

discharge
area

—>— Groundwater flow lines ----- Lines of equal hydraulic head

Fig. 2.13. Hydrochemical facies related to type of flow system in hypothetical re-
gionally unconfined basin (Toth, 1999)
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Fig. 2.14. Distribution of local, intermediate and regional groundwater flow sys-
tems in a drainage basin (Téth, 1963, reproduced with kind permission from
American Geophysical Union)

The field measurements include pH, Eh, salinity, temperature, reduced Fe,
and trace elements. Geochemical anomalies observed from such geo-
chemical exploration programmes for concealed mineralization can also be
effectively used in projects aimed at delineating areas of anomalous trace
element contents that could cause increased incidence of certain diseases.
Areas underlain by granitic rock bodies may, for example, contain higher
fluoride and rare-earth element concentrations and these may lead to dis-
eases such as dental and skeletal fluorosis and endomyocardial fibrosis,
among others. Further, the abundance of total dissolved solids (TDS), Ca
and Mg carbonates, salinity etc in the water caused by the presence of rock
types that enhance concentrations of such chemical components, may also
have health implications.

A good understanding of the geology and the lithology of a terrain, its sur-
face and groundwater chemistry, groundwater flow systems, their recharge
and discharge areas and geomorphological aspects will be a useful pre—
requisite for any study concerning the epidemiology of an endemic disease
such as those prevalent in tropical environments.
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CHAPTER 3

BIOAVAILABILITY OF TRACE ELEMENTS AND
RISK ASSESSMENT

In the field of medical geology, bioavailability and risk assessments are
two important aspects that need serious consideration. The mere presence
of a toxic trace element or a species in a specific locality for example, does
not necessarily imply a serious health hazard. The nature of the species
concerned and the bioavailability of the species are the main factors that
influence the impact of an environmental chemical species on human and
animal health. The bioaccumulation of the species concerned is an impor-
tant step in the food chain and the processes controlling it needs to be well
understood.

BIOACCUMULATION

In a very general sense, bioaccumulation could be defined as “the process
by which organisms absorb chemicals or elements directly from the envi-
ronment”. It should however be noted that the term “bioaccumulation” has
to be specified by quantitative data, comparing concentrations of a com-
partment in relation to another (e.g. plant vs. soil parts, adsorbed amount
vs. dissolved amount) (Streit, 1992). The selective concentration of ele-
ments is inherent in any life process and the process of bioaccumulation
therefore leads to indications of pollution of the environment. The chemis-
try of the elements and the biochemical structure of the biological species
are the main factors that influence the bioaccumulation process.

The passage of metal ions into the plants through the soil solution and root
cells depends on a number of factors such as redox potential, pH, interac-
tion with ligands and properties of soil matrix such as cation exchange ca-
pacity. The metal speciation in soil solution and on soil surfaces and metal
uptake by the root is illustrated in Figure 3.1. The root cell membranes are
highly selective to trace elements. The phospholipid based membranes are
highly impermeable to ions or (large) polar molecules, whereas non-polar

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 3, © Springer-Verlag Berlin Heidelberg 2009
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molecules (such as O,) pass rapidly. The electric potentials between mem-
brane separated compartments, known to correlate with pH gradients play
an important role in soil solution-plant pathways (Streit and Stumm, 1993).
The mechanism of element passage through the cell membranes is com-
plex and very little is still known about the actual selective process.

BIOAVAILABILITY

The term bioavailability has been defined in a number of ways. In a very
general way, one could define bioavailability as “the extent to which a
substance can be absorbed by a living organism and can cause an adverse
physiological or toxicological response” (NEFESC, 2000). For environ-
mental risk assessments which involve soil and sediment, the above defini-
tion implicitly includes the medium in which it occurs to become available
for absorption.

Other definitions of bioavailability depend on the scientific discipline
which requires such a definition. For example:

(1) Environmental bioavailability: Physiologically driven uptake proc-
ess (Peijnenburg et al., 1997)

(i1) Toxicological bioavailability: The fraction of the total available
dose absorbed by an organism which is distributed by the system-
atic circulation and ultimately presented to the receptor or sites of
toxic action (Landrum and Hayton, 1992)

(iii))  Bioremediation bioavailability: The extent to which a contaminant
is available for biological conversion (Juhasz et al., 2003).

Other terms such as pharmacological bioavailability, phytobioavailability
and bioaccessibility have also been used (Landrum and Hayton, 1992).
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Fig. 3.1. Highly schematic diagram to show metal speciation in soil solution and
on soil surfaces and root metal ion uptake, assuming a divalent metal cation (M*>")
and a monovalent soluble external ligand. The uptake rate into the cell is deter-
mined (in a given individual) by the number of metal ions bound to receptor sites
on membrane transport molecules, e.g. metal ion ATPases. At equilibrium the
amount of metal bound to these sites and therefore the transport rate, would be di-
rectly related to the soil metal ion concentration (Streit and Stumm, 1993)

The three main factors that control bioavailability are:

(a) there has to be an opportunity for the receptor (or organism) to be
in contact with the matrix in which the contaminant is found.

(b) the contaminant must be potentially available at least in part.

(©) the receptor (or organism) must be able to absorb or assimilate the
potentially available fraction.

If these three requirements are not fulfilled, a contaminant is not bioavail-
able (Juhasz et al., 2003). In the case of human health risk assessment, two
types of bioavailability, namely absolute bioavailability and relative
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bioavailability are measured. Absolute bioavailability is the fraction or
percentage of a compound which is ingested, or applied on the skin surface
that is actually absorbed and reaches the systemic circulation, and is de-
fined as:

Absorbed dose

Absolute Bioavailability = —_— X100
Administered

Since toxicity parameters are based on an administered dose rather than an
absorbed dose, absolute bioavailability in often not determined in the case
of human health risk assessments.

Relative bioavailability on the other hand, is a measure of the extent of ab-
sorption among two or more forms of the same chemical, different media
(e.g. food, soil, water) or different doses. Since matrix effects can substan-
tially decrease the bioavailability of a soil or sediment bound metal com-
pared to the form of metal or dosing medium, relative bioavailability is
more important in environmental studies. It is defined as:

Absorbed fraction from soil

Relative Bioavailability =
Adsorbed fraction from dosing

medium used in toxicity study

The relative bioavailability thus expressed is termed the relative absorption
fraction (RAF). In the case of trace elements, bioavailability varies consid-
erably depending on factors such as food source, oral intake, chemical
form or species, nutritional state (deficiency vs. excess), age, gender,
physiological state, pathological conditions and interaction with other sub-
stances.

The determination of bioavailability is carried out in a number of ways.
Among these are:

(a) microbial tests

(b) soil invertebrate tests

(c) amphibian tests

(d) plant tests

(e) tests using higher organisms

These tests use the measurement of a toxic or a mutagenic response, inhi-
bition of a metabolic function, changes in microbial population structure,
mortality or malformations, accumulation of chemical species in organs or
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the blood streams, and dissolution of contaminants after extraction of par-
ticular mineral phases (Juhasz et al., 2003).

In the soil environment several processes affect the mobility of metals.
These are: (a) dissolution and precipitation (b) sorption (c) ion exchange
and (d) oxidation-reduction reactions. In such an environment, the mobility
and hence the bioavailability of metals is reduced by conditions that pro-
mote precipitation or sorption. The most bioavailable metals are those that
form weak outer complexes with inorganic materials such as clay, iron and
manganese oxides or organic soil matter or those that form complexes with
ligands while in solution. These are therefore not sorbed. On the other-
hand, metals that tend to form inner sphere complexes do not desorb easily
and hence less bioavailable. Table 3.1 shows the relative mobility of some
metals in soils. The bioavailability of these metals can be inferred from
these mobilities.

In the case of sediments, metals may be to a large extent incorporated into
the structure of the mineral itself and hence may not be easily bioavailable.
Only the remaining metals which are adsorbed or complexed may become
bioavailable (Table 3.2).

RISK ASSESSMENT

Risk assessment is a method which assesses the actual or potential adverse
effects of contaminants to plants and animals and which focuses on the
damage that has been or will be done by contaminants. The information
obtained from risk assessment helps one to identify populations or areas
that are likely to be adversely affected by soil, water or air contamination.

The technique of risk assessment (WHO, 2002) is based on a causal stress-
response model where a contaminant is transported from its source to the
receptor (humans, animals, plants) through a definite pathway. The main
components of a risk assessment are:

Identification of the problem
Characterization of the receptor
Assessment of the exposure
Assessment of the toxicity
Characterization of the risk

oo o
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Table 3.1. Relative mobility of selected metals in soil (Hayes and Traina, 1998)

Metal

Most common
Oxidation states in
soil®

Predominant Forms and
Distribution in soil systems

Mobility

Arsenic

Arsenic

I

A%

Cadmium II

ChromiumIII

Chromium VI

Lead

1 (IV)

Mercury I (O-])

Nickel

11 (110)

Oxyanion: sorbs more weakly
than As(V) to metal oxides and
only at higher pH

Oxyanion: sorbs strongly to metal
oxides; forms relatively insoluble
precipitates with iron

Cation: sorbs moderately to metal
oxides and clays; forms insoluble
carbonate and sulphide precipitates
Cation: sorbs strongly to metal
oxides and clays; forms insoluble
metal oxide precipitates
Oxyanion: sorbs moderately to
metal oxides at low pH, weaker
sorption at high pH

Cation: sorbs strongly to humus,
metal oxides, and clays; forms
insoluble metal oxides and sul-
phides; forms soluble complexes
at high pH

Cation: sorbs moderately to metal
oxides and clays at high pH; rela-
tively high hydroxide solubility;
forms volatile organic compounds
Cation: sorbs strongly to humus,
metal oxides, and clays; forms in-
soluble metal oxides and sulphides;
forms soluble complexes at high
pH

Moderate
Low
Low to
moderate
Low
Moderate
to High

Low

Low

Low

@ Possible, but less common, oxidation states in soil systems are shown in paren-

theses.

Risk assessment involves ecological and human risk assessment. The for-
mer, in view of the large number of receptors involved is far more compli-
cated than the latter. Human risk assessment however, involves serious
ethical considerations and in vivo studies using many animal models are
therefore more often used.
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Table 3.2. Dominant absorbed or complexed phases of metals in oxic and anoxic
sediments (from Brown and Neff, 1993) [-CO; = carbonates; FeO = iron oxyhy-
droxides; Fe/MnO = iron and manganese oxyhydroxides; OM = organic matter; S
= sulfides (dominant species given); TBL-CI-OH-COs and S = tributyltin chloride,
hydroxide, carbonate, and sulfide]

Metal Association in Oxic Sediments Association in Anoxic Sedi-
ments

Arsenic AsO,” - Fe/MnO As,(S03),, As;Ss;, FeAsS

Cadmium Fe/MnO, OM/S, -CO; Cds

Chromium OM, FeO OM, Cr(OH);

Copper OM, Fe/MnO Cu,S, CuS, FeCuS

Lead Fe/MnO PbS

Mercury OM HgS, OM

Nickel Fe/MnO OM/NiS, organic thiols

Tin® TBL, —Cl, —OH, -CO, TBL-S, OH, -CO4

Zinc Fe/MnO, OM ZnOM/S

(a) Only butyl tins are considered

The ecological risk assessment involves the uptake of metals by plant and
animals from soils, sediments and water. The processes that occur within
the food chain are clearly complex and ecological risk assessment needs to
consider several aspects of metal uptake. Among these are the bioavailabil-
ity of metals by plants and animals from soils, sediments and water by
contact with external surfaces, ingestion of contaminated soil, sediment or
water and inhalation of vapour phase metals or airborne particles. Food is
another source for the bioavailability of metals in animals. Based on these
factors, bioavailability is evaluated by estimating:

(a) available fraction of metals present in the environmental media
(e.g. sediment or soil)

(b) bioaccumulation directly from environmental media

(©) uptake from ingestion of food

It has now become clear that bioavailability must necessarily become an
integral part of the method of risk assessment. Risk-based approaches for
the assessment of contaminated sites using total soil metal concentrations
rather than the bioavailable metal concentrations, for example, may lead to
erroneous conclusions. A good understanding of the bioavailability of the
contaminant concerned is therefore a definite pre-requisite for all risk as-
sessment procedures. Of special importance is the need to understand the
factors that affect bioavailability, human health implications, plant uptake
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and ecosystem health of metals. The field of medical geology clearly rec-
ognizes the impact of studies of bioavailability on epidemiology.

ASPECTS OF EPIDEMIOLOGY IN MEDICAL GEOLOGY

Epidemiology is that branch of medicine that investigates the frequency
and geographic distribution of diseases in a defined human population for
the purpose of establishing programmes to prevent and control their devel-
opment and spread. Geochemistry plays a major role in the field of epide-
miology, particularly in diseases of tropical environments in developing
countries, where large human and animal populations live in intimate con-
tact with soil, water and plants of their habitat. The link between geology
and epidemiology becomes direct in such cases. The term prevalence, in
relation to a disease, indicates the proportion of the population that has a
particular disease, at a specific time. Incidence measures the frequency of
new cases of the disease.

Epidemiology involves the investigations of the origins of a specific dis-
ease, also termed aetiology, and to develop and test the hypotheses. It also
attempts to discover the likelihood of a population being exposed to the
disease concerned and identifies risks in terms of probability statements
and studies trends over time to make projections for the future. New risk
factors are discovered and studied in detail. Epidemiology deals exten-
sively with mortality or death rates and morbidity and the rate of incidence
of the disease concerned.

One of the terms used frequently in epidemiological investigations is “risk
factor”. The risk factor could be associated with the natural soil, water,
plant, air and biological environment or an anthropogenically originated
medium. The risk factor is any characteristic or condition that may occur
with greater frequency in people with a disease than it does in people
known to be free from that disease. Based on the information on the risk
factor, the chance of increased spread of the disease can be studied and
remedial measures recommended. The general term “risk” is often classi-
fied in chemical epidemiology as relative and absolute risk. The former is
used to denote the ratio of incidence or prevalence in the exposed group to
that of the unexposed groups. The absolute risk is the chance of a person to
develop a disease.
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The epidemiologists are often confronted with ‘competing risks’ which in
fact are other sets of risk factors than can cause the condition of interest
and which coexist with the set of factors of interest. These are known as
“red herring” cases in out break investigations.

CAUSATION AND CORRELATION

These two terms are very frequently used in both medical geology and
epidemiology. The term ‘association’ is also used in conjunction with cor-
relation if two variables appear to be related by a mathematical relation-
ship, indicating that a change of one appears to be related to the change in
the other. Causation is used in epidemiology when the following condi-
tions are satisfied;

(a) A dose-response relationship exists between the condition and the
disease.

(b) The prevalence or the incidence of the disease is reduced when the
condition under study is removed.

(©) The condition precedes the disease.

(d) A cause and effect relationship is physiologically plausible.

It is however, most important to note that a correlation does not always
imply a causal relationship even though a correlation is necessary for a
causal relationship. A correlation can be of two types, namely a negative
correlation and a positive correlation. In the former, the magnitude of one
variable moves in the opposite direction to the other associated variable.
Here the correlation coefficient is negative. If the relationship is definitely
causal, then the higher levels of the risk factor are protective against the
outcome. In the case of a positive correlation, the two variables change in
the same direction and the correlation coefficient is positive. Here, the
higher the levels of the risk factor, the higher are the outcome. Correlation
however measures only linear association. The fact that a statistical corre-
lation alone does not prove causation may be due to the presence of other
contributing or confounding factors. This provides misleading evidence
and lead researchers to find an association for the wrong reason.
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HOMEOSTASIS IN MEDICAL GEOLOGY

The geochemical cycles of the elements trace their pathways in the litho-
sphere, atmosphere, hydrosphere and biosphere. When these elements
(both essential and toxic) enter the food chain and the human body, a proc-
ess termed ‘homeostasis’ operates maintaining equilibrium within the con-
stituent cells.

Homeostasis is the maintenance of equilibrium, or constant conditions, in a
biological system by means of automatic mechanisms that counteract in-
fluences tending towards disequilibrium. This concept was developed by
the French physiologist Claude Bernard in the middle of the nineteenth
century and is presently considered as one of the most fundamental con-
cepts in modern biology. The term homeostasis was introduced by Cannon
in 1932 and was defined as “a condition which may vary, but remains rela-
tively constant” (Clancy and McVicar, 1995).

In the human body all the systems are involved in homeostasis with greater
involvement of endocrine, nervous, respiratory and renal systems. In the
case of an imbalance, these regulating systems work towards restoring the
optimum conditions. This is done by a process termed ‘negative feedback’
in which a deviation from the normal level is detected and the restoration
process initiated.

The process ‘contact inhibition’ is an example of homeostasis where cell
division in a population of cells ceases when they are too numerous or
touch each other. A chemical ‘messenger’ is thought of as passing from
cell to cell thereby causing the inhibition. Cancer cells on the other hand
are propagated without any inhibition and hence they have lost the mecha-
nism of homeostasis.

In the case of trace elements in humans, the principle of homeostasis can
be applied in order to trace the pathways of the elements concerned within
the human body. Even though the study of the elemental pathways within
the human body lies in the domain of human physiology, the elemental
pathway is part of the natural cycle of the element and hence it overlaps
with the domain of geochemistry.

The World Health Organization (WHO, 2002) in their report on “Princi-
ples and Methods for the Assessment of risk from Essential Trace Ele-
ments (ETE)” classified the ETEs as comprising of three groups. These are
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(a) cations (Zn, Fe, Cu, Mn, and Cr), (b) anions (those of Mo, I, Se) and (c)
those forming bioinorganic complexes (e.g. Co). For each category the
body has evolved specific mechanisms for the acquisition and retention,
storage and excretion of the various elements.

Cationic ETEs: via gastrointestinal tract and liver. Homeostasis regulates
uptake and transfer of the metal by the gut (e.g. Fe, Zn, and Cu). Copper
for instance shows a decrease in absorption from 75% at 0.4 mg/day to
12% at 7.5 mg/day even though the total amount absorbed increases.

Anionic ETEs: These are more water soluble and less reactive with N, S,
P, O, and OH groups than are cationic ETEs. They are absorbed very effi-
ciently (>70%). Homeostasis is managed by manipulation of oxidation and
methylation states. Total body burden is regulated by renal excretion.

ETEs forming bioinorganic complexes: Since cobalt can compete with
many other cationic ETEs effectively, it is possible that cobalamin forms
to avoid such problems (WHO, 2002).

The WHO has applied the homeostatic model in human health risk as-
sessment for ETEs as follows:

Homeostatic mechanisms should be identified for the selected
ETE.

Variation of the population’s homeostatic adaptation must be con-
sidered.

There is a “zone of safe and adequate exposure for each defined
age and gender groups “for all ETEs — a zone compatible with
good health. This is the acceptable range of oral intake (AROI).

All appropriate scientific disciplines must be involved in develop-
ing an AROI.

Data on toxicity and deficiency should receive equal critical
evaluation.

Bioavailability should be considered in assessing the effects of de-
ficiency and toxicity.

Nutrient interactions should be considered when known.

Chemical species and the route and duration of exposure should be
fully described.

Biological end-points used to define the lower recommended die-
tary allowances (RDA) and upper (toxic) boundaries of the AROI
should ideally similar degrees of functional significance. This is
particularly relevant where there is a potentially narrow AROI as a
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result of one end-point being of negligible clinical significance.
All appropriate data should be used to determine the dose-response
curve for establishing the boundaries of the AROL.

These are several steps involved in the application of the principles for the
assessment of risk from essential trace elements. These are:

Step 1: Data selection. This develops a data base for analyses. When hu-
man data to evaluate a functional effect is lacking, animal data is often
used.

Step 2: Hazard identification (deficiency and excess end points). From
among the factors needed to establish these end points are homeostatic
mechanisms, bioavailability, nature of exposure, population variability and
age-sex variations.

Step 3: Quantitative evaluation of critical affects. This involves the
evaluation of the various dose-response curves for each end-point from de-
ficient and excess exposure.

Step 4: Balanced quantitative assessment to determine acceptable range of
oral intake (AROI). The effects of both deficient and excess exposure in
healthy populations are considered in the derivation of AROI.

Step 5: Exposure assessment. This identifies and quantifies exposure
sources (e.g. water, food, supplements, soil and dust), bioavailability and
exposure patterns of the populations.

Step 6: Risk characterization. Integration of the AROI and the exposure
information.



CHAPTER 4
MEDICAL GEOLOGY OF FLUORIDE

The link between fluoride geochemistry in water in an area and the inci-
dence of dental and skeletal fluorosis is a well established relationship in
medical geology. While the essentiality of fluoride for human health is still
being debated, its toxicity has now caused considerable concern in many
lands where fluoride is found in excessive quantities in the drinking water.
As in the case of some essential trace elements, the optimum range of fluo-
ride varies within a narrow range and this causes fluoride imbalances, very
often in large populations, mostly in developing countries of the tropical
belt.

In the case of many trace elements, food is the principal source. Much of
the fluoride entering the body however is from water and the hydrogeo-
chemistry of fluoride in surface and groundwater is therefore of major in-
terest.

The impact of fluoride on health is shown in Table 4.1. Several organiza-
tions throughout the world have considered fluoridating water supplies in
areas where the water supplies do not provide the optimum levels of fluo-
ride. This however, has resulted in great disagreement between those who
consider fluoride as being beneficial and those who consider it as a poison
(Grant, 1986; Sulton, 1988; Colquhon, 1990; Gibson, 1992; Turner et al.,
1992; Pendrys, 2001).

Among the dental health concerns, dental fluorosis is the most common
manifestation of excessive intake of fluoride-rich water. Children under
the age of 7 are particularly vulnerable. Other factors such as nutritional
deficiencies, mostly calcium and vitamin C also play minor roles in the
disease.

As in the case of iodine deficiency diseases, a large population of the
world is affected by fluoride toxicity in drinking water. More than 200 mil-
lion people including about 70 million in India and 45 million in China
(Yang et al., 2003) are prone to fluorosis. The African continent and some

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 4, © Springer-Verlag Berlin Heidelberg 2009



60 Introduction to Medical Geology

parts of South America such as Mexico are also estimated to have millions
of people at risk of dental and skeletal fluorosis, though the exact figures
are not known.

Table 4.1. Impact of fluoride on health (WHO, 1971)

Concentration of fluoride Impact on health
in drinking water

0.0-0.5 mg/L Limited growth and fertility, Dental caries

0.5-1.5 mg/L Promotes dental health resulting in healthy
teeth

1.5-4.0 mg/L Prevents tooth decay

4.0-10.0 mg/L Dental fluorosis (mottling of teeth)
Dental fluorosis, Skeletal fluorosis

>10.0 mg/L (pain in back and neck bones)
Crippling fluorosis

It is worthy of note that unlike Fe in ground and surface water, fluoride
does not impart any colour to the water nor does it give any kind of taste to
the water. In highly underdeveloped rural areas in the tropics where drink-
ing water is obtained directly from the ground, excessive fluoride in water
may turn out to be an invisible poison. People who obtain food and water
directly from their home environments for many years are particularly sus-
ceptible to diseases caused by excess fluorides in drinking water.

GEOCHEMISTRY OF FLUORIDE

Fluoride is the most electronegative and chemically reactive element of all
halides. It is highly reactive with practically all organic and inorganic sub-
stances. In the natural environment it occurs as the fluoride ion F'. It is
found mostly in the silicate minerals of the earth’s crust at a concentration
of about 650 mg/kg (Adriano, 2001).

The geochemistry of the F~ (ionic radius 136 pm) is similar to that of the
OH’ ion (ionic radius 140 pm) and there can be easy exchange between
them. Extensive research has been carried out on the fluoride-hydroxyl ex-
change in geological materials (Gillberg, 1964; Stormer and Carmichael,
1971; Ekstrom, 1972; Munoz and Ludington, 1974). Fluorapatite
[Cas(PO4);F] and hydroxylapatite [Cas(PO4);OH] are isomorphic end
members in the solid solution series Cas(PO,4);(OH,F). Hydroxyl apatite,
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however, is the main mineral phase of enamel in human teeth, a fact often
used as an argument against the non-essentiality of fluoride to humans.

As shown by Aswathanarayana et al. (1985), fluorides in the surface and
the groundwater are derived from:

(a) Leaching of the rocks rich in fluorine, e.g. granites (750 mg/kg),
alkalic rocks (950 mg/kg), volcanic ash and the bentonites (750
mg/kg), phosphatic fertilizers 3.0-3.5%.

(b) Dissolution of fluorides from volcanic gases by percolating
groundwaters along faults and joints of great depth and discharg-
ing as fresh and mineral springs.

(©) Rainwater which may acquire a small amount of fluoride from ma-
rine aerosols and continental dust.

(d) Industrial emissions such as freons, organo-fluorine and dust in
cryolite factories.

(e) Industrial effluents.

® Run-off from farms using phosphatic fertilizers extensively.

Fluorine is associated with many types of mineral deposits (Boyle, 1974)
and hence it is a good indicator of mineral deposits (Lalonde, 1976). The
geochemical dispersion haloes of fluorine from mineral deposits are often
detected in ground and surface waters, stream sediments and soils. The
higher concentrations of fluoride in water and soil are therefore often the
result of the occurrence of mineral deposits in the vicinity. The fluorine
chemistry of granitic material is relevant to economic prospecting in gran-
itic terrains since fluorine is associated with Sn-W-Mo and REE-Zr-Ta-Be
deposits, with Li-Rb-Cs pegmatites, rare-metal greisens and albitized gran-
ites and is ultimately responsible for fluorite and cryolite deposits (Bailey,
1977; Correns, 1956).

Fluorine is located in:

(a) F" rich minerals such fluorite, apatite

(b) Replacement of OH™ and O” ions in muscovite (mean 0.1-0.3%),
biotite (mean ~0.7%), hornblende (mean ~0.2%) and sphene
(range 0.1-1.0%)

(©) Solid and fluid inclusions-micas and feldspars, fluid inclusions in
quartz

(d) Rock glasses-obsidians and pitchstones.
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A list of fluoride-bearing minerals with formulae, fluoride contents and
distribution in various granitic materials is given in Table 4.2. It is worthy
of note that from among 150 fluoride-bearing minerals listed by Strunz
(1970), 63 are silicates, 43 halides and 24 phosphates. In magmatic rocks,
only topaz and fluorite contain fluorine as an essential part of the composi-
tion.

Geochemistry of Fluoride in Weathering and Solution

As mentioned in Chapter 2, rock and mineral weathering in the tropical
climate is intense. Fluoride with its tendency to enter the aqueous medium
is therefore leached out from the fluoride-bearing minerals. The geochemi-
cal pathways of fluoride in such a physico-chemical environment is
strongly influenced by processes involving adsorption-desorption and dis-
solution-precipitation reactions. It is important therefore to realise that the
degree of weathering and the leachable fluoride in a terrain is of greater
significance in the fluoride concentration of water than the mere presence
of fluoride-bearing minerals in soils and rocks. Some rocks, bearing min-
erals such as Ca-Mg carbonate act as good sinks for fluoride (Christensen
and Dharmagunawardena, 1986). The leachability of fluoride from the
carbonate concretions is controlled by (a) pH of the draining solutions (b)
alkalinity (c) dissolved CO; and the pCO; in the soil.

Ramesam and Rajagopalan (1985) studied the fluoride geochemistry in the
natural hard rock areas in Peninsular India and summarised a mechanism
of fluoride pathways in arid and semi-arid areas as shown in Figure 4.1.

Enrichment of Dissolution of <
F in carbonate | ——p| F bywater _) Fereh stur‘face
concretions flowing laterally waler
Release of F Dissolution of F Possible F low
bysol  |—p| bywater |—| reprecipitation |===| groundwater
development draining the sail of CaF,

Selective

Rock with F° . i
: F"rich .
bearing —) groundwater _> scavenging ﬁ

minerals of F by plants

Fig. 4.1. Mechanism for fluoride ingestion in arid and semi-arid areas (modified
after Ramesam and Rajagopalan, 1985)
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Table 4.2. Fluoride-rich minerals associated with granitic materials (after Bailey
1977)

Name Formula F (wt.%)
Fluorite CaF, 47.81-48.80
Cryolite Na;AlFg 53.48-54.37
Fluocerite CeF; 19.49-28.71
Yttrofluorite (Ca,Y)(F,0), 41.64-45.54
Gagarinite NaCaYF 33.0-36.0
Bastnasite Ce(COy)F 6.23-9.94
Synchisite CeCa(CO;),F 5.04-5.82
Parisite Ce,Ca(CO»)5F, 5.74-7.47
Pyrochlore NaCaNb,OsF 2.63-4.31
Microlite (Ca,Na),Ta,0(0,0H,F) 0.58-8.08
Amblygonite LiAI(PO,) 0.57-11.71
Apatite Cas(PO,);(F,CIOH) 1.35-3.77
Herderite Ca(BePO,)(F,OH) 0.87-11.32
Muscovite KAIL(AISi304)(OH,F), 0.02-2.95
Biotite K(Mg,Fe);(AlSiz0,0)(OH), 0.08-3.5
Lepidolite KLi(Fe,Mg)AI(AISi4O10)(F,OH) 0.62-9.19
Zinnwaldite KLiFe*" Al(AlSi;0,0)(F,OH), 1.28-9.15
Polylithionite KLi,Al(Si140,0)(F,OH), 3.00-7.73
Tainiolite KLiMg,(Sis049)F, 5.36-8.56
Holmquistite Li,(Mg,Fe’)3(ALFe’),(Si,0,,)(OH,F), 0.14-2.55
Hornblende NaCay(Mg,Fe,Al)s(S1,Al)sO(OHF),  0.01-2.9
Riebeckite Na,Fes*'Fe,*"(Si401;),(OH,F), 0.30-3.31
Arfvedsonite NasFes* Fe’(Si,01,),(OH,F), 2.05-2.95
Ferrohastingsite ~ NaCaFe,”"(Al,Fe’")(SisALO,,)(OH,F), 0.02-1.20
Spodumene LiAl(SiO3), 0.02-0.55
Astrophylite (K,Na)z(Fe2+,Mn)4(TiSi4O14(OH)2 0.70-0.86
Wohlerite NaCa,(Zr,Nb)O(Sip,07)F 2.80-2.98
Tourmaline Na(Mg,Fe); Alg(BO;);3(Sis015)(OH), 0.07-1.27
Sphene CaTiSiOs 0.28-1.36
Topaz Al,SiO4(OH,F), 13.01-20.43
Yttrobrithiolite (Ce,Y);C,(S104);0H 0.50-1.48

This relationship shows that the concentrations of fluoride are directly
proportional to Ca®* concentrations. The absence of calcium in solution al-
lows higher concentration of fluoride to be stable in solution. In areas of
alkaline volcanic rocks and in high cation exchange conditions, notably in
the presence of clay minerals, such a situation may prevail.

The soil-water and the rock-water interaction and the residence time of
fluoride are two important factors in the concentration of fluoride in water.
The geochemical environments of surface dug wells and those in the
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deeper bore holes are different. Whereas the shallow dug wells tend to
have lower fluoride concentrations due to leaching and rapid groundwater
circulation and lower residence times, the water-rock interaction in the
deep bore holes is enhanced by longer residence times. Hence it is quite
common to observe higher fluoride concentrations in water obtained from
deep wells (Figure 4.2).

Climatic effects, notably evaporation of surface water due to the prevailing
high ambient temperature, also affect the relative fluoride concentration in
the water. In many arid regions of the world, this situation arises while in
regions where there is intense rainfall, leaching of fluoride takes place eas-
ily resulting in its lower concentrations.

Fluoride concentrations in natural water vary widely depending on the
geochemistry of the rainfall, soils, rocks and minerals in the immediate en-
vironment. Recently, Edmunds and Smedley (2004), reviewed the fluoride
concentrations in natural water from different geological situations (Table
4.3) and it is observed that some areas such as Lake Magadi in Tanzania
have fluoride concentrations as high as 1980 mg/L while in some other re-
gions (e.g. UK chalk regions ) it is lower than 0.1 mg/L.

Table 4.3. Average fluoride ranges of different types of waters (summarised from
Edmunds and Smedley, 2004)

Source Range of F (mg/L)
Rainfall 0.013 to 0.096
Surface waters ( rivers) 0.06t0 0.18

Surface waters in high fluoride regions 0.6 to 1281

Soil water 0.02 to 0.30
Geothermal springs 0.4 to 330
Groundwater crystalline basement rocks <0.02 to 20
Groundwater volcanic rocks 2.1 to 250

Groundwater sediments and sedimentary basins ~ <0.1 to 29
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Fig. 4.2. Groundwater regimes in (a) shallow dug well, (b) deep well
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Fluoride in Soils

Fluoride in soils is found in the range 20-500 mg/kg (Kabata-Pendias and
Pendias, 1984) and its mobility is influenced mainly by pH and complexa-
tion with aluminium and calcium (Pickering, 1985). The soil type, salinity
and fluoride concentration are also important in the amount of fluoride ad-
sorbed by soil. Acidic conditions favour the fluoride adsorption markedly.
Barrow and Ellis (1986) reported that the maximum adsorption of fluoride
to soil was at pH 5.5. In acidic soils when the pH is lower than 6, much of
the fluoride complexes with either Al or Fe. In the case of alkaline soils at
pH >6.5, it is almost completely fixed in soils as calcium fluoride, pro-
vided sufficient calcium carbonate is available (Brewer, 1966).

Clay minerals, Fe(OH);, AI(OH); and fine-grained soils adsorb fluoride
relatively easily, by displacing hydroxides on the clay surface. It is best
adsorbed at a pH range of 3-4 and decreases above 6.5 (Savenko, 2001).

Fluorine is immobile in soil and in soil profiles the fluoride content de-
creases with increasing distance from the parent rock. Soils therefore act as
good sinks for fluoride. Fluoride retention in soil is generally correlated
with soil aluminium and it leaches out simultaneously with the leaching of
Al, Fe and organic material in the soil (Polomski et al., 1982). In some
soils, notably the sandy acidic soils, leaching out of fluoride can be greatly
reduced by the addition of lime or gypsum which precipitates fluorite. In
the case of calcareous soils with low flow rates of water, the adsorption of
fluoride from the water phase is an important step in the geochemical
pathway of fluoride in soils. At high flow rates however, this exchange is
limited (Flihler et al., 1982).

In agricultural soils where there is a high input of phosphate fertilizer, the
fluoride contents may increase significantly phosphate fertilizers (8500-
38000 mg/kg) (Kabata-Pendias and Pendias, 1984) and sewage sludges
(80-1950 mg/kg) (Rea, 1979), have high fluoride contents.

Fluoride in Sediments

Fluorine is an abundant halogen in sedimentary rocks with fluorite, apatite,
mica, illite, and montmorillonite being the main fluorine-bearing minerals
(Deshmukh et al., 1995). As shown in Table 4.4, shales, volcano-clastics
and bentonites are among the most fluoride-rich sedimentary rocks. Shales
in particular, due to their high clay content retain larger concentrations of
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fluoride. It has been observed that out of the total fluorine content of the
clays associated with clastic rocks, 80-90% is found in the mica group of
minerals while the rest is adsorbed on clay minerals montmorillonite, illite
and kaolinite. The average fluorine content of sedimentary micas and illite
is more than 1.5 times the average fluorine content of igneous rocks.

Table 4.4. The average fluorine content in different sedimentary rocks (Fleischer
and Robinson, 1963)

Rocks Range in mg/kg Average in mg/kg
Limestone Up to 1210 220
Dolomite 110-400 260
Sandstone and Greywacke 10-1100 200
Shale 10-7600 940
Volcanic ashes and Bentonites ~ 100-2900 750
Oceanic sediments 100-1600 730

Kau et al. (1998) compared the experimental sorption isotherms of fluoride
for aluminosilicate clays. It was observed that bentonite is a far superior
fluoride sorbent than kaolinite quantitatively even though the mechanism
of sorption may be the same. Factors that influenced fluoride sorption in-
cluded solution pH, clay surface area, aluminium content and the presence
of certain exchangeable cations capable of forming fluoride precipitates.

Experiments by Kau et al. (1997) on fluoride retention by kaolin clay
showed that the quantity of fluoride sorbed onto kaolin stabilizes essen-
tially after 24 hours. Fluoride measurements after 24 hours revealed that a
minimum of 95+2% of the equilibrium concentration has been achieved
throughout the tested pH range (Figure 4.3).

Fluoride in Plants

Fluorine is not considered as an essential element for plants. The fluoride
levels in terrestrial biota are higher in areas with high fluoride levels from
natural and anthropogenic sources. Lichens, for example are used exten-
sively as biomonitors for fluorides. Mean fluoride concentrations of 150-
250 mg/kg were measured in lichens growing within 2-3 km of fluoride
emission sources, compared with a background level of <1 mg fluoride/kg
(Anonymous, 2002). In soil, much of fluoride is insoluble and hence less
available to plants. However, since high soil fluoride concentrations or low
pH, low clay and/or organic matter contents in soil can increase fluoride
levels in solution, there can be greater uptake by the plant. It is of interest
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to note that due to the low mobility of fluoride within the plant, the root
has higher fluoride contents than the shoot.

Terrestrial plants however may accumulate inorganic fluorides from the air
through stomata in the leaves. Further, small amounts may also enter the
plant through the epidermis and cuticle (Underwood, 1962). The applica-
tion of fluoride-bearing phosphate fertilizers however introduces a sudden
influx of fluoride into the soil and the plants may accumulate more fluo-
ride in the form of aluminium fluoride species (Steven et al., 1997).

Tea (Camellia sinensis) has been known to accumulate fluoride in higher
concentrations (0.1-0.6 mg/100 ml, Food and Nutrition Board, 1997). It is
cultivated in acidic soils in the tropical regions and is the most popular
drink next to water. Aluminium accumulates profusely, with Al in tea
leaves reaching levels as much as 8700-23000 mg/kg and even up to
30000 mg/kg (Matsumoto et al., 1976). However, as mentioned earlier, the
complexation of the fluoride with Al paves the way for fluoride entry into
the plant.
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Fig. 4.3. Effect of reaction time on fluoride sorbed onto kaolinite at pH values be-
tween 6.0 and 7.5 (Kau et al., 1997)

In areas where fluorosis is endemic, notably in the Asian countries, the
fluoride content of food plants grown have shown higher concentrations
(Wakode et al., 1993; Kumari et al., 1995). It was observed that the fluo-
ride intake in sorghum, wheat, rice, red gram dhal and red chillies was in
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proportion to the fluoride concentration of the root zone. The average Par-
tition Factor (F~ -food/F -soil) was of the order in dry red chillies 15.76;
red gram dhal 5.3; sorghum 3.6; wheat 2.4 and rice 2.4.

From among aquatic plants, the water hyacinth (Eichornia crissipes) is
known to take up fluoride from water. Plants that were exposed to fluoride
solutions of 6-26 mg/L for 4 weeks had a fluoride uptake of 0.8 mg/kg
(Rao et al., 1973).

FLUORIDES AND HEALTH

As mentioned earlier, the range of fluoride tolerance and toxicity is nar-
row. Deviation from the optimal levels therefore results in dental health ef-
fects such as caries and fluorosis. The beneficial and detrimental effects of
fluoride are mainly on the tooth enamel and bone. While the prevalence of
dental caries is inversely related to the concentration of fluoride in drink-
ing water, the prevalence of dental fluorosis is strongly associated with the
concentration of fluoride, with a positive dose-response relationship. In the
case of skeletal fluorosis, apart from a high intake of fluoride-rich water,
other factors such as nutritional status and diet, climate (related to fluid in-
take) concomitant exposure to other substances and intake of fluoride from
sources other than drinking water are believed to play an important role in
the development of this disease (WHO, 2002). Other diseases such as can-
cer, respiratory, hepatic, renal and haematopoietic disorders attributed to
fluorides have not been proved beyond doubt.

Bioavailability of Fluoride

Figure 4.4 illustrates the fate of fluoride ingested with food. In areas where
the natural fluoride levels are low the total daily adult intake will be <1 mg
while for those living in areas with a higher water fluoride intake, the total
daily fluoride intake will be about 2 mg/day.

As shown in Figure 4.4 the fluoride ingested is absorbed by the stomach
and in greater quantities by the small intestine. In the stomach, when the
pH is low, highly diffusible hydrogen fluoride forms (pKa = 3.4) and this
results in high absorption (Whitford and Pashley, 1984). In the small intes-
tine fluoride is absorbed as the free ion (F') by diffusion via membrane
channels and is non-pH dependent (Nopakun and Messer, 1990). When
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fluoride is ingested with little or no food, fluoride absorption is much
higher in the stomach, some times as much as 100% (Ophang, 1990).
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Fig. 4.4. Fate of fluoride ingested with food in adult. Dashed arrows denote a mi-
nor pathway (Cerklewski, 1997a)

Under normal fluoride intakes and rate of absorption, the plasma fluoride
concentration is known to range from 10-20 pg/L or 0.5-1.0 uM (Ekstrand,
1978). In the adult body over 95% of total fluoride is in the bones and
teeth and these remove the plasma fluoride rapidly by ion exchange with
hydroxyl ions, citrate and carbonate. Soft tissues on the other hand do not
accumulate fluoride. Forbes (1990) has noted that the total body fluoride
estimated to be about 2.6 g is second only to the trace element iron. It is
during the period of rapid development of bones and teeth that fluoride is
taken up quickly. As in the case of bone, the outer layer of surface enamel
contains higher fluoride- about 3000 ug/g as against 100 |g/g at the deeper
dentine-enamel junction (Ten Cate and Featherstone, 1996).

Fluoride homeostasis in the body is maintained by the combined effects of
fluoride assimilation by bone and urinary excretion bearing in mind that
soft tissues do not take up fluoride. When the fluoride uptake by bone is
low, urinary excretion of fluoride increases.
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Other elements also influence the fluoride homeostasis by interaction and
complex formation mostly in the alkaline small intestine. Calcium and
magnesium form insoluble complexes with fluoride thereby decreasing
fluoride uptake by bone and teeth (Cerklewski, 1997b). However, if the
fluoride is in the form of monofluorophosphate in contrast to sodium fluo-
ride, there is no effect by the presence of calcium (Villa et al., 1992).

The interaction of aluminium with fluoride has been the subject of several
studies (Lubkowska et al., 2002; Ahn et al., 1995). Aluminium is known to
suppress the uptake of fluoride by modifying the metabolism of phospho-
rus, calcium, magnesium and fluorine and enhances the development of
osteomalacia and osteodystrophia (Ahn et al., 1995).

Dental Fluorosis

Figure 4.5 illustrates the cross section of a human tooth. The outermost
layer of the exposed tooth is a hard thin, translucent layer that envelopes
and protects dentin, the main portion of the tooth structure. Enamel, dentin
and cementum are all composite materials composed of the mineral hy-
droxylapatite (HA) (Figure 4.6), protein and water. Enamel is the hardest
substance found in the human body and has ~90% mineral, 1% organic
matter and 3% water. On account of its hardness, it is also brittle. Enamel
has the carbonate- rich apatite arranged in enamel rods or prisms 4-5 pm in
diameter (Marshall et al., 2003). These are held together by a cementing
substance and surrounded by an enamel sheath. The rods that make up
enamel are formed by cells known as ameloblasts.

The mineral apatite Cas(PO4);(OH, F, Cl) has varying amounts of fluorine,
chlorine or the hydroxyl group, though in some cases one of these may ap-
proach the 100% level, and according to the major presence of F~, CI or
OH/, they are termed fluorapatite, chloroapatite and hydroxyapatite, re-
spectively.

When fluoride is present in the water ingested, some of it is incorporated
into the apatite crystal lattice of the tooth enamel during its formative
stages, the enamel becomes harder and discolouration results (Figure 4.7).
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Fig. 4.5. Schematic cross section of a human tooth

Fig. 4.6. Scanning Electron Microscope image of the dental enamel of a front
tooth with well orientated rod structure from apatite (photo courtesy of Prof. Mi-
noru Wakita, Hokkaido University, Japan)
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Fig. 4.7. Discolouration of teeth in dental fluorosis

Clinically the appearance of enamel fluorosis is known to vary with the
amount of fluoride ingested during early childhood, appearing in its mild-
est forms as a white flecking of the enamel coalescing to become more
visible in its moderate forms and marked by a dark brown staining of the
enamel, with actual breakdown of the enamel in the most severe cases
(Dean and McKay, 1939, Rozier, 1994). Table 4.5 shows the classification
of dental fluorosis. Even though the WHO guidelines have recommended
an upper limit of fluoride concentration in drinking water as 1.5 mg/L, in
many tropical countries where there is a high sweat loss and a high intake
of water due to the hot weather such an upper limit may be unsuitable
(Brouwer et al., 1988).

In several other tropical countries (India-Handa, 1975; Tanzania- Aswa-
thanaryana et al., 1985; Kenya- Manji et al., 1986; Sri Lanka- Warnaku-
lasuriya et al., 1992; Ghana- Apambire et al., 1997) it has been found that
the WHO recommended levels for fluoride in drinking water are not ac-
ceptable and that the incidence of dental fluorosis is common even in areas
with lower levels of fluoride in water. Brouwer et al. (1988), who observed
that the WHO guidelines were unsuitable for Senegal, showed that in the
hot climate of Senegal, both dental and skeletal fluorosis are more preva-
lent and more severe than would be expected from the WHO recom-
mended maximum limits. They found that 66.5% of children had mild den-
tal fluorosis at the 1.0 mg/L level and beyond the 4.0 mg/L level dental
fluorosis had reached 100%.
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Table 4.5. Dental fluorosis classification by Dean (1942)

Classification Criteria-Description of Enamel

Normal Smooth, glossy, pale creamy-white translucent surface

Questionable A few white flecks or white spots

Very Mild Small opaque, paper-white areas covering less than 25% of
the tooth surface

Mild Opaque white areas covering less than 50% of the tooth sur-
face

Moderate All tooth surfaces affected; marked wear on biting surfaces;
brown stain may be present

Severe All tooth surfaces affected; discrete or confluent pitting;

brown stain present

In Sri Lanka, Warnakulasuriya et al. (1992) showed that the optimal level
of fluoride in groundwater for caries protection should be 0.6-0.9 mg/L.
Even at these moderate levels, only 34% of the children were entirely
fluorosis free. They recommended that the WHO limit of 1.5 mg/L fluo-
ride in drinking water is not appropriate for hot and dry climates and that
an upper limit of 0.8 mg/L is more suitable.

Figure 4.8 illustrates the Community Fluorosis Index (CFI) where

CFI = Z (number of childrenx Dean’s Index Score)

(Total number of children examined)

and the Dean’s Index Score classifies individuals into 5 categories depend-
ing on enamel alteration. Figure 4.9 shows the relationship between fluo-
ride concentration of drinking water and dental caries/dental fluorosis. It
can be observed that the CFI value detrimental to human dental health var-
ies with mean annual temperature (Minoguchi, 1974).

Accordingly if the CFI is below 0.4, the water is considered safe from a
health point of view. If the value is above 0.6, the excess quantity of fluo-
ride in drinking water in the area has to be removed. CFI in the range 0.6
to 3.5 often indicate the onset of dental fluorosis and a CFI greater than 3.5
points to the possibility of skeletal fluorosis.
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Skeletal Fluorosis

As discussed above, high ingestion of fluoride-rich water causes dental
fluorosis. If the levels of fluoride ingestion are still higher, and if it contin-
ues over several years, a serious debilitating disease which affects the
bones, termed skeletal fluorosis (Fig. 4.10) results. This may even cause
neurological complications. About 96-99% fluoride retained in the body
combines with mineralised bones and when the ingestion is >4 mg/day,
50% is retained by the skeleton and the rest is excreted through urine. The
skeletal fluoride concentration is known to increase almost proportionately
to the amount of fluoride ingested and its resident time (Spencer et al.,
1975). There are several varieties of bones in the skeleton and the fluoride
content of these vary with pelvis and vertebrae having higher fluoride con-
tents than limb bones. Once incorporated into the hard tissues, the fluoride
is retrievable though with difficulty and involves a very slow process of
osteoclastic resorption spread over many years. The progress of skeletal
fluorosis symptoms are as follows (Reddy et al., 1969):

(a) Vague discomfort and paraestheria in limbs and trunk.
(b) Pain and stiffness in back.

(c) Stiffness increases steadily with restriction of movement.
(d) Appearance of a “poker- back” spine.

(e) Spread of stiffness to various joints.

(f) Fluorosis deformity at hips, knee and other joints.

(g) Bony exostosis seen in limb bones.

In the endemic regions, crippling skeletal fluorosis occurs between the
ages of 30 to 50 years. According to Siddiqui (1955), newcomers to a hy-
perendemic region may develop symptoms within years of their arrival.
The main factors which influence the development of skeletal fluorosis
(Reddy, 1985) are (a) high fluoride intake (b) continual exposure to fluo-
ride (c) strenuous manual labour (d) poor nutrition (¢) impaired renal func-
tion due to the disease.

Contrary to earlier thinking, if the levels of fluoride in the drinking water
of a region are extremely high, younger age groups including children are
also affected. It should be borne in mind that the incidence of fluorosis is
higher in tropical countries on account of the higher quantity of water
(fluoride-bearing) consumed. Poor nutrient intake may also be a significant
factor.
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Fig. 4.10. A case of skeletal fluorosis due to ingestion of excessive fluoride from
drinking water (photo: courtesy of Ministry of Water, The United Republic of
Tanzania)

In its simplest terms the mechanism of the onset of skeletal fluorosis is that
in order to immobilise fluoride from circulating fluids in the body, excess
fluoride is fixed in the hydroxyl apatite material of the bone by replace-
ment of OH™ by F irreversibly till the exposure continues. During this
process, the rate of synthesis of bone material (hydroxyl apatite) is consid-
erably increased and this leads to bone formation or osteosclerosis, as seen
in those with skeletal fluorosis (Teotia and Teotia, 1992). With the deposi-
tion of calcium fluoro-apatite, the bone density and bone mass increases.
In the backbone, the perforations through which nervous and blood vessels
pass through, are constricted and this leads to pressure on nerves and blood
vessels resulting in paralysis and extreme pain.

Dissanayake et al. (1994) have reported a case of skeletal fluorosis with
spinal cord compression from Sri Lanka, following consumption of water
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with high fluoride content for about 20 years (Figure 4.11). The fact that
fluoride is not entirely irreversibly bound to the bone has been demon-
strated in persons who had lived in areas of fluoride- rich drinking water
and subsequently moved to fluoride-low areas. The urinary fluoride con-
centration in these individuals decreased gradually over long periods indi-
cating that fluoride was being mobilized continuously from the skeleton
and subsequently excreted (Hodge et al., 1970).

Fig. 4.11. X-ray pictures taken from a 33 year old male skeletal fluorosis patient
from Sri Lanka, showing generalized increase of bone density with cortical thick-
ening and coarse tubercular pattern. Ligamentous calcification in the spine and
pelvis is observed. Bridging osteophytes in the spine are clearly seen in the picture
(photo courtesy Dr. Tilak Abeysekara)

CASE STUDIES

Dental Fluorosis in Sri Lanka

Sri Lanka, a developing country with a population of nearly 20 million and
lying in the tropical belt, has well defined wet and dry zones. In the dry
zone, dental fluorosis is highly prevalent and a population of about one
million people is affected. In some areas in Sri Lanka, dental fluorosis has
been recorded as high as 80-98% (Warnakulasuriya et al., 1992; Nunn et
al., 1994).
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The close relationship between the physical environment and community
health is very clearly seen in Sri Lanka. This is mainly due to the large ma-
jority of the population of Sri Lanka living in close association with the ac-
tual physical environment with only about 25-30% of the population hav-
ing piped water. Further, nine out of the ten great soil groups are present in
Sri Lanka and the effect of the chemistry of the soil and water on the
health of the population is seen quite prominently in Sri Lanka (Dissanay-
ake, 1984b; Dissanayake and Weerasooriya, 1987).

Geologically Sri Lanka consists of over 90% metamorphic rocks of pre-
sumed Precambrian age and these form 3 major units, the Highland com-
plex, Wanni complex and the Vijayan complex (Figure 4.12). A suite of
metasedimentary and metavolcanic rocks formed under granulite facies
conditions comprises the Highland complex. Among the metasediments,
quartzites, marbles, quartzo-feldspathic gneisses and meta-pelites form the
major constituents. In the south-western part, calciphyres, charnockites and
cordierite-bearing gneisses are present.

The Wanni complex consists of leucocratic biotite gneisses, migmatites,
pink granitic gneisses and granitoids with compositions varying from gran-
itic, syenitic to granodioritic. The granitoids frequently have enclaves of
amphibolite and hornblende gneiss. The Vijayan complex is composed of
biotite-hornblende gneisses, granitic gneisses and scattered bands of meta-
sediments and charnockitic gneisses. Small plutons of granites and char-
nockites also occur close to the east coast (Cooray, 1978).

It is apparent from the lithology that there are abundant fluoride-bearing
minerals such as micas, hornblende, sphene and apatite. Further, minerals
such as fluorite, tourmaline and topaz are also found in many locations and
these also contribute to the general geochemical cycle of fluorine in the
physical environment.

A further source of fluorine is probably the lower crustal volatiles of which
fluorine is known to be an important component. These volatiles are found
in deep-seated fractures and lineaments and hence tend to get concentrated
in materials associated with such faults and fractures.

Vitanage (1989) studied the Precambrian and later tectonic events in Sri
Lanka and observed that the rocks of all three complexes are dissected by
about 4330 lineaments with lengths varying from 1.25 km to over 100 km
in an area of 30,000 km® investigated. It is conceivable that many of these
lineaments are deep seated and hence the loci for fluorine outgassing.
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These could well be of great significance in the general geochemistry of
fluorine in Sri Lanka.
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Fig. 4.12. Simplified geological map of Sri Lanka (KC- Kadugannawa Complex;
KK- Kataragama Complex; BK- Buttala Klippe; KOK- Kudaoya Klippe)

The plate tectonic model for the geological evolution in Sri Lanka as put
forward by Munasinghe and Dissanayake (1982), envisages the central
Highland Complex of Sri Lanka to have been a highly metamorphosed as-
semblage of marine deposited volcanic, volcano-clastic and sedimentary
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rocks, which evidently carried significant quantities of chlorine and fluo-
rine concentrated in the marine-based sediments (Wedepohl, 1972). The
later metamorphism and repeated deformation of these volatile-rich mate-
rials within the central Highland Basin probably incorporated fluorine in
the minerals leading to an enrichment of fluorine in the crustal rocks of Sri
Lanka.

Distribution of fluoride in the groundwater of Sri Lanka

Figure 4.13 illustrates the distribution of fluoride-rich groundwater in Sri
Lanka. In the compilation of the Hydrogeochemical Atlas of Sri Lanka,
Dissanayake and Weerasooriya (1986) delineated the fluoride zones of Sri
Lanka based on the fluoride content in dug well water samples. The histo-
grams for fluoride concentrations in groundwater in seven fluoride-rich
districts of Sri Lanka are shown in Figure 4.14 (Raghava Rao et al., 1987;
Christensen and Dharmagunawardhena, 1987). The high fluoride areas co-
incide with the high dental fluorosis areas of Sri Lanka.

Data obtained from a large number of deep wells indicate that a large part
of the landmass of Sri Lanka is fluoride-rich. Several regions, in the North
Central Province, notably the Anuradhapura and Polonnaruwa districts
have fluoride concentrations in groundwater often reaching 10 mg/L and
these areas, as expected, have a very high incidence of dental fluorosis.

It is of interest to correlate the fluoride-high and fluoride-low areas deline-
ated with natural factors such as climate and geology. Low-fluoride areas
are situated mainly in the wet zone where the average annual rainfall ex-
ceeds 5000 mm in certain instances. In these regions, leaching of soluble
ions is high and fluoride is rapidly leached. In the dry zone, however,
evaporation is high and this brings the soluble ions upwards due to the cap-
illary action in soils. This, although not the sole explanation for the ob-
served distribution of fluoride in the groundwater of Sri Lanka, could nev-
ertheless be a major factor (Dissanayake, 1991a).

In the study of geochemical distribution of fluoride in the groundwater of
Sri Lanka, the geology of the terrains needs special consideration. The
composition of the rocks in the area, particularly the easily leached con-
stituents coupled with the climate is the key factor in the geochemical dis-
tribution of elements in a tropical region. The abundance of fluoride in the
rocks and the ease with which it is leached under the effect of groundwater
has an important bearing on the abundance of fluoride in the groundwater
of the areas concerned and hence the prevalence of dental diseases.
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Raghava Rao et al. (1987) studied the fluoride concentration in the
groundwater as influenced by the lithology of the terrain (Fig. 4.14). His
observations are as follows.
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Fig. 4.13. Distribution of deep water wells with fluoride-rich ground water in Sri
Lanka (modified after Dissanayake, 1991a)

Anuradhapura district - High fluoride levels throughout the district. Asso-
ciated rocks: charnockites, charnockitic gneisses, granitic gneisses and
hornblende gneisses (granitised through pegmatite intrusions).

Kurunegala district - High fluoride areas (3-5 mg/L), associated with char-
nockites, intrusive granites, hornblende biotite gneisses and granitic
gneisses. Moderately rich fluoride areas (2-3 mg/L) were recognized in

garnet-biotite-sillimanite gneisses associated with intrusive granites and
granitic gneisses.
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Ratnapura district - Fluoride-rich areas were recognised in the undifferen-
tiated metasediments (granitic in composition) and charnockitic gneisses
associated with pegmatites and intrusive granites. Marbles and calc-
gneisses also constituted a rock assemblage associated with high fluoride
zones.

Ampara district - High fluoride areas associated with hornblende-biotite
gneisses and granite gneisses/augen gneisses.

Monaragala district - A cluster of high fluoride wells were associated with
charnockites and hornblende gneisses.

Matale and Polonnaruwa districts - Christensen and Dharmagunawardana
(1987) observed that in the Matale and Polonnaruwa districts high fluoride
concentrations are associated with charnockites, biotite gneisses, granulites
and gneisses.
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Fig. 4.14. Fluoride (mg/L) in water wells in some selected districts of Sri Lanka
(Raghava Rao et al., 1987)

A further point of interest in the geology of Sri Lanka which has a bearing
on fluoride geochemistry is the presence of a mineralized belt at the
boundary of the Highland-Vijayan complexes (Munasinghe and Dissanay-
ake, 1982). Fluorine, being a volatile element is known to be abundant in
such tectonic zones and is enriched in rocks at such locations. Granites are
generally rich in fluorine and such granites are found in abundance in the
Vijayan Complex. Mineralogically, 30-90% of the fluorine in calc-alkaline
granites is generally located in biotite with lesser amounts in hornblende,
muscovite, quartz, and accessories. However, accessory minerals-apatite,
sphene, fluorite, microlite, pyrochlore, topaz, tourmaline, spodumene,
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cryolite among others, occasionally contribute more than 50% of the F no-
tably in F-rich magmatic and metasomatic roof-zone granites (Bailey,
1977). Dissanayake and Weerasooriya (1986) observed high fluoride con-
centrations along the mineralised boundary.

Nanayakkara et al. (1999) studied the prevalence and severity of dental
fluorosis in a high fluoride area at Eppawala located near a fluoride-
bearing (1.5-2.4%) large exploitable apatite deposit in the North Central
province of Sri Lanka. The fluoride levels in the drinking water ranged
from 0.21 to 9.8 mg/L, and 97% of the children in the area were affected
by dental fluorosis. About 20% had severe fluorosis (scores of 3 and 7).
The prevalence of caries increased as the degree of fluorosis increased.
The fluoride content in water of deep wells was much greater than in that
of surface well samples and this was a major cause of the dental fluorosis
in the area.

A study on the dental fluorosis in the Walawe Ganga basin in the south of
Sri Lanka by Van der Hoek et al. (2003) showed that prevalence of dental
fluorosis among 14 yr old students of the area was 43.2%. In this area, too,
drinking water obtained from surface water sources had lower fluoride
levels (median 0.22 mg/L) than water from deep tube wells (median 0.80
mg/L). The study by Warnakulasuriya et al. (1992) on 380 children of
about 14 years, living in 4 geographic areas of Sri Lanka with fluoride lev-
els of 0.09 mg/L to 8.0 mg/L showed that even in low-fluoride areas dental
fluorosis is still prevalent. Their studies were comparable to the findings
from other tropical countries such as Senegal and Kenya.

Dental Fluorosis in India

It has been estimated that about 62 million people in 17 out of the 32 states
in India are affected by dental and/or skeletal fluorosis, the extent of fluo-
ride contamination of water varying from 1.0 to 48.0 mg/L (Susheela,
1998). Table 4.6 and Figure 4.15 show the districts and states in India af-
fected by dental fluorosis. Rajastan is one of the worst affected regions in
India where all 32 districts are affected. With a population of over one bil-
lion, provision of safe drinking water in India is a task of gigantic propor-
tions, bearing in mind that around 300 million people still live in absolute
poverty in both rural and urban areas. About 6 million children in India are
estimated to be affected by high fluoride ingestion (Sharma, 2003).
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Table 4.6. Grading of states based on the extent of endemicity (after Susheela,
2003)

Name of the State Total Dis-  No. of Effected
tricts Districts

Andhra Pradesh 23 16
Gujarat 19 18
Rajasthan 32 32
Karnataka 27 18
Orissa 32 18
Punjab 17 14
Maharashtra 32 10
Madhya Pradesh (MP)* 45 16
Haryana 19 12
Bihar* 41 6

Tamil Nadu 29 8

Uttar Pradesh (UP)* 18

West Bengal 18 4

Kerala 14 3

Assam 23 2

NCT of Delhi 13 4
Jammu and Kashmir 14 1

* Undivided states of MP, UP and Bihar.
“NCT” stands for National Capital Territory (Note there are no
districts rather it is divided into 13 Blocks.)

Choubisa (2001) who investigated endemic fluorosis in 21 villages in
Southern Rajasthan where the fluoride concentrations ranged from 1.5 to
4.0 mg/L, observed a maximum prevalence of dental fluorosis (77.1%) in
the 17-22 age group. In the other parts of Rajasthan, there are reports of
fluoride concentrations in the drinking water as high as 18.0 mg/L
(Somapura, 1998). In some areas of Rajasthan where the fluoride levels in
the water are very high, intrusions of granite and rhyolites in metasedi-
ments have been observed. Mineralization, notably fluorite are also present
(Maithani et al., 1998). High fluoride zones correlated with granites, acidic
volcanic rocks and dykes. The water-rock interaction was prolonged due to
longer residence times and this resulted in higher fluoride concentrations.
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Fig. 4.15. States in India affected by dental fluorosis (Vannappa et al., 1999)

In an interesting case study Saha and Sharma (2002) noted that in the state
of Bihar, fluorosis was increasing with time. Earlier work (Ghosh et al.,
1986) had shown that in the alluvial plain of Bihar, fluorosis was very low
(Table 4.6). Later workers after several years reported high fluoride con-
centrations from different parts of the state of Bihar (Sharma, 2001), un-
derlain by granite gneisses complexes. Areas underlain by alluvium had
also excessive fluoride in groundwater.

The work of Saha and Sharma (2002) showed that over a period of 10
years, the average fluoride content had increased from 0.56 mg/L to 1.3
mg/L with a greater increase recorded in the marginal alluvium than in ar-
eas underlain by hard rocks. The correlation between Ca and F which was
-0.084 in 1992 had increased to -0.375 in 2002. The fluoride-bearing min-
erals of the mica schists and granitic gneisses were considered to be the
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sources of the fluoride. Further, a comparison of the water level distribu-
tion with fluoride distribution in 2002 showed that fluoride accumulates
more where there is a shallow water table and where seasonal fluctuations
are minimal. These areas were underlain by 30 to 140 m thick unconsoli-
dated sediments. There was also CaCOj; precipitation which caused the
fluoride content to increase on account of the prevalent pH range of 7.3 to
7.8.

In the state of Karnataka, fluorosis has been reported in several areas, no-
tably in the hard rock terrains. In all the districts, groundwater is the main
source of drinking water. The fluoride concentrations in the drinking water
ranged from 1.5 to 18 mg/L with about 90% of school children affected by
fluorosis. The geology plays a major role as shown by the higher fluoride
concentrations in areas underlain by gneisses, schists and quartzites. Some
formations had fluoride-rich mafic minerals that yielded higher fluoride
concentrations in the associated groundwater (Vannappa et al., 1999). In
the Hasan district, the amphibolites, apatite-rich granitic intrusions and
dolerite dykes were considered to be the source materials for the fluoride.

Fluorosis in the East African Rift Valley

The Great Rift Valley (Figure 4.16) is a major geological feature in Africa
caused by the separation of the African and Arabian plates about 35 mil-
lion years ago. It extends for over 5000 km from northern Syria to Mo-
zambique and has a width varying from 30-100 km and a depth ranging
from a few hundred to several thousand metres. In the eastern part of Af-
rica, the valley is split into 2 parts, the Eastern Rift and the Western Rift.
The Western Rift has some of the highest mountains in Africa and deep
lakes such as the 1470 metre deep Tanganyika Lake and Lake Victoria.

In the East African Rift Valley, some of the terrains such as those in the
north of Nairobi in Kenya are lying at low levels. The lakes in these re-
gions are characterized by high mineral contents and marked salt forma-
tion by strong evaporation. This is exemplified by Lake Magadia Soda
Lake, and Lakes Elmenteita, Baringo, Bogoria and Nakuru all of which are
strongly alkaline.

Due to the weakening of the crust caused by the geological processes of
rift formation there are several volcanic mountains. Among these are
Mount Kilimanjaro, Mount Kenya, Mount Karisimbi and the crater High-
lands in Tanzania.



88 Introduction to Medical Geology

EURASIAN

A ARABIAN

Nile

AFRICA o ol
AFRICAN ;
PLATE
(Nubian)
ATLANTIC
OCEAN
INDIAN
PLATE
¥ g L
P [ 4
~ 4 14 Equator
at I I oidoinyo Lengai
LA A AFRICAN
' | S PLATE
\ ‘(I“o"} (Somalian)
\
i s |
\ \“‘ ~ | EXPLANATION
\ ) & | Plate
\ 1 boundaries
\ 1. | 4 ¢ East African
. |4 1 Rift Zone

Fig. 4.16. East African rift valley (source: USGS)

These volcanic activities bring about large amounts of volatile releases of
CO,, SO,, H,S, HCI and fluorine in the form of HF. In several countries in
the East African Rift Valley, fluorosis among people is very high and these
volcanic emanations are a primary source of fluoride.

In a recent study on the Ruapehu volcano, New Zealand, Cronin et al.
(2003), highlighted the environmental and health hazards of fluoride in
volcanic ash. The vent-hosted hydrothermal system of Ruapehu volcano is
normally covered by about 10 million m® acidic Crater Lake water accu-
mulating volcanic gases. These authors observed that the total F in the ash
is often enriched by a factor of 6 relative to original magmatic contents.
The carriers of F were considered to be the low soluble minerals such as
CaF,, AlF; and Cas(PO,);(OH,F). The fluoride therefore was released over
long periods of time. In the case of Ruapehu volcanic emissions, several
thousand sheep died due to acute fluorosis.

In Kenya the water resources are very limited, particularly in the drier
northern regions where groundwater is the main source of drinking water.
Table 4.7 shows the percentage distribution of high fluoride groundwaters
in Kenya. It is observed that certain provinces such as Nairobi, Rift Valley;
Eastern and Central Kenya have highly fluoride-rich groundwater. Clarke
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et al. (1990) defined the unmodified waters in the Rift Valley as waters
whose chemical composition is derived from normal water-rock interac-
tions at moderate temperatures. Very high fluoride concentrations up to
180 mg/L had been observed in these waters, indicative of highly signifi-
cant leaching of fluoride-rich Rift Valley volcanic rocks. Gaciri and Da-
vies (1993) observed that the groundwaters associated with these volcanic
rocks have high alkalinity and were high in Na, K, HCO;, CI'. Ca and Mg
were found in low concentrations due to their precipitation as carbonates.
It had been observed that the highest levels of fluoride in groundwaters in
the Rift Valley were 39.0 mg/L from wells and 43.5 mg/L in bore holes
(Wilkister et al., 2002).

Table 4.7. Percentage distribution of high fluoride groundwaters in Kenya (Nair et
al., 1984)

Province Range of Fluoride Content (mg/L) Number of
Samples

0.1-0.4 0.5-1.0 1.1-3.0 3.1-5.0 5.1-8.0 >8.0

Nairobi 9.8 9.8 19.7 132 158  31.7 183
Rift Valley 14 157 387 137 8 9.9 313
Eastern 11.7  23.1 37 6.1 94 12.7 181
Northeastern 9.3 289 447 9.2 3.9 39 76
Central 258 212 303 9.1 53 83 396
Nyanza 258 291 258 9.7 6.4 32 31

Coast 409 226 268 54 1.1 32 93
Western 77 15 - - 8 - 13

1286
Total for

193 192 319 10.1 7.7 11.8 100%
Kenya

Apambire et al. (1997) studied the geochemistry, genesis and health impli-
cations of fluoriferous groundwaters in the upper regions of Ghana and ob-
served that groundwater fluoride levels reached 0.11 to 4.60 mg/L with a
mean value of 0.97 mg/L. The highest concentrations were associated with
hornblende granite and syenite rock suites (Figure 4.17). The areas of
anomalous groundwater fluoride coincide largely with terrains underlain
by rocks of the Bongo Granitic Suite which comprised of coarse-grained
hornblende-granite grading towards its outer contacts into biotite and
hornblende syenitic phases. The highest groundwater fluoride concentra-
tions were found in the interior phases of the intrusions.
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Fig. 4.17. Distribution of fluoride in groundwater in the Bolgatanga area of North-
ern Ghana. The highest concentrations are associated with granite outcrops and
coincide with the incidence of dental fluorosis (Smedley et al., 1995; reproduced
with kind permission from the British Geological Survey)

The anomalous fluoride contents in the groundwater associated with the
Bongo granitoids were thought to have arisen from fluoride present and to
a lesser extent from both dissolution and anion exchange from micaceous
minerals and their altered clay products.

Apart from the geology, the climate, as in the case of Sri Lanka, also plays
a major role in the enrichment of fluoride in the groundwater of Ghana.
The arid zones of the country are notably high in fluoride-rich water for-
mations. Dental fluorosis is also common in such areas. The groundwaters
in granitic rocks of the south-west plateau had lower fluoride concentra-
tions due to high rainfall and dilution (Smedley et al., 1995). The fluoride
concentrations in parts of northern Tanzania are probably the highest in the
world. Aswathanarayana et al. (1985) have recorded abnormally high fluo-
ride contents in the Maji Ya Chan River (21-14 mg/L), Engare Nanyuki
river (21-26 mg/L), pond waters of Kitefu (61-65 mg/L), thermal springs
of Jekukumia (63 mg/L) and in the soda lakes of Momella (up to 690
mg/L).

The geochemical model proposed by Aswathanarayana et al. (1985) (Fig-
ure 4.18) accounts for the enhanced fluoride level as being due to episodic
influx of fluoride from volcanic ash exhalations and sublimates related to
Miocene to Recent Volcanism. The alkaline volcano of Oldoinyo Lengai
had erupted in 1960. Since such geological sources enrich the groundwater
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in fluoride, there are severe cases of dental and skeletal fluorosis in many
parts of Tanzania.

Episodic additions of F" from ~ Eruption of alkaline volcanics
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Fig. 4.18. Conceptual model to account for the high fluoride contents in Northern
Tanzania (modified after Aswathanarayana et. al., 1985)
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In the Rift Valley of Ethiopia, some lakes such as Abiyata and Shalla, lo-
cated on the rift floor have fluoride concentrations reaching levels as high
as 300 mg/L (Chernet and Travi, 1993). These water characteristics have
rendered the water rather unsuitable for agriculture. Chernet et al. (2001)
subjected chemical analyses of 320 samples taken throughout the region
for geostatistical, chemical equilibria and simulation of evaporation-
concentration processes using the computer software AQUA.

Their results showed that the water associated with the volcanic rocks have
positive alkalinity residual of calcite. Due to the strong evaporation in the
arid to semi-arid conditions, calcite precipitation causes a decrease in the
chemical activity of calcium, resulting in an increase of fluoride concentra-
tions controlled by equilibrium with CaF,. When the pH reaches values as
high as 9 to 10, fluoride accumulates in the lower zones of the basins.
Chernet et al. (2001) showed that the increase in fluoride content and the
alkaline-sodic characteristics depend mainly on the unbalanced initial
stage between the carbonate alkalinity and calcium. [(HCO7)>2(Ca+Mg)],
resulting from the weathering and solution effects of volcanic rocks.
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In a more recent study Reimann et al. (2003), collected drinking water
samples throughout the Ethiopian part of the Rift Valley and analysed
them for 70 chemical parameters. It was observed that fluoride was the
most problematic element with 33% of the samples having values over 1.5
mg/L and up to 11.6 mg/L. The incidence of dental and skeletal fluorosis,
as expected, was very high.

Endemic Fluorosis in China

In terms of both incidence and severity, China is one of the countries most
seriously affected by endemic fluorosis. It occurs in more than 30 prov-
inces, municipalities and autonomous regions affecting a population of 45
million (Ministry of Health PRC, 1997). Figure 4.19 illustrates a map
showing the distribution of fluorosis districts in China. Endemic fluorosis
areas in China are divided into 6 types according to the fluoride source
(Wang et al., 2002);

(a) shallow groundwater of high fluoride contents (>1.0 mg/L)
(b) deep groundwater with high fluoride

(c) hot springs with high fluoride

(d) abundant fluoride - bearing rock formations

(e) high fluoride coal

(f) high fluoride tea

In the large semi-arid and arid regions of China, the enrichment of fluoride
in groundwater is due to the leaching of fluoride from the fluoride-bearing
rock formations and enrichments in water due to rapid evaporation, aided
by poor drainage. In these areas the fluoride concentration is around 5
mg/L.

Zheng and Hong (1988) recorded maximum fluoride contents in surface
and phreatic waters as 129 mg/L and 40 mg/L, respectively. In the Mt Da
Xinganling and Mt Yanshan areas there are fluoride-bearing volcanic and
intrusive rocks (500-800 mg/kg) and these are probable sources of the
fluoride. Further, loess present in these regions also acts as carriers of fluo-
ride, the F~ in loess ranging from 490 to 550 mg/kg. Soda salinisation of
soils in the affected regions is also considered to be an important factor in
the fluoride enrichment.

There are 2493 recorded hot springs in China (Zheng and Hong, 1988).
These are distributed in Yunnan, Guangdong, Fujian and Taiwan provinces
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and their fluoride concentrations are high, some having fluoride as much
as 15 mg/L.

Fig. 4.19. Distribution of high groundwater fluoride contents in China (Zheng and
Hong, 1988)

Fluoriferous coal is another major cause of endemic fluorosis in China. In
the Guizhon Province in the south west of China, for example, more than
10 million people suffer from various forms of fluorosis (Dai et al., 2004).
The rate of incidence of osteofluorosis is about 80% in some villages, and
almost every family has at least one member with serious fluorosis that
had resulted in disability and paralysis. The main cause of this fluorosis is
the burning of clay mixed with coal. The coal in some cases has fluorine
contents greater than 500 mg/kg, very much higher than the world average
for coal, namely 80 mg/kg (Luo et al., 2003). Further, the villagers use
clay as coal-burning additive in the furnace and as a binder in briquette-
making. The ratio of the mixture of coal and clay ranges from 2.1 to 4.1.
Interestingly, the clay contains fluoride concentrations ranging from 100 to
2455 mg/kg, with an average of 1027 mg/kg. Dai et al. (2004) are there-
fore of the view that clay is more important than coal in the incidence of
fluorosis in the Guizhan Province. Figure 4.20 shows the distribution of
endemic skeletal fluorosis prevalence in China.
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Fig. 4.20. Distribution of endemic skeletal fluorosis prevalence in China (modi-
fied from Tan et al., 1989)

Brick Tea Fluorosis in China

In addition to the water-related and the coal-related fluorosis, a third
source of fluorosis is the popular drink brick tea. The brick-tea fluorosis,
as it is known in China, was discovered in the 1980s. Tea has the ability to
accumulate higher concentrations of fluoride and the tea drink therefore, as
in some parts of China, can be a source of fluorosis.

An epidemiological survey was conducted by Cao et al. (2003) in Naqu
County, Tibet, to investigate the manifestations of fluorosis in adults
drinking brick tea. The fluoride concentration of the water sources was
only 0.10 mg/L and there was no evidence of fluoride air pollution. The
foods processed from brick tea, zamba and buttered tea however, had fluo-
ride contents of 4.52 and 3.21 mg/L respectively. The adult daily fluoride
intake was 12 mg of which 99% originated from foods containing brick
tea. Of the cases studied, 74% had osteosclerosis type skeletal fluorosis.
Cao et al. (2003) were of the view that brick tea-type fluorosis had even
greater health impacts than the water- type and the coal-combustion type.
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DEFLUORIDATION OF HIGH FLUORIDE GROUNDWATER

The presence or absence of fluoride in their water supplies is generally not
known by the public, particularly in developing countries where in most
areas the drinking water is obtained direct from the ground. Unlike in the
case of excessive dissolved iron in the dug and deep wells, where a colour
and objectionable taste is imparted, fluoride imparts neither colour nor
taste. It should be noted that both Fe*" and Fe’™ are only soluble at very
low pH. Only chemical analyses can detect its presence and the concentra-
tion. This is a major reason why such a high percentage of the population
living in fluoride-rich areas and who suffer from fluorosis are not even
aware of the problem until the later stages.

Since the vast majority of the people affected by fluorosis in tropical coun-
tries live in rural areas without central water treatment plants, they obtain
their domestic water supplies in the untreated form from lakes, rivers, sur-
face wells and deep wells, which may contain biological and chemical
contaminants detrimental to health. The need for simple water treatment
techniques at the rural level therefore is a prime need for fluorosis-affected
tropical developing countries.

Phantumvanit et al. (1998) who developed a defluoridator for individual
households in Northern Thailand noted that the shortcomings of most de-
fluoridation methods are:

high cost of plants,

high operational and maintenance costs,

low capacity for removing fluoride,

lack of selectivity for fluoride,

undesirable effects on water quality,

generation of waste that is difficult to handle and
complicated procedures.

Based on the nature of process, defluoroidation techniques are classified
under:

(a) adsorption and ion exchange
(b) precipitation
(©) electrochemical methods

(d) membrane techniques
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Table 4.8 shows the various materials used in the different defluoridation
techniques.

A highly efficient, simple house hold defluoridator using burnt bricks was
employed in many areas with high fluorosis in Sri Lanka (Padmasiri and
Dissanayake, 1995). This defluoridator is suitable for developing countries
and is especially suited on account of its easy installation, maintenance,
ready availability of the defluoridating raw material used, i.e., burnt bricks,
and low cost, thus achieving Village Level Operation and Maintenance
status (VLOM)(Figure 4.21).

Heidweiller (1990) reviewed some of the more common techniques of de-
fluoridation of fluoride-rich water. In the Nalgonda technique, used in the
fluorosis-affected Andhra Pradesh, India, a combination of alum and lime
mixed with bleaching powder is added to fluoride-rich water, stirred and
allowed to settle (Nawlakhe and Bulusu, 1989). The fluoride is removed
by the process of flocculation, sedimentation and subsequent filtration.
Among the other common defluoridation techniques are: use of activated
carbon, activated alumina, ion-exchange resins, clay minerals, clay pots
and bone char and gypsum (Edmunds and Smedley, 2004; Weerasooriya et
al., 1989; Jinadasa et al., 1988; Weerasooriya et al., 1994; Jinadasa et al.,
1991, Schuiling, 1998).

Fig. 4.21. Household defluoridator using burnt bricks distributed in villages in Sri
Lanka
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Table 4.8. Materials and methods for defluoridation (Mariappan and Vasudevan,
2002)

Adsorption Ion exchange  Precipitation Others
Carbon materials NCL poly anion Lime Electrochemical
Wood Resin Alum (Aluminium elec-
LigniteCoal, Tulsion A27 Lime and Alum trode) Electrodialysis
Bone Lewatit-MIH-59 (Nalgonda Tech- Reverse Osmosis
Petroleum residues Amberlite IRA- nique)

Nut shells, 400 1).Fill and Draw
Paddy husk Deacedodite FF- ii).Continuous
Avaram bark IP flow

Coffee husk, Waso resin-14 iii).Package
Tea waste Polystyrene Treatment plant
Jute waste for HP

Coconut shell Alum floc blan-
Coir pith, ket-method

Fly ash Poly-aluminium
Carbion, chloride- (PAC)
Defluoron-1 Poly-aluminium
Defluoron-2 Hydroxy-
Activated alumina sulphate (PAHS)

KRASS, Bauxite
Serpentine

Clay minerals
Fish bone,
calcite

Bio-mass




CHAPTER 5
IODINE GEOCHEMISTRY AND HEALTH

It has been estimated that about 29% of the world population is at risk
from some form of iodine deficiency disorder. It is the world’s most com-
mon cause of mental retardation and brain damage with 1.6 billion people
at risk, 50 million children affected and 100,000 cretins born every year.
Pharaoh (1985) considers endemic cretinism to be the most important form
of IDD, even though other diseases such as still births, abortions, congeni-
tal abnormalities and impaired mental function of children are also major
health problems (Stewart and Pharoah, 1996).

These iodine deficiency disorders (IDD) are particularly severe in the
lands of the tropical belt. The impaired mental function of people has seri-
ous direct and indirect impacts on all aspects of life among these people
(Figure 5.1). Figure 5.2 illustrates the world distribution of areas affected
by IDD and it is apparent that the problem has assumed serious propor-
tions and needs worldwide attention. Among these countries are those in
the South Asian region namely Bangladesh, Vietnam, Myanmar, Indone-
sia, Nepal, India and Sri Lanka. Table 5.1 shows the magnitude of the
problem in these countries, all of which lie in the tropical environment.

The geochemistry of iodine and its chemical species and its impact on the
health of a very large population of the world is one of the most important
fields of study in the field of medical geology.

THE IODINE CYCLE IN THE TROPICAL ENVIRONMENT

Figure 5.3 illustrates a schematic model for the possible transformation
and geochemical pathways of iodine in the tropical environment. The sea
is a major source of iodine and in lands adjacent to the sea, the marine in-
fluence will be particularly strong and the distance from the sea will there-
fore be of some importance. The expected decrease of iodine from the sea
towards the land however is not always regular and other factors such as
atmospheric circulation may play an inhibiting role.

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 5, © Springer-Verlag Berlin Heidelberg 2009
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Fig. 5.2. World map showing areas affected by iodine deficiency. Other areas, es-
pecially in Africa and the Middle East, may also have iodine deficiency problems
but have not been surveyed in detail (Dunn and van der Harr, 1990).
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Table 5.1. The incidence of iodine deficiency disorders in some Asian countries
(Source of data from WHO)

Country Population (x1000)
At Risk from IDD Goitre Cretinism  Other Diseases

Bangladesh 37223 10230 491 2796
Bhutan 1446 993 95 704
Myanmar 14464 5700 404 2591
India 149580 54540 3338 18503
Indonesia 29772 10131 749 3569
Nepal 15056 9438 736 5145
Sri Lanka 1861 3107 140 580
Thailand 20438 7927 539 3331
Total 227740 102006 6488 36769

The high rainfall resulting in intense leaching of elements from the rocks
and abundant laterite formation plays a major role in the geochemical cy-
cle of iodine in the tropics. The presence of acid soils, organic matter and
rapid groundwater flow also influence the leaching of iodine in the tropical
environment to a marked degree. The most significant feature of the geo-
chemical cycle of iodine is that the iodine abundance and mobility is most
marked in the surface environment; these surface phenomena involving the
soil-atmosphere interactions are of extreme importance.

I, in atmospheric & waas Regions with
particulates hevy mopsoonal ooy an ary lodine Deficiency Disorders (IDD)
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Fig. 5.3. The geochemical cycle of iodine (Dissanayake et al., 1998)

Radioactive iodine-129 (half life 15.7 Ma) has been released into the envi-
ronment by nuclear weapons and the operation of nuclear facilities such as
spent fuel reprocessing plants. The high mobility of iodine in the surface
environment therefore becomes a critical factor in radioactive water man-
agement. The geochemical behaviour of iodine is now better understood as
a result of studies of iodine radioisotopes (Muramatsu et al., 2004).
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As shown in Figure 5.3, the sea which is the major source of iodine in the
geochemical cycle has an average concentration of around 58 pg/L (Fuge
and Johnson, 1986; Fuge, 1996). lodate (IO53") is the most stable form of
iodine in sea water. It gets reduced to iodide (I') in surface waters by the
biological action. Seaweeds and phytoplankton release iodine containing
organic gases (CH;l, CHyl, etc) and these pass into the atmosphere where
they undergo further chemical changes due to sunlight. The iodine in the
atmosphere then migrates inland and is deposited inland by the climatic
and topographic conditions (Johnson et al., 2003a). Figure 5.4 illustrates a
simplified model showing part of the iodine cycle involving transport from
marine to the terrestrial environment.

CONTINENTAL MARINE
ATMOSPHERE ATMOSPHERE

lPRECIPITATIONl
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Fig. 5.4. lodine transport from the marine to the terrestrial atmosphere (Fuge,
1996)

The distribution of iodine in the earth’s crust was studied and the data
compiled by Muramatsu and Wedepohl (1998). From among the magmatic
and metamorphic rocks (Table 5.2), metasedimentary gneisses, mica
schists and granulites have as little as 12 to 25 pg/kg I and have lost from
75 to >95% of their iodine content at metamorphic temperatures. Granites,
granodiorites, tonalites, and basalts are even lower in iodine and contain 4
to 9 ug/kg I almost independent of the class of magmatic rock. Table 5.3
illustrates soil iodine levels of some parent rock materials.
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Table 5.2. Iodine in magmatic and metamorphic rocks (Ug/kg I = SD) (SD, stan-
dard deviation of two to four determinations, mostly three determinations) (Mu-
ramatsu and Wedepohl, 1998)

Gneisses mica schists, amphibolites, marbles of
upper continental crust

Gneiss, Variscan Loja near Persenbeug, Lower Austria 98+28
Gneiss, Variscan KTB deep hole Windischeschenbach Bavaria, 38+2
Germany

Gneiss, Variscan KTB deep hole Windischeschenbach Bavaria, 46+ 9
Germany
Gneiss, Variscan HTKB deep hole Windischeschenbach Bavaria, 36+ 3

Germany

Garnet sillimanite gneiss, Caledonian E Frivole near Arendal, Nor- 8.2 + 0.6
way

Two-mica gneiss, Alpine Brione Verzasca Valley, Switzerland 4.0+0.6
Mica schist Panafrican Damara Belt, Namibia 18+2
Amphibclite Panafrican Amphibolite Belt Augaigas Farm W 23+£3
Windhoek, Namibia

Marble, Alpine Kleintal Gleinalpe Scyria, Austria 316

Granulites of lower continental crust

Hypersthene perthite granulite, Caledonian 1 km S Tveite Arendal, 11 £ 1
Norway

Hypersthene plagioclase granulite, Caledonian 450 m N Skuggerik 10 + 1
Arendal, Norway

Hypersthene perthite plagioclase granulite, Caledonian Ferry to 15+£2
Tromoey Arendal, Norway

Granite, granodiorites, tonalites
Granites, Variscan Germany (composite of 14) 82+3

Hydrothermally altered granites (greisens), Variscan, Germany 165+5
(composite of 24)

Granite, Variscan Schrems, Lower Austria 43+1.1
Granite, Variscan Eisgarn, Lower Austria 20+04
Granite, Variscan Weinsberg, Lower Austria 20+04
Granite, Variscan Mauthausen, Lower Austria 244+0.5

Granite (Rapakivi-type), Svecofennian Balmoral Rauma Bottnia, 9.2+ 1.1
Finland

Granite, Westerly RI, USA (USGS Standard G-2) 38+3
Granodiorite Azuma-mura, Gumma Japan (GSJ Standard JG-1) 5.0+ 1.8

Granodiorite trondhjemite, Variscan Melibokus Odenwald, Ger- 9.9+ 1.0
many
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Granodiorite Silver Plume Ouarry, CO USA (USGS Standard 15+2
GSP-1)

Tonalite, Alpine Melirolo S Chiavenna, North Italy 7.8+0.8
Tonalite, Variscan Rastenberg, Lower Austria 44+1.1
Dacitic rhyolite, Medicine Lake, CA/OR, USA 35+6

Rhyolite (obsidian), Wada Toge, Nagano Prefecture, Japan (GSJ 69 + 11
Standard JR-2)

Andesites

Andesite, Manazuru-machi, Hakone, Japan (GSJ Std. JA-1) 17+4
Andesite, Tumago-mura, Gunma, Japan (GSJ Standard JA-2) 42+04
Andesite, Guano Valley, OR, USA (USGS Standard AGV-1) 59+9
Andesite, Medicine Lake, CA/OR, USA 13+£3

Basalts

Quartz tholeiite, Tertiary Borken Hessian Depression, Germany 7.4+ 0.5
Alkali olivine basalt, Tertiary Bramburg Goettingen 5.8+0.5
Alkali olivine basalt, (basanitite), Tertiary Rhuender Berg Hessian 8.8 2.9
Depression, Germany

Olivine nephelinite (melilite bearing) Tertiary Westberg Hofgeis- 14+ 5
mar Hessian Depression, Germany

Olivine nephelinite (melilite bearing) Tertiary Hoewenegg Hegau, 10+ 1
Germany

Peridotites
Spinell Therzolite, Balmuccia Ivrea Belt, North Italy 11+£2
Spinell Therzolite, Baldissero Ivrea Belt, North Italy 12+2

Muramatsu and Wedepohl (1998) have given values of 119 ug/kg, 777
ug/kg and ~300 pg/kg I respectively for the continental crust, oceanic crust
(including seawater) and the bulk Earth’s crust. Nearly 70% of I is thought
to be found in ocean sediments. From among the sedimentary rocks and
organic matter (Table 5.4), the high average concentrations of 30 mg/kg |
in deep-sea carbonates and 2.5 mg/kg in continental limestones had been
accumulated by planktonic and shallow sea organisms, respectively. Deep-
sea shales and continental shales carry high concentrations of iodine.
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Table 5.3. Summary of statistics for soil iodine contents classified by parent mate-
rial (in mg/kg) (Johnson, 2003a)

Parent Material Number Min. Max. Mean Geo. mean
Alluvium 157 0.1 56.5 3.56 1.28
Carbonates 117 0.1 22.6 4.38 3.05

Other Sedimentary 157 0.06 387 4.58 2.00
Igneous Extrusive 114 0.1 72 14.16  6.31
Igneous Intrusive 21 0.4 83.2 10.66  3.75
Metamorphic 41 0.1 21 3.37 1.15

Peat 4 11.6 684 329 26.52
Sand 32 0.1 9.8 1.56 0.71

Table 5.4. Iodine in sedimentary rocks and organic matters (Lg/kg = SD) (Schnet-
ger and Muramatsu, 1996, Muramatsu and Ohmoto, 1986, and Muramatsu et al.,
1983)

Pelagic Sediments

Clay, Atlantic Ocean (16°54" N, 59°31" W) 5 m sediment depth, 4700 + 108
5030 m water depth (A 160, 8) < 1% CaCO;

Clay, Atlantic Ocean (19°05" N, 59°42" W) less than 6 m sediment 1660 + 167
depth, 5300 m water depth (A 160, 7) < 1% CaCO;

Clay, Pacific Ocean (20°49" N, 125°0.5" W) 4530 m water depth (Y2680 + 215
2P 831, 25) 3% CaCO;

Clay, Pacific Ocean (14°55" N, 124°12" W) 8.2 m sediment depth, 5330 + 135
4270 m water depth (50BP 240) 2.6% CaCO;

Clay, Atlantic Ocean (16°54" N, 59°31” W) 2.65 m sediment depth, 5240 + 410
5030 m water depth (A 160, 8) 29% CaCOs, 0.22% C

Foraminifera ooze, Pacific Ocean (15°39" S, 114°18" W) 3221 m 20000 + 340
water depth (42 HG 84) 81% CaCOs, 0.28% C

Shales, Corg —rich shales

Shales, marine Paleozoic, W Europe (composite of 36) 2% CaCOs;, 827 + 22
1.9% C, 0.24% S

Shales, marine Paleozoic, Japan (composite of 14) 1.3% CaCO;, 4520 + 85
0.4% C, 0.12% S

Shale, marine Triassic, Friedland near Goettingen Germany 758 + 81
Shale, Corg-rich Archean Fig Tree, South Africa (Capetown Fg 14)248 + 20
Shale, Corg-rich Upper Cambrian Oslo Fjord, Norway (Pr 631) 510+ 21
Shale, Corg-rich Lower Ordovician Kopingbland, Sweden (Pr 635) 2110 + 207
Shale, Corg-rich Upper Permian Kupferschiefer West Drente, 413423
Netherlands (Pr 785) 4% C

Shale, Corg-rich Upper Permian Kupferschiefer Calberlah Braun- 6150 + 230
schweig, Germany (Pr 724) 7.4% C

Shale, Corg-rich Upper Permian Kupferschiefer Eisleben, Germany4840 + 42
6.9% C, 16% CaMg(CO:s),

Shale, Corg-rich, Etzel near Bremen, Germany, 16% C 526 + 47
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Shale, Corg-rich Lias-e Hohenassel near Hildesheim, Germany 2970 + 293
(R3/300 m) 6.5% C

Shale, Corg-rich Lias-a Levin brickyard Goettingen, Germany 195+3
Shale, oil-bearing Green River Formation, USA (USGS Standard 334 +45
SGR-1) 3.2% C, 20% CaCO;

Greywackes, sandstones

Greywackes, Paleozoic Central Europe (composite of 17) (Pr 168 £20
1025) 4% CaCOs, 0.1% S

Greywacke Lower Carboniferous Langelsheim Harz Mountains, 103+ 7
Germany (B 18)

Greywacke Lower Carboniferous Andreasbach Harz Mountains, 63 £ 1
Germany (511Ib)

Greywacke Lower Carboniferous Clausthal Silberhuette Harz 138+2
Mountains, Germany (C 4)

Greywacke Lower Carboniferous Soesetal Harz Mountains, Ger- 52+ 5
many

Greywacke Lower Carboniferous Gr. Steimkertal Harz Mountains, 80 = 6
Germany (Pr 683)

Quartz sandstones, Carboniferous Germany (composite of 11) (Pr 123+ 11
680) 80% quartz, 2% CaCOs;

Quartz sandstones, Lower Triassic Germany (composite of 23) (Pr 144 + 11
910) 65% quartz, 2% CaCO;

Quartz sandstones, Cretaceous Germany (composite of 11) (Pr

1014)

Limestones

Limestones, Devonian Germany (composite of 32) 0.1% S 1610 + 127

Limestones, Middle Triassic Reckershausen Goettingen, Germany 260 + 47

(Pr 900)

Limestones, Middle Triassic Dransfeld near Goettingen, Germany 792 + 154

(Pr901)

Limestones, Jurassic Germany (composite of 45) 0.17% S 3370 £ 275

Limestones, Upper Jurassic W Eroden, Germany (Pr 983) 1970 + 83

Limestones, Upper Jurassic Solnhofen, Bavaria, Germany (Pr 984) 3870 + 79

Limestones, Cretaceous Germany (composite of 16) 0.1% S 1940 + 96

Organic matter, cool

Orchard leaves, dry (Standard NIST 1571) 215+ 64

Brown algae, Hijikia fushiforme, Japan (mean of four dry samples) 490,000 +
126, 000

Brown algae, Undaria pinnatifida, Japan (mean of two dry sam- 87,000 £

ples) 64,000

Red algae, Gloiopeltis furcata, Japan (mean of five dry samples) 100,000 +
14,000

Red algae, Porphyra tenea, Japan (one dry sample) 44,000

Oyster tissue, dry (Standard NIST 1566a) 4100 + 300

Hard coal, Queen Luise Mine Upper Silesia, Poland 4210 £ 1615
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From a medical geology point of view, the iodine status of soils is most
important. The amount of soil and its ability to retain it are two factors that
need consideration in the study of the geochemical pathways of iodine. As
illustrated in Figure 5.5, Fuge and Johnson (1986) discussed three main
forms of iodine in the soil, namely (a) mobile iodine (b) insoluble iodides
(c) fixed iodine. The property of the soil which fixes the iodine was termed
Iodine Fixation Potential (IFP).

TOTAL IODINE

| MOBILE IODINE| |INSOLUBLEIODIDES| |FIXED IODINE

lodine strongly

i%‘é'i';a;e absorbed Plant tissues SeTbEul et
clays and colloids
- Solid soluble ST lodine in
Soil gas inorganic el ke crystal
- inclusions by humus lattices

Fig. 5.5. Suggested forms of iodine in soils (Fuge and Johnson, 1986)

The IFP is particularly important for tropical soils since Fe-Mn and Al ox-
ides are abundant in such soils and these have the ability to fix iodine
strongly. The organic matter in the soil also absorbs iodine strongly and
the bioavailability of iodine may therefore be relatively small.

In view of the fact that the tropical environment is characterized by laterite
formation and in which Fe, Mn, and Al oxides are very common, the io-
dine geochemistry is markedly influenced by these minerals. Whitehead
(1974) has shown that the sorption of iodine by aluminium and iron oxides
is markedly influenced by pH, greater sorption in acidic conditions and no
sorption under neutral conditions. Johnson et al. (2003a) and Johnson
(2003b) compiled global soil data for iodine and were of the view that the
geometric mean for the iodine levels in soil is 3.0 pg/g. On a textural clas-
sification for soils, the following order for mean values of I was deter-
mined. Figure 5.6 illustrates the distribution of the reported iodine results.

Peat (7.0)> clay (4.3)> silt (3.0)> sand

In studies pertaining to the effect of iodine concentration on IDD, it is of
extreme importance to note that it is the bioavailable iodine and not the
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total iodine in the soil that would influence the incidence of IDD. Generally
less than 10% of the soil iodine is known to be extracted with cold water
and this is considered as a good indication of the bioavailability of iodine.
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Fig. 5.6. Histogram showing the distribution of reported iodine concentrations in
soil (Johnson, 2003)
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Fig. 5.7. Eh-ph diagram for iodine (Vinogradov and Lapp, 1971)
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From among the chemical species of iodine, iodide is the most mobile
form in the soil and which is easily available to plants. Iodate is relatively
less mobile. Acidic soil conditions are known to favour iodide and the al-
kaline oxidizing conditions prefer the less soluble iodate form. Figure 5.7
illustrates the Eh-pH diagram for iodine.

lodine sorption on clays and humic substances

In the tropical soils, clay minerals and humic substances are two of the im-
portant iodine fixers. Since much of the population of the developing
countries in the tropical belt live in close association with the immediate
physical environment, the IFP of soils needs to be carefully considered in
epidemiological studies. Organic matter, mostly humic substances how-
ever display a much higher IFP than clay.

Hamid and Warkentin (1967) studied *'I as a tracer for water movement
in soils and observed that iodine is adsorbed onto clay particles. This ob-
servation was also made by Vinogradov and Lapp (1971). In an experi-
ment conducted, De et al. (1971) added iodide solutions of varying tem-
perature to soil clays and observed that only the clay minerals took up
iodide with illite adsorbing more iodide than kaolinite or montmorillonite.

Humic substances in the environment are known to play a major role in the
speciation and geochemical mobility of chemical elements. The conversion
of chemical species into toxic or non-toxic forms has important implica-
tions on the health of individuals living in a particular geochemical habitat.
Dissanayake (1991b) described the association of certain metals in the en-
vironment with organic groups of humic substances that had been studied
from the point of view of the incidence of some geographically distributed
diseases such as cancer, where selenium and molybdenum appear to play
an important role.

It was shown in Figure 5.5 that iodine is strongly fixed by humus, and soils
rich in humus therefore tend be enriched in iodine but with low bioavail-
ability depending on pH conditions. As noted by Johnson et al. (2003a),
contrary to what might be expected, organic-rich soils, though high in io-
dine content, do not provide much iodine to the food chain in view of its
strong fixation to humus and hence low bioavailability.
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The nature and the mechanism of the fixation of iodine within the humus
structure is not well known, but the sizes of the iodine ion and its oxy-
anion are perhaps of special importance in this process.

For the humic compounds which comprise the bulk of naturally occurring
organic matter in soil and water, a discrete structure cannot be given.
Among the many different functional groups present are carboxyl, pheno-
lic, enolic hydroxyl, alcoholic hydroxyl, quinone, hydroxyquinone, car-
boxyl, ester lactone, ether and amino groups (Rashid and King, 1970). It is
generally accepted that the major oxygen containing functional groups are
carboxyl (-COOH), hydroxyl (-OH) and carbonyl (>C = 0).

At low pHs (e.g. pH <4) absorption of a negative ion such as I or 105
could perhaps be brought about by a reaction such as that shown in the
lower part of Figure 5.7 (humic structure) where the I" or 105" ions become
bound to the positive ion.

Clay Mineral Surface

H
R— N< + H = Ammonium Structure
H

Fig. 5.8. Postulated structure of humic material in association with clay A- lignin,
B- peptide C- cellulose or chitin M- Metal (Koss, 1977) lodine species could per-
haps be bound to the onium and ammonium structures (Dissanayake et al., 1998)

Figure 5.8 illustrates a postulated structure for humic materials and its
bonding with the surface of clay. Such humus-clay associations as found in
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tropical soils may function as good loci for the adsorption of iodine. The
organic matter-clay interactions in tropical soils and their implications on
the geochemical cycle of iodine is therefore worthy of detailed investiga-
tion.

Effect of Microbial Activity on lodine Geochemistry

Several studies have shown that microbial activity may play an important
role in the iodine cycle. This is of special importance to tropical countries,
notably with flooded soil such as in the rice fields, where microbial activ-
ity may be intense. Razaq et al. (1987) had shown that in calcareous soils,
some part of the anionic iodine is converted to molecular I, through micro-
bial or enzymatic processes or reactions with by-products. It was reported
by Higgo et al. (1991) that microorganisms play a role in the sorption of
both I and 10;". Behrens (1982) had shown that microorganisms are in-
volved in the loss of I' from fresh water aquatic systems and it was sug-
gested that the reactions were extra cellular, possibly enzymatic oxidation
of I to I, which then reacts with organics probably proteins. Sheppard and
Hawkins (1995), however, were of the view that microbes may play only a
minor and indirect role in iodine sorption through the decomposition of or-
ganic matter.

Muramatsu and Yoshida (1999) studied the effects of microorganisms on
the fate of iodine in the soil environment. They observed that the behav-
iour of iodine in the soil environment was influenced by microbial activi-
ties, perhaps their products (e.g. enzymes) as well, both in the sorption and
desorption processes. In the case of flooded soils (e.g. rice paddy soils) io-
dine was desorbed due to the reducing conditions (low Eh) created by the
effects of soil microorganisms. It is expected that evaporation of biogener-
ated methyl iodide from the soil-plant system may also result in lowering
of iodine levels in soils, specifically in rice fields and marshes. Muramatsu
and Yoshida (1999) observed that the influence of soil microorganisms is
significant for both stable and long—lived radioactive iodine in the envi-
ronment.

They incubated a number of soil samples collected from paddy fields,
farms and forests, with radioactive iodine tracer. Where the samples were
incubated with the antibiotics streptomycin and tetracycline, which are
specific inhibitors for prokaryotes (mainly bacteria), iodine volatilization
ceased. When cycloheximide, a specific inhibitor for eukaryotes (filamen-
tous fungi and yeast), was added, there was no significant change, indicat-
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ing that soil bacteria contribute to iodine volatilization from soil environ-
ments.

From among the isolated 100 bacterial strains from a variety of environ-
ments, it was found that about 40% of these strains showed significant
CH;l production, with some strains showing very high (1-5% of the total)
production of CH;l.

lodine in Drinking Water

Water contains the more mobile form of iodine, thus, the iodine content of
water is a good index of the iodine status of the environment (Johnson et
al., 2003b). However drinking water does not represent a major source of
iodine (Fig 5.9) (iodine in air, water etc), even though it is more amenable
to chemical analysis. A threshold value of 3 ng/L has been given as a
marker value for iodine deficient environments. Depending on a variety of
environmental factors, the iodine contents in drinking water markedly var-
ies. Results reported so far reveal a range from <0.1 to 150 pug/L with the
average being 4.4 ug/L (Johnson et al., 2003b). It is known that deep-water
sources are richer in iodine than surface waters. Drinking water provides
only about 10% of the Recommended Dietary Allowance (RDA), i.e.
about 150 pg per day for iodine. In areas, particularly in rural parts in de-
veloping countries of the tropical belt, where food is obtained only from
the immediate physical environment and where iodine supplementation is
not available, water my contribute a greater iodine input of ~20%.

lodine in Food

Since iodine is not an essential element for plants there is no direct correla-
tion between iodine in soil and its content in the crops. Excessive iodine
however is toxic to plants as shown by the occurrence in rice of ‘Reclama-
tion Akagare’ disease, a physiological disorder caused by flooding paddy
fields on iodine-rich soils (Johnson et al., 2003b). Table 5.5 shows the io-
dine contents of some foods.
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(a)

@ Food (150 pg)
@ Water (12 ug)
@ Air (0.3 ug)
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Fig. 5.9. (a) Diagram showing the estimated relative proportions of food, water
and air to the daily iodine intake of a person living in a developed country. (b)
Chart showing the relative contribution of iodine to the diet from different foods
(Data from U.K. National Diet and Nutrition Survey) (from Johnson et al., 2003b;
reproduced with kind permission from the British Geological Survey)

Table 5.5. lodine content in some foods (http://www.healthyeatingclub.com)

Food Todide content (ug/100 g food)
lodized salt 3000

Sea food 66

Vegetables 32

Meat 26

Eggs 26

Dairy products 13

Bread and cereals 10

Fruits 4

The iodide content of foods and total diets vary depending on geochemi-
cal, soil and other conditions. The major natural food sources for iodine
are marine fish, shell fish, marine algae and seaweeds, and dairy products.
Arable crops contain less than 50 pg/kg (fresh wt.) iodine in the order, leg-
umes >vegetables >fruit. Since iodine is not mobile in plants, it is not con-
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centrated in seeds. Grain crops such as rice are poor in iodine and since
rice is the staple diet in many tropical countries, this observation is of spe-
cial importance.

In those countries where sea food is consumed more, the general iodine in-
take is high bearing in mind that iodine can average 1000-2000 ug/kg
(fresh weight) in some fish.

Plate Tectonics, High Altitudes and lodine Cycling

It has been observed that in many mountainous regions of earth there ap-
pears to be a deficiency of iodine and an increased incidence of iodine dis-
orders (Stanbury and Hetzel, 1980). High altitudes are considered as spe-
cial domains with characteristic climate, soil, trace element deficiencies,
human and animal health. Evidence has accumulated that populations at
high altitude are prone to develop essential element deficiencies as exem-
plified by iodine and selenium (Iyengar and Ayengar, 1988).

In medical geology, the factors related to the occurrence of deficiencies
and excesses are broadly classified as:

(a) Geochemical components in the environment, most notably in the
soil. These may have a stronger influence in the soil-plant-animal-
human health food chain.

(b) The bioavailability of trace elements in a given diet. This can be
taken to mean the fraction of the trace elements in the diet that is
absorbed by the gastrointestinal tract and which is available for
metabolism.

(©) Inter-element interactions. Some elements such as calcium, lead
and zinc, when in excess in the diet may interfere with the absorp-
tion of zinc, iron and copper (Underwood, 1977).

(d) The health status of the subjects per se. Special circumstances. e.g.
life at high altitudes, entailing living under complex stress and re-
lated environmental constraints (Iyengar and Ayengar, 1988).

Johnson et al. (2003b) studied the levels of iodine and IDD in the moun-
tains of Morocco. They chose the Ounein Valley in the Atlas Mountains as
a case study following an earlier study by sociologists and nutritionists.
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The remote mountainous area lay ~150 km inland from the Atlantic coast.
Agadir, an area on the coast was selected as a control study. As shown in
the box and whisker plots (Figure 5.10), Ounien valley had very low io-
dine in both surface waters and soils. As expected, IDD was higher in the
Ounein valley located in the high altitude area than in the Agadir area.

It is worthy of note that altitude is not necessarily a causal factor in IDD.
Non-mountainous areas are also known to have a high incidence of IDD.
However it is the effect of the high altitude on the geochemical pathways
of iodine that should be taken into account. The geochemical cycle of io-
dine as illustrated in Figure 5.3 shows why some mountainous areas are se-
riously deficient in iodine.

The theory of plate tectonics figures prominently in the iodine cycle of the
crust and mantle. The iodine pathways within this cycle have an impact on
the incidence of IDD, when the geological and geographical locations of
the habitats concerned are taken into account. Stewart (1990) commented
on the influence of plate tectonics in iodine cycling and noted IDD belts
occurring in Asia. Kelly and Snedden (1958) and Kochipillai et al. (1980)
also suggested such occurrences in Papua New Guinea and Myanmar.
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Fig. 5.10. Total iodine content in water and soils of Agadir and Ounein regions of
Morocco (source: Johnson et al., 2003b; reproduced with kind permission from
the British Geological Survey)

In their very recent study, Muramatsu et al. (2004) investigated the recy-
cling of iodine in the subduction zone at the Chiba prefecture of Japan
which produces one third of the world’s iodine from brines. Here the io-
dine concentrations are in excess of 100 mg/L and typically contain meth-
ane (Figure 5.11). The Kazusa Group, which was the host formation of the
brines, consisted of marine sediments of Pliocene to Pleistocene age. Here
the average I concentration was more than 2000 times higher than that of
seawater. Comparison with sea water showed that those elements which
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are accumulated in marine sediments (e.g. I, Mn, Ba) were the most en-
riched in the brines.
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Fig. 5.11. Recycling of iodine in subduction zone (after Muramatsu et al., 2004)

Muramatsu et al. (2004) showed that iodine enrichment in the brines was
caused by remobilization from subducted marine sediments associated
with the release of pore waters in the fore-arc area. Similar enrichments of
iodine had also been observed in other fore-arc areas such as those of New
Zealand and Trinidad.

Since the largest reservoir of crustal iodine is found in marine sediments
where it is closely associated with organic material, and since the cos-
mogenic radioisotope '*I is long lived, this isotopic system could be used
to study sediment recycling in subduction zones. Snyder and Fehn (2002)
studied the '*I/I ratios in volcanic fluids from four geothermal centres and
a number of crater lakes, fumaroles, hot springs and surface waters in
Costa Rica, Nicaragua and El Salvador.

The iodine ages indicated that the magmatic end member for the volcanic
fluids originates in the deeper parts of the subducted sediment column,
with small additions from older iodine mobilized from the overlying crust.
The higher concentrations of iodine in geothermal fluids, combined with
iodine ages demonstrated that remobilization in the main volcanic zone
(and probably also in the fore-arc area) is an important part in the overall
marine cycle of iodine and similar elements (Snyder and Fehn, 2002).
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IODINE AND HEALTH

Iodine is needed by the human body for the synthesis of thyroid hormones
by the thyroid gland. The bioavailable iodide ion is obtained from food and
water and dietary iodine is converted into the iodide ion before absorption
by the gastrointestinal tract, and all biological actions of iodide are attrib-
uted to thyroid hormones. The thyroid cells are the only cells in the body
which can absorb iodine and the metabolic role played by the thyroid
gland therefore is extremely important, considering the fact that every cell
in the body depends on thyroid hormones for regulation of their metabo-
lism.

The thyroid gland located in the front part of the neck is the biggest gland
in the neck. It has two lobes-one left and the other right and wraps around
the trachea joined by a narrow band termed the isthmus. The only function
of the thyroid gland is to produce the thyroid hormone which is known to
regulate the metabolism of the body.

The thyroid hormones made by the thyroid gland are thyroxine (T4) and
Triiodothyronine (T3) by the process of the thyroid cells combining iodine
and the amino acid tyrosine. These hormones then enter the blood stream
and are circulated throughout the body. It has been estimated that the nor-
mal thyroid gland produces about 80% T4 and 20% Ts. Triiodothyronine
hormone (T;) however is known to have about 4 times the strength of T.

An important gland termed the pituitary gland located at the base of the
brain has a control on the thyroid gland. When T; and T4 levels drop, the
pituitary gland produces the Thyroid Stimulating Hormone (TSH) which
then stimulates the thyroid gland to produce more hormones. After this
takes place, the pituitary gland decreases its TSH production, thereby
maintaining an equilibrium. The pituitary gland however, does not act
alone. It is regulated by another gland termed the hypothalamus, which is a
part of the brain. It produces the TSH Releasing Hormone (TRH) which
stimulates the pituitary gland to release TSH.

IODINE DEFICIENCY DISORDERS (IDD)

Iodine deficiency is known to occur when the iodine intake is lower than
the recommended levels. WHO, UNICEF and ICCIDD (WHO, 2001) have
recommended that the daily intake of iodine should be:



118 Introduction to Medical Geology

90 ug for pre-school children (0 to 59 months)
120 pg for school children (6 to 12 years)
150 pg for adults (above 12 years)
200 pg for pregnant and lactating women

When the mean daily intake of iodine is less than 25 ug the thyroid may no
longer be able to synthesize sufficient amounts of thyroids hormones. The
resulting low level of thyroid hormones in the blood (hypothyroidism) is
the main factor responsible for causing damage to developing brain and
other harmful effects known collectively as Iodine Deficiency Disorders
(Table 5.6). WHO (2001) in the document on “The assessment of iodine
deficiency disorders and monitoring their elimination” states:

Table 5.6. The Spectrum of the lodine Deficiency Disorders (IDD) (WHO, 2001)

Fetus Abortions
Stillbirths
Congenital anomalies
Increased prenatal mortality
Increased infant mortality
Neurological cretinism:
Mental deficiency, deaf mutism, spastic diplegia
squint
Myxoedematous cretinism:
Dwarfism, hypothyroidism
Psychomotor defects

Neonate Neonatal hypothyroidism
Child & adolescent Retarded mental and physical development
Adult Goitre and its complications

Iodine-induced hyperthyroidism (ITH)

All ages Goitre
Hypothyroidism
Impaired mental function

“lodine deficiency through its effects on the developing brain has con-
demned millions of people to a life of few prospects and continued under-
development. On a worldwide basis, iodine deficiency is the single most
important preventable cause of brain damage. People living in areas af-
fected by severe IDD may have an intelligence quotient (IQ) of up to about
13.5 points below that of those from comparable communities in areas
where there is no iodine deficiency (Bleichrodt and Born, 1994). This
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mental deficiency has an immediate effect on child learning capacity,
women’s health, the quality of life of communities and economic produc-
tivity”.

Since most iodine absorbed in the body finally appears in the urine, urinary
iodine excretion is a good marker of very recent dietary iodine intake. The
assessment of a population’s iodine nutrition can be made by a profile of
iodine concentrations in urine, and is the most practical biochemical
marker for iodine nutrition (Table 5.7).

Table 5.7. Epidemiological criteria for assessing iodine nutrition based on median
urinary iodine concentrations in school-aged children (source WHO, 2001)

Median Urinary Todine Iodine Nutrition
TIodine (ng/L) Intake

<20 Insufficient  Severe iodine deficiency

20-49 Insufficient ~Moderate iodine deficiency

50-99 Insufficient ~ Mild iodine deficiency

100-199 Adequate Optimal

200-299 More than Risk of iodine-induced hyperthyroidism
adequate within 5-10 years following introduction

of iodized salt in susceptible groups
>300 Excessive Risk of adverse health consequences (io-

dine-induced hyperthyroidism, autoim-
mune thyroid diseases)

When the thyroid gland is enlarged it is termed ‘goitre’. The term ‘non-
toxic goitre’ refers to the enlargement of the thyroid which is not associ-
ated with overproduction of thyroid hormone or malignancy.

The cause of goitre can be due to (a) deficiency in iodine intake and
bioavailability as seen in many developing countries of the tropical belt
with marked malnutrition and (b) an increase in TSH as a result of a defect
in normal hormone synthesis within the thyroid gland. Goitre is graded ac-
cording to the WHO classification shown below:

Grade 0 — No palpable or visible goitre

Grade 1 — A goitre that is palpable but not visible when the neck is in
the normal position (i.e. the thyroid is not visibly
enlarged). Thyroid nodules in a thyroid which is otherwise
not enlarged fall into this category.
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Grade 2 — A swelling in the neck that is clearly visible when the neck
is in a normal position and is consistent with an enlarged
thyroid when the neck is palpated.

Hypothyroidism is a condition in which the body lacks sufficient thyroid
hormones. It is caused by:

@) Result of a previous or present inflammation of the thyroid gland.
A high percentage of the cells of the thyroid are damaged or dead
and this affects the production of sufficient hormone. A common
cause of thyroid gland failure is autoimmune thyroditis, also
termed Hashimoto’s thyroditis. This is related to the immune sys-
tem of the patient.

(i1) Medical treatments such as surgical removal of a part or all of the
thyroid gland.

Hyperthyroidism, on the other hand, is the condition caused by the over-
production of thyroid hormones.

Endemic cretinism

Endemic cretinism is considered to be the most important iodine defi-
ciency disorder (Pharoah, 1985). There are two types of endemic cretinism
that are considered even though they may be the end members of a clinical
spectrum. These are (i) neurological forms and (ii) myxoedematous forms
(McCarrison, 1908). Among the characteristic features of neurological en-
demic cretinism, in its fully developed form, are severe mental deficiency
accompanied by squint and deaf mutism, motor spasticity with disorders of
the arms and legs of a characteristic nature. The myxoedematous type
shows less severe mental retardation than the neurological type, but shows
severe hypothyroidism, extreme growth retardation and incomplete matu-
ration. The latter type is particularly common in Zaire whereas the neuro-
logical type is more commonly seen in mountainous areas with IDD. Since
thyroid hormones are associated with cognitive and motor measures and
are related to brain development, IDD are of special importance in human
health (Stewart and Pharoah, 1996).
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Goitrogens

Goitrogens are substances capable of producing thyroid enlargement by in-
terfering with thyroid hormone synthesis. Goitrogens can be biological or
mineralogical substances and research is being carried out on the possible
goitrogens and their effect on the thyroid.

There are many naturally occurring agents that could function as goitro-
gens in man. Animal and in-vitro tests have shown that they possess an-
tithyroid effects. Among the chemical groups which contain these com-
pounds are sulphurated organics (such as thiocyanate, isothyanate, goitrin
and disulphides), flavonoids, polyhydroxyphenols and phenol derivatives,
pyridines, phthalate esters and metabolites, PCB’s and PBB’s, other or-
ganochlorines (e.g. DDT) and polyaromatic hydrocarbons. Goitrogens
were classified by Gaitan (1990) into:

(a) agents acting directly on the thyroid gland
(b) agents causing goitre by indirect action.

The former group was further subdivided into (a) those inhibiting the
transport of iodide into the thyroid (e.g. thiocyanate and isothyocyanate)
(b) those acting on the intrathyroidal oxidation and organic binding proc-
ess of iodide (c) those interfering with proteolysis, dehalogenation and
hormone release.

The indirect goitrogens were thought of as increasing the rate of thyroid
hormone metabolism. Goitrogens are effective particularly when the iodine
intake is low and when goitrogens are continually ingested over a long pe-
riod. Some foods such as cassava (manioc), cabbage, Brassica sp. among
others are known to possess goitrogenic properties. Cassava in particular
has been subjected to many investigations for its goitrogenic activity
(Bourdoux et al., 1978; Delange et al., 1976).

Djazuli and Bradbury (1999) studied the cyanogen content of cassava roots
and flour in Indonesia. They noted that 30 samples of cassava starch and
other specialized products had a mean cyanogen content of only 5 mg/kg,
whereas 29 samples of cassava flour, chip and gaplek had a much higher
mean cyanogen content of 54 mg/kg. The WHO safe value for cassava
flour is 10 mg/kg whereas in Indonesia it was 40 mg/kg. The study of Cas-
sava is of special importance for the tropics since it is the third most im-
portant food source after rice and maize.
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Badly prepared cassava is known to yield very high contents of cyanogenic
glucosides and is converted to thiocyanate after ingestion and which in
turn competes with iodide for entry into the thyroid. Its effect is particu-
larly marked where there is an existing iodine deficiency. Peterson et al.
(1995) showed that in the Central African Republic, where cassava is the
main staple crop, improved cassava processing could reduce the IDD.

Geochemical goitrogens are those materials found in the geological envi-
ronment, particularly in the tropics and which make the bioavailability of
iodine significantly low. The availability of environmental iodine to the
diet depends on several factors such as soil chemistry and soil physics, in-
put from atmosphere, humic substances, Al and Fe oxides and clay. These
materials, depending on the existing physico-chemical conditions may be-
come geochemical goitrogens. As shown by Stewart and Pharoah (1996),
in the presence of a goitrogen, iodine will act only as a limiting factor and
it is the iodine to goitrogen ratio that acts as the determinant of the out-
come.

Stewart et al. (2003) cautioned against the direct correlations of the inci-
dence of IDD with environmental iodine. At present, the argument for en-
vironmental iodine deficiency is:

Biochemical iodine deficiency is the immediate cause of the disorders.
The source of dietary iodine is the diet

The diet depends on the environment.

Where IDD occurs, particularly in a community that lives close to the
land, the local environment must be deficient in iodine.

Stewart et al. (2003) considered this argument to be too simple. Their
study of endemic goitre in England and Wales showed that there is a lack
of the expected correlation between the distribution of environmental io-
dine and the presence or absence of endemic goitre. This indicates that
many factors, notably the activity of geochemical goitrogens complicate
the direct application of correlation between IDD and environmental io-
dine.

As mentioned earlier in this chapter, the organic matter and clay content of
soils are highly significant in such correlative studies. Shinonaga et al.
(2001) carried out an important study that highlights the complex factors
involved in such correlations.
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These authors studied the concentrations of iodine in cereal grains culti-
vated at 38 locations in Austria from cereal producing sites in an agricul-
ture area. They determined the soil to grain transfer factors (TF), which are
known to vary depending on the plant species, soil characteristics, chemi-
cal forms of iodine and climatic conditions.

As shown in Table 5.8, the TFs correlated positively with iodine concen-
trations in cereal grains (r = 0.70, p<0.001) and a relatively good negative
correlation (r = -0.68, p<0.001) was found between TF and iodine in soil.
The correlation coefficient between iodine contents and clay contents in
soil obtained was r = 0.75 (p<0.001). It was found that the larger the
amount of clay minerals in the soil, the higher was the iodine concentra-
tions in the soil. There was however no clear relationship between TF and
organic matter and also TF and soil pH.

As mentioned earlier, humic substances are important in the iodine fixation
in soil. Cooksey et al. (1985) showed that the associated constituents of
humic substances (HS), resorcinol, orcinol, phloroglucinol, pyrogallol, 3,
4- and 3, 5-dihydroxybenzoic acids were potent inhibitors of the thyroid
peroxidase enzyme and of thyroidal '*I uptake and/or its incorporation
into thyroid hormones using thyroid slices. Resorcinol was found to be
goitrogenic in rats and interestingly it was found in the water supply of an
endemic goitre district in western Colombia.

Recently it has been show that selenium deficiency may have significant
effects on thyroid hormone metabolism and possibly on the thyroid gland
itself. Here the function of type 1 deiodinase (a selenoprotein) is impaired.
This selinoenzyme converts the prohormone T, to the active hormone T;
which is important in some metabolic activities of the foetus, neonate and
child. Selenium deficiency also leads to a reduction of the Se-bearing en-
zyme glutathione peroxidase which detoxifies HO, present in the thyroid
gland. Reduced detoxification is known to lead to thyroid cell death.

Selenium geochemistry is therefore closely linked to the medical geochem-
istry of iodine and many investigations are now being carried out on the in-
fluence of selenium on IDD. It is worthy of note however, that while sele-
nium deficiency many have a bearing on IDD, the reverse is not
necessarily true. Experiments on the sorption of iodine on other minerals
such as illite, goethite, clinochlore, calcite, limonite, biotite, pyrite, mag-
netite and hematite were carried out by Fuhrmann et al. (1998). Figure
5.12 shows the percentage of '*°I removed from solution over a period of
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15 days in contact with powdered minerals. Pyrite and illite showed major
uptake of the tracer. The pyrite removed almost all the '*I from solution
over 15 days, while 82% sorbed in less than 1 day. The illite (in shale)

sorbed at a slower rate, with about 70% sorption after 15 days.

Table 5.8. Correlation matrix (Pearson correlation, n = 38): relation between (a)
transfer factor and parameters of cereal grain and soil and (b) iodine in soil and

parameters of soil (Shinonaga et al., 2001)

Parameter Transfer Factor of P
Todine
(a)
Iodine content in cereal grain ~ 0.703 <0.001
Iodine content in soil -0.677 <0.001
Clay content in soil -0.781 <0.001
Organic-carbon content in soil -0.415 <0.01
pH value of soil -0.372 <0.03
(b) Todine in soil
Clay content in soil 0.750 <0.001
Organic-carbon content in soil  0.520 <0.001
pH of soil 0.377 <0.02
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Fig. 5.12. Sorption kinetics results for '>I tracer on a set of minerals (Fuhrmann et

al., 1998)
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Endemic Goitre in Sri Lanka

Sri Lanka located close to the equator is a typical humid tropical country
and is an ideal case study for medical geology. About 75% of the 20 mil-
lion population of Sri Lanka live in rural areas and depend on the immedi-
ate physical environment for their food, water and other basic amenities.
The geochemistry of soil and water therefore has a marked effect on the
health of the population and significant correlations exist between certain
diseases and the geochemistry of some elements (e.g. F and dental dis-
eases).

Endemic goitre is a major national health problem in Sri Lanka and a salt
iodization programme is now being carried out. It has been roughly esti-
mated that nearly 10 million people are at risk from IDD. Endemic goitre
has been reported in the wet zone of Southwest Sri Lanka for the past 50
years but rarely occurs in the more northern dry zone (Fig. 5.13). The IDD
prevalence in the districts of Sri Lanka is shown in Table 5.9.

Early reports on endemic goitre include Wilson (1954), Mahadeva et al.
(1968), Gembicki et al. (1973), Piyasena (1979) and Fernando et al. (1987,
1989). In these studies there was very little emphasis on the geochemical
aspects of the endemicity of goitre. Dissanayake and Chandrajith (1993)
considered for the first time, geochemical factors that may have a bearing
on the prevalence of goitre in Sri Lanka. Table 5.10 shows some geo-
chemical data on the water and soil in areas of Sri Lanka as studied by
these authors. Cluster analysis of the geochemical data showed that the en-
demic goitre region lies in the group with lowest I, alkali earths, CI°, NOs/,
Fe and Mn. Sri Lanka, being a small island, is expected to receive a higher
iodine input from the sea and it is both interesting and surprising to note
that the Kalutara district (located in a coastal area) has a 44% rate of en-
demic goitre. This study clearly showed the importance of geochemical
goitrogens in the aetiology of IDD. Dissanayake and Chandrajith (1993)
suggested that elements such as Co, Mn, Se, F, As, Zn, Ca, Mg, Cu and
Mo may also have an influence in the aetiology of IDD.

Balasuriya et al. (1992) studied 609 sample of drinking water collected
from scattered sources from the eight districts of Kandy, Matale, Kalutara,
Anuradhapura, Polonnaruwa, Colombo, Puttalam and Gampaha for the io-
dine contents using the electrode method. Table 5.11 shows the data ob-
tained and their rank orders.
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Table 5.9. Prevalence of iodine deficiency disorders in different districts of Sri
Lanka (Fernando et al., 1989)

Male Female Both sexes >13-18 yrs. N

Kalutara 39.7 49.5 449 24.1 13373
Kegalle 18.7 34.1 26.4 11.1 2549
Monaragala  18.5 31.0 25.0 11.1 1178
Kandy 15.4 27.8 22.2 8.0 7840
Ratnapura 14.0 28.3 20.5 53 2070
Hambantota 15.5 23.9 19.7 4.2 2474
Galle 11.0 21.9 17.9 8.8 1926
inBadulla 14.5 20.5 17.6 7.6 856
Puttalam 10.3 13.4 12.3 2.5 2625
Kurunegala 8.3 14.1 11.1 3.5 3445
Colombo 6.7 8.2 7.6 1.8 1373
Anuradhapura 4.6 10.1 73 1.1 1081
Matale 3.7 8.9 6.5 2.1 1513
Chilaw 4.1 8.1 6.3 1.0 1208

In general, these authors observed that the iodine levels in the water in Sri
Lanka are higher than the levels reported from other countries and only
20% of the samples had values below 10 ug/L. Their important findings
were:

e There is a geographic variation in the iodide content of drinking water.

e The iodide content is related to the depth of the source (deep wells had
the higher iodide levels).

e The difference in iodide contents of drinking water in cases of goitre
and controls is minimal.

The Spearman Rank order correlation between water iodide and goitre
prevalence among school children by district was -0.64 indicating that only
about 40% of the variability of goitre prevalence between districts can be
explained in terms of water iodide content.

This study also confirms the view that there are other geochemical factors
that need detailed study in relation to IDD in tropical countries. Fordyce et
al. (2000a) pursued the search for these geochemical goitrogens in Sri
Lanka further and studied the selenium and iodine content in soil, rice and
drinking water in relation to endemic goitre in Sri Lanka. They observed
that the soil iodine concentrations in the Sri Lankan environment are aver-
age to marginal compared to soils elsewhere. This does not support the
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long-held theory that considers the soil in the wet zone to be depleted in
iodine while the dry zone soils are enriched in iodine.

Table 5.10. Geochemical data on the water and soil in the Angunawala-Daulagala
area in Sri Lanka (¥*Sample size 11) (Dissanayake and Chandrajith, 1993)

Parameter Water (n = 60)
minimum maximum  mean

pH 5.85 8.2 7.7
Alkalinity (mg/L) 420 138
F (ng/L) 700 297
CI (mg/L) 6 108 35
I (ug/L) 15 150 55
NO; (mg/L) 1.5 15 8.5
Na (mg/L) 27 1016 512
K (mg/L) 0.55 9.4 7.3
Ca (mg/L) 1.35 1616 50
Mg (mg/L) 0.23 16.64 59
Mn (pg/L) 1 208 53
Fe (ug/L) 520 2430 1166
Hardness (mg/L) 7 341 82
Co (ug/L)* 1 23 11

Soil (n = 60)
pH 3.8 6.8 5.16
F (mg/kg) 0.4 45 8.4
Cl (mg/kg) 8.0 432 155
I (mg/kg) 0.007 6.5 2.0

Table 5.11. Rank order of goitre prevalence, mean and median iodine content of
water in different districts of Sri Lanka (Balasuriya et al., 1992)

District Mean  Median Rank order of  Rank order of goi-
(ug/L) (ug/L) median water io- tre prevalence
dine
Kandy 3096  19.1 5 7
Matale 1691 11.1 2 5
Kalutara 1550 122 4 8
Anuradhapura 118.03 101.6 8 1
Polonnaruwa 47.21  33.0 7 2
Colombo 16.86 11.4 3 4
Puttalam 3468 21.6 6 3
Gampaha 11.90 5.0 1 6

Fordyce et al. (2000a) studied 15 villages with different levels of IDD
(Figure 5.14) selected from both the dry and wet zones of Sri Lanka. The
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results showed that concentrations of soil total Se and I are highest in the
HIDD (high goitre incidence) villages. The soil clay and organic matter
appeared however, to inhibit the bioavailability of these elements.

[0 Endemic Goitre Belt

40 60
0 20 m

Fig. 5.13. Endemic goitre region of Sri Lanka (Districts:- 1- Colombo; 2- Gam-
paha; 3- Puttalam; 4- Kurunegala; 5- Anuradhapura; 6- Mannar; 7-Vavuniya; 8-
Mullaitivu; 9- Jaftna; 10- Trincomalee; 11- Polonnaruwa; 12- Matale; 13- Kandy;
14- Nuwara Eliya; 15- Badulla; 16- Batticaloa; 17- Ampara; 18- Monaragala; 19-
Hambantota; 20- Ratnapura; 21- Kegalle; 22- Matara; 23- Galle; 24- Kalutara)
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Fig. 5.14. Sketch map showing the location of the 15 study villages. NIDD-
No/low goitre incidence (<25%); MIDD- Moderate goitre incidence (10-25%) and
HIDD- High goitre incidence (>25%) (Modified after Fordyce et al., 2000a)

Concentrations of iodine in rice were low (<58 ng/g) (Table 5.12) and rice
is therefore not a significant source of iodine in the Sri Lankan diet. How-
ever the iodine levels in Sri Lankan rice was comparable to those in rice
from other parts of the world. High concentrations of iodine (up to 84
ug/L) in drinking water in the dry zone was considered to be one of the
sources of iodine. Although selenium-deficiency was not restricted to areas
where goitre was prevalent, a combination of iodine- and Se-deficiency
was considered to be involved in the pathogenesis of goitre in Sri Lanka.
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Table 5.12. Summary of iodine and Se determinations in all sample types in each
goitre incidence village group (Abbreviations: NIDD, no/low goitre incidence;
MIDD, moderate goitre incidence; HIDD, high goitre incidence; nd, no data)
(Fordyce et al., 2000a)

Group Sample Min. Max. Mean No. Min. Max. Mean No.
Type Se Se Se 1 1 I
NIDD Soil (ng/g) 113 663 226 25 130 10000 2260 25
Rice (ng/g) 6.8 150 42 25 45 58 51 5
Water(ng/L)0.06 0.24  0.11 5 53 &4 66.5
Hair (ng/g) 104 765 294 25 nd nd nd

(9]

MIDD Soil (ng/g) 310 5238 875 24 130 6600 2008 25
Rice (ng/g) 0.1 776 55 25 <38 <38 <38 5
Water(png/L)0.06  0.09 0.07 5 3 235 55 5
Hair (ng/g) 118 2652 389 25 nd nd nd

HIDD Soil (ng/g) 276 3947 1124 25 1000 9600 3914 25
Rice (ng/g) 0.1 127 25 25 <38 <38 <38 5
Water(nug/L)0.06  0.09  0.07 5 33 202 702 5
Hair (ng/g) 111 984 302 25 nd nd nd

The Endemic Goitre Belt of India and Maldives

Among the nutritional disorders in India, IDD is widely prevalent with an
estimated 120 million people affected (ICMR, 1989; Pandav and Kochupi-
lai, 1982). The northern and northeastern parts of India have high endemic
goitre incidence (range 25-54%) and these regions belong to the great arc
of the Himalayas from West Pakistan across India and Nepal, into northern
Thailand, Vietnam and Indonesia which forms one of the most highly en-
demic regions of the world.

Longvah and Deosthale (1998) analysed food and groundwater samples
collected from the North Eastern states of Nagaland, Manipur, Mizoram,
Meghalaya, Arunchal Pradesh, Assam and Sikkim for iodine. Figure 5.15
and Table 5.13 show the districts studied and their water-iodine contents.
The mean iodine content in water samples from the goitre-endemic states
of northeast India ranged from 6.65 pg/L in Sikkim to 8.89 ug/L in Assam.
The iodine values groundwaters of northeast India ranged from 3.0 to 31.5
pg/L, and this was much lower than the range 30-50 pg/L observed in the
non-endemic areas of Gujarat, Maharashtra, Mysore and Madhya Pradesh
as reported by Tulpule (1969). The state of Sikkim, which had the lowest
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water- iodine content, has an incidence of goitre of 54% (Pulgar et al.,
1992).

MAP OF NORTHEAST INDIA

PAKISTAN NORTHEAST INDIA

ARABIA BENGAL

Fig. 5.15. Map of India and the location of groundwater sampling sites for iodine
contents (Table 5.12) (Longvah and Deosthale, 1998)

In the case of food, the mean iodine content of rice from the goitre-
endemic states of northeast India was, lowest in Sikkim (8.8 ng/100g) and
highest in Assam (12.9 pg/100g). In non-endemic areas such as Hydera-
bad, the iodine in rice had an average of 40 pug/100ug. Other foods such as
maize were also found to contain only about 25% of the iodine values ob-
served in non-endemic areas.

Table 5.13. Iodine content in groundwater (Uug/L) samples from northeast India
(after Longvah and Deosthale, 1998) and Hyderabad (Mahesh, 1993)

State No. of Samples Range (ug/L) Mean (ug/L)+SD
Arunachal Pradesh 24 3.2-145 6.98 £2.1
Assam 44 4.3-31.5 8.89+4.9
Manipur 51 3.8-22.0 7.80£2.8
Meghalaya 35 4.3-14.7 7.68+1.84
Mizoram 48 4.0-13.9 6.92+1.7
Nagaland 54 3.2-11.9 6.57+1.5
Sikkim 31 3.0-12.6 6.65+1.8
Pooled data 287 3.0-31.5 7.38+2.7

Hyderabad 50 5.0-63.7 36.5+4.8
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Even though the main endemic-goitre belt lies in the north and northeast of
India, it has been found that based on results of sample surveys conducted
by different agencies in 275 districts of 25 states and 4 union territories,
235 districts have been identified as endemic for IDD (Tiwari et al., 1998;
ICMR, 1989).

The Kottayam district, in Kerala state, South of India, was studied for its
iodine deficiency by Kapil et al. (2002). A total of 1872 children in the age
group 6-12 years were studied and clinically examined. The total goitre
prevalence was found to be 7.05% and this indicated that the population is
in a transitional phase from iodine deficient, as related by the goitre rate, to
iodine sufficiency, as revealed by the mean urinary iodine excretion level
of 175 pg/L.

The importance of natural goitrogens in IDD is clearly seen in the case of
Maldives, a country of islands. Being under the major influence of the sea,
the main iodine reservoir, one expects a very low IDD rate in Maldives.
Pandav et al. (1999), who studied IDD in the Maldives, observed that the
total goitre rate was 23.6%, with grade I goitre contributing 22.5% to this
figure.

Goitre in Vietham

Vietnam is another country in South Asia which has been affected by io-
dine deficiency disorders. In 1992, Vietnam had 40 provinces with IDD at
a rate of 43.2%. It was estimated that a million people were affected (Binh
et al., 1992). As shown in Figure 5.16, the most affected areas were Ham
Yen, Bach Thong, Cho Don, Sapa, Ngugen Binh and Cumngat. However,
Vietnam has embarked on a successful salt iodisation programme and the
IDD rate in Vietnam has dropped sharply.

lodine Deficiency in China

In some parts of China, iodine deficiency disorders are common and have
affected millions of people, bearing in mind that China is the most popu-
lous country of the world. Fordyce et al. (2002) studied the environmental
controls in IDD in Xinjiang Province of China, known to be an area badly
affected by IDD. According to the 1995 National 1IDD Survey, the goitre
prevalence rate among school children aged 8 to 10 was 43.3%, the highest
in China (Shaohua and De Long, 2000). This area has a semi-arid climate
with an annual rainfall of less than 100 mm.
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Fig. 5.16. Regional map of goitre incidences in Vietnam (Binh et al., 1992)

Some previous workers carried out a new project based on adding iodine
(iodine dripping) to irrigation water and Fordyce et al. (2002) examined
the environmental iodine and impact on health in three contrasting areas.

Areal - AC 148 low (3.5%) recent goitre prevalence (20% historic
rate). no iodine irrigation. lodized salt available

Area 2 - Kuqu District >30% goitre rate. No iodine irrigation. lo-
dized oil programme implemented.

Area 3 - Wushi District 40-60% goitre rates. lodine irrigation. io-
dized oil programme implemented.
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Table 5.14 shows the village median iodine contents in soil, water, wheat
and cabbage samples from the three areas studied. The results from 5 soil
and wheat, 3 cabbage and 1 drinking water samples collected in 5 villages
in each of the three study areas showed that the iodine concentrations in
soils are similar in all three areas, and low by world standards. The total
iodine content of wheat in the three study areas is broadly similar and
comparable to other areas of the world. Cabbage iodine contents also
showed little variation in the three study areas, but are slightly lower than
results from other areas.

Table 5.14. Village, median iodine contents in soil, water, wheat and cabbage
samples (No. = No of Samples; WSol = Water Soluble; DW = Dry Weight) (For-
dyce et al., 2002)

Area  Village Soil Total Soil WSol. Wheat] Cabbagel Water I
I, mg/kg [ mg/kg pg/kg DW ug/kg DW  pg/L

148 Village 2  1.17 0.012 107.0 106.6 92.25
148 Village 21 1.14 0.012 171.4 103.5 100.00
148 Village3  1.16 0.020 105.9 118.6 93.00
148 Village 4  0.67 0.020 182.0 94.9 80.00
148 Village 6 0.77 0.012 140.6 155.3 78.00
Kuga Qiman 0.99 0.020 132.2 71.7 3.09
Kuga Sandaqiao 0.93 0.012 101.2 77.6 3.15
Kuga Wagqiao 1.16 0.012 80.3 118.4 4.05
Kuga Wuzun 1.00 0.012 112.6 178.6 2.40
Kuga Yaha 1.65 0.012 162.9 154.5 3.25
Wushi  Aheya 1.37 0.012 156.8 93.5 0.10
Wushi  Autebeixi  0.70 0.012 111.4 106.6 0.40
Wushi  Dagiao 0.62 0.012 121.4 79.6 3.70
Wushi  Wushi Town 0.94 0.014 152.6 81.7 0.95
Wushi  Yimamu 0.98 0.012 121.1 176.9 2.10

It is known that acidic soils favour and alkaline soils inhibit the bioavail-
ability of iodine. The very low iodine status of the study area was ex-
plained by their location in an alkaline desert environment.

A feature worthy of note in this study was that the surface and shallow
groundwaters used for drinking in Kuqa and Wushi Districts had very low
iodine contents (0.1 to 4.05 pg/L) whereas waters taken from deep bore
holes in the AC-148 area contained very high quantities of iodine (78-100
ug/L). Drinking water was therefore an important source of iodine in this
case. Fordyce et al. (2002) were therefore of the view that the eradication
of goitre from the AC 148 region many have been due to development of
the area and provision of centralized groundwater supplies, rather than to
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the use of iodized salt. In subsistence populations consuming low-iodine
food, water from iodine-rich deep sources can therefore be an important
dietary source.

lodine Deficiency in East Africa

Many countries of Africa, notably those lying in and around the tropical
belt are particularly vulnerable to several diseases linked to nutritional de-
ficiency. The non-availability of essential trace elements, poor diet, pov-
erty, bad sanitary conditions among others, cause a multitude of health-
related problems for a large population. Among these, IDD rank very high.

In 1993, Africa ranks third among regions most affected by IDD, after
Western Pacific and Southeast Asia. About 220 million people were esti-
mated to be at risk of whom 95 million were goitrous. Each year, about 3
million women who were “at risk” became pregnant resulting in about
15,000 foetal deaths, the birth of 30000 cretins and about 1 million brain-
damaged children (WHO/MDIS-1993). At present however, due to salt io-
dization programmes, this figure has dropped dramatically.

As shown in Figure 5.17 several eastern African countries have high en-
demic goitre prevalence. In Kenya, goitre rates varying from 15 to 72%
have been observed (Davies, 1996) and the highest rates being noted in the
Highlands of the Rift Valley, Central Nyanza and western Province. Two
possible goitrogens that may have contributed to the low iodine status of
Kenya were the complex ions thiocyanate (SCN') and fluoroborate (BFy).
The BF, ion was considered to be present in natural waters in parts of the
Rift Valley (Davies, 1994). The univalent BF, ion is known to have the
same ionic size as the iodide ion and its goitrogenic properties have been
reported (Langer and Greer, 1977).

In Uganda IDD, mainly goitre was a major surgical problem in the national
hospitals in the 1960s (Kajubi, 1971). In 1991, a local survey was carried
out in four mountainous districts and five lower altitude districts reported a
high total goitre rate among school children 6 to 12 years old and which
ranged from 63 to 76%. The mountainous districts had higher goitre rates
(Bachou, 2002). In 1999, as a result of a successful salt iodisation pro-
gramme there was a significant reduction in the overall total goitre rate to
16%.
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Zaire is another tropical country that has been severely affected by IDD
and a large scale eradication programme was required. Several regions of
northern Zaire have been documented as areas with severe endemic goitre
(Thilly, 1992). About 4 million people were affected and the rate of goitre
exceeded 60% in adult women and cretinism was diagnosed at 1-10% of
the population. The goitrogen role of thiocyanate in food containing cas-
sava has been established.

Ngo et al. (1997) studied the selenium status in pregnant women of a rural
population in Zaire and its relationship to iodine deficiency. They deter-
mined serum selenium and thyroid function parameters including urinary
iodide in 30 prenatal clinics of rural villages distributed throughout the
country. In all cases except one, biochemical maternal hypothyroidism (se-
rum TSH >5 mlU/L) was present, with a frequency ranging from 3% to
12%. Hypothyroidism is caused by insufficient production of thyroid hor-
mones by the thyroid gland.
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Fig. 5.17. Distribution of reported goitre areas in Eastern Africa (Davies, 1996)
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In Nigeria, IDD was a major health concern about 3 decades ago (Ekpechi,
1967). The total goitre rate for Nigeria was placed at 20%. Nigeria has a
well-demarcated goitre belt where almost all the inhabitants within the belt
live on cassava—based food. At least 60 million Nigerians (from a popula-
tion of about 120 million) were at risk of IDD. This rate has now dropped
and Nigeria appears to have gained success in IDD eradication.

In 1988, a National Goitre Survey carried out in Zimbabwe highlighted
goitre as a major health problem (WHO/MDIS, 1993). The National Visi-
ble Goitre Rate (VGR) was 3.7% while the Total Goitre Rate (TGR)
reached 42.3%. From the 53 districts surveyed, 20 had severe endemia and
21 moderate endemia. Most of the regions with severe endemia were in the
north-eastern mountainous region with a very high rainfall. By 1966, how-
ever, after a successful salt iodization programme, IDD was virtually
eliminated. However, thyrotoxicosis, caused by excess intake of iodine had
been recorded.



CHAPTER 6

NITRATES IN THE GEOCHEMICAL
ENVIRONMENT

Nitrates in the geochemical environment, particularly in the aquatic envi-
ronment, are of special importance in view of health implications. With
great emphasis being placed on increased food production and the con-
comitant use of nitrogenous fertilizers, nitrates figure prominently in the
medical geochemistry of cancer and some other diseases notably in devel-
oping countries. Among the major threats to groundwater from which
drinking water supplies are obtained are leachates from human and animal
waste matter. Additionally industrial and agriculture leachates mostly from
large farmlands contribute quite significantly to groundwater pollution.

The source of nitrates, their pathways in the geochemical cycle across the
soil-water-plant and human/animal systems and their impact on the latter
constitute an interesting study within the field of medical geology.

THE NITROGEN CYCLE

In the terrestrial ecosystem, the nitrogen cycle represents one of the most
important nutrient cycles (Chapin et al., 2002; Smil, 2000; Townsend,
2007; Sprent, 1987). As an essential component of proteins, nucleic acids
and other cell constituents, nitrogen plays a major role in plant physiology
and is required in substantial quantities. Even though there is an abundant
source of nitrogen in the earth’s atmosphere, much of it, ~79% is in the
form of a nearly inert gas and is hence not available to most organisms.
For plants to use this nitrogen for their growth, it should be in the form of
NH," and NO;™ ions. The former is used less by plants for uptake as it
could in large concentrations be toxic. Nitrates therefore are the most im-
portant form of nitrogen carriers in the growth cycle of plants. Figures 6.1
and 6.2 illustrate the nitrogen cycle in nature and the nitrogen transforma-
tions in soil.

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 6, © Springer-Verlag Berlin Heidelberg 2009
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While most plants obtain their nitrogen as inorganic nitrate from soil solu-
tions in most ecosystems, nitrogen is stored primarily in living and dead
organic matter. The transformation of organic nitrogen into inorganic ni-
trogen in the upper soil layers, is brought about by decomposition caused
by the action of microorganisms. These are carried out by some types of
bacteria, actinomycetes and fungi. Some bacteria convert N, into ammonia
by the process of nitrogen fixation and these may be free-living or living in
symbiotic associations with plants or other organisms. Ammonium is
sorbed on surfaces of clay particles in soils due to the positive charge and
they are held by soil colloids. When the ammonium ion is released from
the colloid surface by cation exchange, bacteria belonging to the genus Ni-
trosomonas convert the ammonium ion into nitrite (NO,") and another bac-
terium belonging to the genus Nitrobacter converts the nitrite to the nitrate
(NOy3’). These two processes, termed nitrification, involves oxidation.
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Due to the very easy solubility of nitrates in water, leaching of nitrates
from soils takes place rapidly, and these enter the hydrosphere through riv-
ers and oceans. The process of denitrification, which is common in an-
aerobic soils, is carried out by heterotrophic bacteria and involves reduc-
tion of nitrates into the atmosphere. The oxygen needed for respiration by
the bacteria is supplied by this process.

The nitrogen cycle as depicted in the Figures 6.1 and 6.2 is quite often in-
terrupted or altered due to anthropogenic activities. Nitrate leaching and
rates of denitrification increase when nitrogen fertilizers are applied to vast
tracts of land. Nitrate pollution and eutrophication of aqueous systems then
occur with the enhanced growth of algae. Human and animal wastes add a
considerable load to the nitrogen and ammonia budget in the geochemical
cycle and these bring about an increased nitrate concentration in the
ground and surface waters.

The fact that amino acids which produce proteins are nitrogen-rich makes
nitrogen an essential element. One of the most interesting features of ni-
trogen on earth therefore is the effect of its availability on living organisms
and the ecosystems in which they live. Remote sensing of the earth’s ni-
trogen cycle is assuming greater importance in quantifying biogeochemical
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cycles (Darrouzet-Nardi, 2005). As shown by Galloway et al. (2003, 2004)
and Vitousek et al. (1997), the anthropogenic impact and alteration of the
cycle is of much greater significance than ever before. The fixing of nitro-
gen by humans for use as fertilizer in agriculture and as a by product of
fossil fuel combustion, though of great benefit in agriculture and transpor-
tation also has some negative influences (Darrouzet-Nardi, 2005). These
may appear in the form of changes in the ecosystems manifesting further
as changes in the physiological characteristics of organisms (Bowmann,
2000; Aber et al., 1989). Apart from the biological effects of fertilizer, ref-
erence has also been made to:

(1) public health concerns
(a) as unbalanced diets
(b) respiratory ailments
(c) cardiac diseases
(d) cancer
(e) allergic pollen production
(f) dynamics of some vector-borne diseases (Townsend et
al., 2007);

(i1) ecosystem acidification as nitric acid in precipitation (Schindler et
al., 1985; Aber et al., 1989; van Breeman et al., 1982)

(iii))  global warming as nitrous oxide (Houghton, 2001).

NITRATES, FERTILIZERS AND ENVIRONMENT

In order to feed the expanding world population, science-based agriculture
has relied heavily on fertilizers, to increase crop production. In the tropics,
where intense leaching of soils takes place, nutrients are rapidly lost and
fertilizers are used extensively to replenish the essential nutrients N, P, and
K.

Developing countries have around 76% of the global population and N-
fertilizers are applied in quantities greater than that in developed countries.
Figure 6.3 illustrates the world fertilizer consumption and Figure 6.4
shows the fertilizer consumption in South Asia, where India accounts for
nearly 80% of fertilizer consumption. Pakistan and Bangladesh also have
large fertilizer requirements.
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Fig. 6.4. Fertilizer nutrient consumption in South Asia (IFA, 2004)

Global fertilizer use increased at an annual rate of 5.5% from 27.4 million
nutrient ions in 1959/60 to 143.6 million tons in 2001. In all developing
regions, fertilizer use increased significantly (Table 6.1). The use of N-
fertilizers by far outweighed that of phosphate and potash. In 1994/95,
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N-fertilizers accounted for 64% of the fertilizers consumed by developing
countries, as compared to 25% for phosphate and 11% for potash.

Table 6.1. World Fertilizer Use (IFA, 2004) Notes: East Asia excludes Japan.
West Asia/North Africa excludes Israel

Region/Nutrient Fertilizer Use Annual Growth
1959/60 1980/90 2020  1960-90 1990-2020
(million nutrient tons) (percent)
Developed countries 24.7 81.3 86.4 4.0 0.2
Developing countries 2.7 62.3 121.6 10.5 2.2
East Asia 1.2 314 557 109 1.9
South Asia 0.4 14.8 33.8  12.0 2.8
West Asia/North Africa 0.3 6.7 11.7 104 1.9
Latin America 0.7 8.2 162 8.2 23
Sub-Saharan Africa 0.1 1.2 4.2 8.3 33
World total 27.4 143.6  208.0 5.5 1.2
Nitrogen 9.5 79.2 1153 7.1 1.3
Phosphate 9.7 37.5 56.0 4.5 1.3
Potash 8.1 26.9 36.7 4.0 1.0

With the increasing use of N-fertilizers, mostly in developing countries,
the possibility of nitrate pollution of groundwater will be strongly associ-
ated with fertilizer-N use efficiency (Singh et al., 1995). These authors
have pointed out that due to the poor fertilizer-N use in many developing
countries, notably in the irrigated soils of Asia and humid tropics of Af-
rica, the potential for nitrate pollution of groundwater is quite large. In-
tense irrigation, apart from high rainfall, is now available to farmers of
Asia and the increase of N-fertilizer use can be viewed as a future envi-
ronmental hazard affecting the groundwater systems. It should be bear in
mind that three quarters of the world population live in developing coun-
tries and a majority (60%) are engaged in farming. Farmers in developing
countries possess ~54% of the arable land available in the world (FAO,
1991).

The proper fertilizer use is an important pre-requisite for retarding nitrate
pollution of groundwater. The percent recovery of fertilizer-N by a crop
often termed “fertilizer use efficiency” varies with the N source and the
rate at which fertilizer is applied, the nature of the chemical and biochemi-
cal reactions between soil and fertilizer, the timing and placement of the
fertilizer, the nature of crop and its N-requirement, the adequacy of other
nutrients and a host of soil, climatic and management factors (Singh et al.,
1995). When conditions are very favourable, >80% of the fertilizer-N may
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be recovered by the crop, but under most situations, efficiencies of <50%
are common (Allison, 1966).

The excess accumulation of nitrogen in soil in relation to crop yield and N-
fertilizer application is shown in Figure 6.5. In such cases where there is a
large amount of residual nitrogen in soil, the potential for nitrate pollution
is significantly high. In the highly permeable Ultisols and Oxisols in the
humid regions where precipitation greatly exceeds evapotranspiration dur-
ing the growing season, there can be extensive N-leaching. Even >50% of
mineral-N initially in the soil may be lost through leaching between the
onset of the rain and plant establishment (Osiname et al., 1983).

Leutenegger (1956) reports that in Tanzania only 7% of the fertilizer-N
was recovered within the 120 cm depth of the uncropped bare plot one
year after application. In Nigeria, in the humid tropics, both heavy rainfall
and irrigation is present. It has been estimated (Adetunji, 1993) that ~30%
of the N-applied to maize was lost below the root zone and over a 3 year
period, the nitrate pollution of groundwater exceeded the maximum level
accepted for potable water by a significant margin. In the city of Sokoto,
Nigeria, Uma (1993) observed that in waters of over 40 wells in a shallow
lateritic aquifer nitrate enrichment ranged from 20 to 100 mg/L.
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Fig. 6.5. Fertilizer application and crop yield (Broadbent and Rauschkolb, 1977)
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Figure 6.6 illustrates a case study in Sri Lanka where the nitrate levels are
exceptionally high due to excessive application of nitrogenous fertilizer. In
view of the fact that the vast majority of the people living in developing
countries of the tropics obtain their water supplies directly from the
ground, the levels of nitrate fertilizers in groundwater are of vital impor-
tance.

There are several N-fertilizers that are available. Among these are: (a) an-
hydrous ammonia (82% N)- a liquid under high pressure (b) mixture of
urea and ammonium nitrate (28 - 32% N) (c¢) aqua ammonia (21% N)- lig-
uid under low pressure (d) urea (46% N) (e) ammonium nitrate (33% N)
(f) ammonium sulphate (21% N) (g) calcium nitrate (16% N) (h) potas-
sium nitrate (13% N) (i) sodium nitrate (16% N). From among these, urea
[CO(NH,),] is a widely used dry N-fertilizer. Upon application to the soil,
urea is converted to ammonia which reacts with water to form ammonium
within two to three days. The NH4" ion then gets converted to nitrate
(NO3) through nitrification.
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Fig. 6.6. Envelope of nitrate concentration in irrigation dug wells in the Kalpitiya

Peninsula, Sri Lanka (source British Geological Survey, Technical Report
WD/0S/86/21; reproduced with kind permission from the British Geological Sur-

vey)
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NITROGEN LOADING IN RICE FIELDS

In South and Southeast Asia, rice (Oryza sativa) is the most important
food, and is the only crop grown under flooded soils. The global rice area
is 150.7 million ha; more than 90% of which lies in Asia (FAI, 1997). In-
dia is known to have the worlds largest rice cultivation area (47.2 million
ha), followed by China (31.3 million ha) (Ghosh and Bhat, 1998). Rice
cultivation uses a large share of fertilizer; urea being the most commonly
used nitrogen-fertilizer. Since for most of the growing season rice fields
are submerged, nitrate losses from rice fields can be high. Prediction of ni-
trate losses is complicated by the variable nature of soils and the complex
set of N-transformation processes taking place under flooded soil condi-
tions (Chowdary et al., 2004).

During submergence of the soils of the rice fields, changes in physico-
chemical and biological properties of the soils take place. The root zone of
the rice plant gets converted from an aerobic to an anaerobic environment,
the process being governed mostly by microorganisms. As shown in Fig-
ure 6.7, the rice plant obtains its nitrogen fixation by algae and bacteria of
inherent NH," and NO;™ nitrogen in the soil and addition of nitrogen
through chemical fertilizers (Ghosh and Bhat, 1998).
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Fig. 6.7. Fate of fertilizer in wetland soils (Ghosh and Bhat, 1998)

Part of the nitrogen fertilizer applied to the rice field undergoes leaching
and percolates down the soil profiles and mixes with the groundwater,
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which then gets contaminated with NO;-N. In India, high nitrate concen-
trations have been reported in some states such as Maharashtra, Tamil-
nadu, Haryana, Rajastan, and Andra Pradesh (Ozha et al., 1993; Vijay
Kumar et al., 1993) as well as in areas in Punjab and Delhi (Rao and Put-
tanna, 2000). It was observed that 70% of the wells surveyed contained ni-
trate exceeding the permissible limit of 45 mg/L (=10 mgN/L). A level as
high as 7400 mg/L indicating extreme contamination had also been re-
corded.

NITRATES FROM HUMAN AND ANIMAL WASTES

The risks to health caused by groundwater contamination from on-site
sanitation are a concern in many overpopulated developing countries nota-
bly in the tropics. On-site sanitation systems dispose of human excreta into
the ground, mostly from pit latrines and septic tanks. Sanitation has been
defined as “the means of collecting and disposing of excreta and commu-
nity liquid wastes in a hygienic way so as not to endanger the health of in-
dividuals and the community as a whole” (WHO, 1987).

The two main health risks associated with the degradation of water quality
due to on-site waste disposal systems are (a) faecal-oral disease transmis-
sion and (b) nitrate poisoning. Pollution from on-site waste disposal is in-
fluenced by a variety of complex factors (Fourie and van Ryneveld, 1995):

i) Varying sub-surface conditions: in addition to the variety of sub-
surface soils present, within any soil the most critical distinction is
between the saturated and the unsaturated zone.

ii) Varying contaminants: different contaminants show different char-
acteristics, such as mobility and persistence, and these are affected
in different ways in the sub-surface.

iii) Varying polluting mechanism and movement of pollutants.

Pathogens are defined as disease-causing organisms. Human excreta are
known to contain worm eggs, protozoa, bacteria, and viruses and from
among these, eggs and protozoa are effectively screened by soil during
groundwater flow. The smaller bacteria and viruses are therefore of the
greatest health concerns, bearing in mind that in most developing coun-
tries, water-borne diseases affect millions of people. Pathogens cannot
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travel farther and faster than the water in which they are suspended and
groundwater hydrology therefore has a marked influence on aquifer pollu-
tion. As noted by Cave and Kolsky (1999) the key factor that affects the
removal and elimination of bacteria and viruses from groundwater is the
maximisation of the effluent residence time between the source of con-
tamination and the point of water abstraction. Because of the very low ve-
locities of unsaturated flow, the unsaturated zone is the most important line
of defence against faecal pollution of aquifers.

From a geochemical standpoint, nitrates and their pathways in the aqueous
systems closely associated with on-site waste disposal, have aroused great
interest. Nitrates are considered as significant health indicators:

(a) Excessive concentrations of nitrates are directly associated with
methaemoglobinaemia or “blue baby syndrome”

(b) Nitrates and nitrites are precursors of carcinogenic nitroso-
compounds
(©) Nitrates are useful as rough indicators of faecal pollution when

microbiological data are lacking.

In the developing countries of the humid tropics, pit latrine soakaways
(Fig. 6.8) often pose a threat to potable groundwater supplies in view of
the large number of inhabitants confined to a smaller area and using water
from wells located close to pit latrines.

Lawrence (1986) outlined the conditions under which water-supply tube
wells in basement aquifers are most vulnerable to this type of pollution:

(1) the water-table is shallow and the unsaturated zone is thin.
(i1) the overburden is thin and pit latrines penetrate to, or close to, the
top of the bedrock.

(i)  groundwater movement is completely restricted to joints and fis-
sures.

(iv)  population density is high (particularly urban fringe developments)
where there is pressure to reduce the separation between latrines
and water-supply wells.
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Fig. 6.8. Nitrate pollution by pit latrine soakaways in Sri Lanka. The bottom dia-
gram illustrates the sketch plan of the site (Lawrence, 1986; reproduced with kind
permission from the British Geological Survey)

W) water-flush pit latrines are commonly used and this type of latrine
increases the fluid loading and hence the likelihood of microbi-
ological contamination of groundwater.

(vi)  water-table gradients are steep, thus increasing the rate of ground-
water movement

Figure 6.9 illustrates a case study in Sri Lanka showing the plume of pol-
luted water from pit latrines in limestone terrain. Such cases are very com-
mon in the tropics and as outlined above, the general soil and climatic
conditions aid in the mobility of the pollution species.

In Francistown located in Botswana, in mid 2000 nitrate pollution had
reached alarming levels (Fig. 6.10). Areas with pit latrines, sewage ponds
and/or cemeteries posed a groundwater hazard in terms of organic sub-
stances, bacteria and nitrates. In fact, because of the extreme nitrate pollu-
tion, nitrates served as the key indicator of overall groundwater quality in
all environmental hydrogeology studies carried out by the Environmental
Geology Division of BGR, Germany (Vogel, 2002).
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Among the three main pollution sources namely (a) pit latrines (b) mine
waste dumps (c) landfills, pit latrines were found to have had the worst
impact on groundwater quality. The chemical analysis of water from a to-
tal of 48 public and private wells sampled within and around Francistown
showed that nitrate concentrations were frequently well above the WHO
maximum levels. In some cases, they had even reached levels between 100
to 300 mg/L (Mafa, 2003). By mid 2000, the major groundwater pollutant
was nitrate where there was a clear correlation of elevated nitrate levels
with pit latrines.

In Senegal in the Yeumbeul area close to Dakar, the capital city, high ni-
trate levels above the WHO limits have been observed (Tandia et al.,
1999). In this area, shallow groundwater provided nearly all of the water
supply for 7000 families from traditional wells. Close to every well is a
family latrine and the distance separating the wells from the latrines varied
between 2 and 36 m. The population had virtually no sanitation system and
human waste was disposed directly into the environment causing a water
quality hazard.

In the Dodoma area, located in a terrain of crystalline basement rock in
Tanzania, in a semi-arid climate, nitrate levels in the groundwater had
reached an average of 150 mg/L (Nkotagu, 1996). These high nitrate con-
centrations were found in both deep and shallow groundwaters and origi-
nated from sewage effluents.
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Fig. 6.10. Nitrate pollution in Francistown, Botswana (after Mafa, 2003)

In a different geological setting in the Essaouira Basin of Morocco, where
fractured karstic materials were dominant, nitrate levels in groundwater
had reached as much as 400 mg/L. The aquifer systems are interconnected
through a network of fractures and stratification joints facilitating the
transport of nitrogen loaded water (Laftouhi et al., 2003). Livestock ex-
creta, agricultural fertilizers and human wastes were considered to be the
sources of the excess nitrates.

A well water survey carried out in two districts of the Republic of Guinea
(Gelinas et al., 1996) showed that there was widespread well water con-
tamination from nitrate and faecal bacteria in both districts. In these areas,
the water distribution network was primitive, domestic sewage untreated
and sanitation only by poorly managed pit latrines and septic tanks. There
was no storm water drainage system. As no fertilizers were used in the
area, the very high nitrate levels were attributed to human excreta, domes-
tic sewage aided by the high permeability of the soil. The high nitrate lev-
els were correlated with high contents of organic matter probably due to
incomplete degradation of organic nitrogen due to naturally low dissolved
oxygen levels.
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NITRATES AND HEALTH

Nitrates are natural components of all fruits and vegetables and as dis-
cussed earlier drinking water may also contain nitrates. They are also
added to some meat and fish products as preservatives. Over the last few
decades, dietary nitrate has been implicated in the formation of infantile
methaemoglobinaemia and gastric/intestinal cancer through the production
of carcinogenic N-nitrosamines. Comly (1945) first noted that consump-
tion of drinking water environmentally contaminated with nitrate was as-
sociated with methaemoglobinaemia. The National Academy of Science of
USA (1977) set a limit of 10 mgN/L as nitrogen (45 mg/L nitrate) as the
maximum permissible level.

Nitrates and Methaemoglobinaemia

Nitrate itself is considered to be relatively non-toxic and it is the reduced
species, nitrite that greatly increases the toxicity. Nitrate is reduced to ni-
trite by bacteria in the upper gastro-intestinal tract. Nitrite is then absorbed
into the bloodstream, where it reacts with haemoglobin to form
methaemoglobin (Bruning-Fann and Kaneene, 1993a). Methaemoglobin
does not have the capacity to carry oxygen and this results in cyanosis and
anoxemia if the level of methaemoglobin (met-Hb) reaches high levels.
Cyanosis becomes evident when the concentration of met-Hb reaches
about 10 g/L (5-10% of the total haemoglobin (Hb) is in the met-Hb form),
becomes severe at 30 g/L. and may result in death when levels exceed 60
g/L (Robertson and Riddell, 1949). It is the reduced oxygen delivery to the
tissues that causes the death of the individual. Met-Hb however, is known
to be converted back to Hb by the enzyme methaemoglobin reductace pre-
sent in the erythrocytes. This enzyme normally keeps the met-Hb level be-
tween 1-2% but it is much less active in children under 3 months and
hence the common occurrence of methaemoglobinaemia in such children.

In the case of animals, clinical signs of acute nitrate toxicity vary accord-
ing to species. Nitrate is capable of inducing methaemoglobinaemia in a
wide range of species e.g. cattle, sheep, swine, dogs, guinea pigs, rats,
chicken and turkey. In general, ruminant animals develop methaemoglo-
binaemia while monogastric animals exhibit severe gastritis (Bruning-Fann
and Kaneene, 1993b).
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Nitrates and Cancer

Cancer, after heart disease is recognized as a leading killer disease. A large
number of causative factors which have been isolated are in one way or
another environmental. The relationship between cancer and the environ-
ment has been known since 1775, when a correlation between scrotal skin
cancer and heavy exposure to soot among chimney sweepers was observed
(Miller and Miller, 1972). Since then, many environmental pollutants have
been shown to produce cancer in various parts of the body. Whereas the
carcinogenicity of many laboratory synthesized chemical components have
been the subject of intensive study, the effect of the natural environment
on cancer is much less known. Epidemiological studies have indicated the
importance of, for e.g. the quality of potable waters, the chemistry of the
soils and the plants growing on them in geographically separated areas,
quality of the air we breathe on human cancer. Since correlations by them-
selves rarely justify mechanistic interferences and only are recognised as
weak suggestions of causality (Tannenbaum and Correa, 1985), evidence
from epidemiology cannot often be used to draw conclusions on biological
mechanisms.

However, epidemiology has its own virtues and if used intelligently, useful
preliminary information may be obtained. There are certain parts of the
world where some specific diseases, including cancer, show anomalous in-
cidences clearly pointing to some features unique to that environment. Oe-
sophageal cancer, for example, was highly prevalent in parts of Transkei
(Laker et al., 1980), Iran, Central Asia and northern China (Kibblewhite,
1982). In these regions cancer was a more important cause of death than
coronary heart diseases in Europe and USA. During the last 50 years, sub-
stantial evidence has been accumulated which show a relationship between
geology, soils and climate and the widespread occurrence of oesophageal
cancer. As pointed out by Laker (1979), such an integration of environ-
mental factors leads to distinct soil properties and it has been proved pos-
sible to identify certain soil types as being common to areas of high cancer
incidence. Figure 6.11 illustrates the relationship between environmental
factors and incidence of cancer.
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Fig. 6.11. Relationship between environmental factors and cancer incidence.

Nitrates can react with amines in the stomach or lungs to form N-
nitrosamines, which have induced tumours in laboratory animals. Al-
though the causation of human tumours is not directly linked to these com-
pounds, exposure to them is considered as being potentially capable of ini-
tiating human cancer (National Research Council, 1978). Figure 6.12
illustrates the geochemical environment and the cancer forming nitrogen-
bearing compounds.
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CHAPTER 7
MEDICAL GEOLOGY OF ARSENIC

INTRODUCTION

One of the worlds biggest environmental disasters, the arsenic poisoning of
millions of people in Bangladesh and West Bengal, had its origins in the
arsenic-bearing clay or peat layers at shallow depths within the Quaternary
deltaic sediments of the Ganges-Brahamputra delta. As Berger (1999)
pointed out, the irony was that the problem arose only recently as people
started using water from tube wells drilled through international assistance
programmes to provide cleaner water than available on the surface.

The magnitude of the problem of arsenic poisoning was so great that WHO
having recognized the enormous health implications lowered the provi-
sional guideline value for arsenic in drinking water from 50 pg/L to 10
png/L. Among the countries which have well documented case studies of
arsenic poisoning are Bangladesh, India (West Bengal), Vietnam, Taiwan,
China, Mexico, Chile and many parts of the USA and Argentina (Figure
7.1). Recently, countries such as Nepal, Myanmar and Cambodia have also
been added to the list of countries which have concentrations of As indi-
cating water exceeding 50 ug/L in some sources. Table 7.1 summarizes the
documented cases of naturally occurring As-poisoning in world groundwa-
ters. A technical report of the British Geological Survey (2001) highlights
the magnitude of the issue of arsenic poisoning in Bangladesh as follows.

“A survey of well waters (n =3534) from throughout Bangladesh, exclud-
ing the Chittagong Hill Tracts has shown that water from 27% of the shal-
low tube wells, that is wells less than 150 m deep, exceeded the Bangla-
desh standard for arsenic in drinking water (50 pg/L), 46% percent
exceeded the WHO guideline value of 10 pg/L. Figures for ‘deep wells’
(greater than 150 m deep) were 1% and 5%, respectively. Since it is

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 7, © Springer-Verlag Berlin Heidelberg 2009
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believed that there are a total of some 6-11 million tube wells in Bangla-
desh mostly exploiting the depth range 10-50 m, some 1.5-2.5 million
wells are estimated to be contaminated with arsenic according to the Bang-
ladesh standard. Thirty five million people are believed to be exposed to an
arsenic concentration in drinking water exceeding 50 pg/L and 57 million
people exposed to a concentration exceeding 10 pg/L”.

The above description clearly illustrates the enormity of the disaster and
the importance of the understanding of the medical geochemistry of trace
elements known to have an impact on the health of populations.

rain clouds

i Y
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Man-made arsenic sources
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Fig. 7.2. Environmental transfer of arsenic (National Academy of Science, 1977)

The element arsenic (valence configurations 3d'’ 4s” 4p’) is a pollutant
known to exist in four major oxidation states +5, +3, 0 and -3. It is found
as a commonly distributed element in the atmosphere, rocks, minerals,
soil, water and in the biosphere. Figure 7.2 is a diagrammatic representa-
tion of the arsenic cycle in nature. Arsenic mobilization in the environment
occurs mostly under geogenic conditions though anthropogenic influences
also affect the arsenic cycle to a significant degree. From among these,
mining activity, combustion of fossil fuels, use of arsenic in agrochemicals
is of particular importance. The medical geochemistry of arsenic is pre-
dominantly the aqueous chemistry of arsenic in the geological environment
and its bioavailability. As shown in Figure 7.2, arsenic may be derived
from a variety of sources and may enter the food chain through the aque-
ous medium. Groundwater interacting closely with arsenic-rich sediments
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is a notable source of natural arsenic pollution. Table 7.2 shows the envi-
ronmental forms of arsenic and Figure 7.3 illustrates the environmental
chemistry of arsenic.

Table 7.1. Global arsenic contamination in ground water (Nordstrom, 2002)

Country/Region Potential Concentration

Environmental Conditions

Exposed (ng/L)
Population
Bangladesh 30,000,000 <1 to 2500 Natural; alluvial/deltaic sediments
with high phosphate, organics
West Bengal, 6,000,000 <10to 3200 Similar to Bangladesh
India
Vietnam >1,000,000 1 to 3050 Natural; alluvial sediments
Thailand 15,000 1 to >5000 Anthropogenic, mining, dredged
alluvium
Taiwant 100,000 to 10 to 1820 Natural; coastal zones, black
200,000 shales
Inner Mongolia 100,000 to <1 to 2400 Natural; alluvial and lake sedi-
600,000 ments; high alkalinity
Xinjiang, Shanxi >500 40 to 750 Natural; alluvial sediments
Argentina 2,000,000 >1 to 9900 Natural; loess and volcanic rocks,
thermal springs; high alkalinity
Chile 400,000 100 to 1000  Natural and anthropogenic volca-
nogenic sediments; closed basin;
lakes, thermal springs, mining
Bolivia 50,000 - Natural; similar to Chile and parts
of Argentina
Brazil - 0.4 to 350 Gold mining
Mexico 400,000  8to 620 Natural and anthropogenic; vol-
canic sediments, mining
Germany - <10to 150  Natural; mineralized sandstone
Hungary, 400,000 <2to 176 Natural; alluvial sediments, or-
Romania ganics
Spain >50,000 <1 to 100 Natural; alluvial sediments
Greece 150,000 - Natural and anthropogenic; ther-
mal springs and mining
United Kingdom - <110 80 Mining; southwest England
Ghana <100,000 <1to 175 Anthropogenic & natural; gold
mining
USA and Canada - <1 to >100000 Natural and anthropogenic; min-

ing, pesticides, As,O; stockpiles,
thermal springs, alluvial, closed
basin lakes, various rocks
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Arsenic in Rocks and Minerals

From among the rocks, igneous rocks have relatively small concentrations
of arsenic (Table 7.3). Volcanic glasses show the highest arsenic content
and as shown in Figure 7.2, volcanoes are important sources of As in the
environment. The other igneous rocks however, do not show any marked
variations. Metamorphic rocks contain about 5 mg/kg with pelitic rocks
exemplified by phyllites and shales having arsenic as much as 18 mg/kg.

Sedimentary rocks are by far the more important sources of arsenic pollu-
tion and these are known to contain arsenic in the range 5-10 mg/kg. The
argillaceous sedimentary rocks have higher arsenic contents as compared
to the more arenaceous types such as sandstones, the values being 13
mg/kg for the former and 4 mg/kg for the latter. As shown in Table 7.3,
shales of marine origin are heavily enriched in arsenic possibly due to the
presence of significant amounts of sulphur and pyrite. Organic rich-
sediments also contain high levels of arsenic with some coals having arse-
nic up to 35,000 mg/kg.

Arsenic has great affinity for sulphur and this results in arsenic being pre-
sent in significantly higher concentrations in sulphides such as pyrites. Ar-
senian pyrite for example is a common mineral in some ore bodies and the
ability of arsenic to substitute for sulphur gives rise to high As concentra-
tions. As shown in Table 7.4, sulphides dominate the mineralogy of arse-
nic. Considering the rock-forming minerals (Table 7.4) arsenic, in view of
its ability to substitute for Si*", A", Fe’" and Ti*', tends to be present in
many mineral structures.

It is known that authigenic pyrite is present in significant abundance in
sediments of rivers, lakes and oceans as well as in aquifers. These minerals
had been formed under reducing environmental conditions and they form
an important link in the geochemical cycle of arsenic.

Arsenic in Soils

As shown in Table 7.3, the concentrations of arsenic in soils range from 5
to 10 mg/kg. Due to the presence of sulphide minerals, organic-rich soils
tend to have higher concentrations of arsenic. Peats and bogs, for example
have an average As concentration of 13 mg/kg. In Vietnam, some acid sul-
phate soils contain as much as 41 mg/kg. These acid sulphate soils are
formed by the oxidation of pyrite in sulphide-rich terrains. It is also worthy
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of note that anthropogenic influences particularly from the fertilizers, also
provide an input into the arsenic budget in soils.

Table 7.2. Environmental forms of arsenic (Braman, 1975)

Compound Source
Water
As(III), arsenite ion and Sea water

As(V), arsenate ion
CH3;AsO(OH),

(CHj;);As (or other oxides)

Air

As(I1I) and As(V)

CH;AsH,

(CH3)2ASH

(CHs);As

Biological samples
Types

Sea weed and epiphytes

Urine

Fresh water ponds, rivers, lakes
Sea water, fresh water ponds, riv-
ers, lakes

Sea water, fresh water

Fresh water

Particulate

Over As-treated soil
Over treated soil
Over treated soil

Forms
As(III), As(V), CH;AsO(OH),,
(CH;),AsO(0OH), (CH;);5As
As(IIT), As(V), CH3;AsO(OH),,

(CH3;),AsO(OH)
Methanobacterium cultures (CH;),AsH
Aerobic cultures (Fungi and mixed) (CHj);As, CH;AsO(OH),,
(CH3),AsO(OH),
HAsO, AsH, CH,AsH, (CH,),AsH (CH.):As
_H‘U'm‘ B IRed ]Red. IRed +% O‘H Ei?j-
ed.
H.AsO, —— o, HAsO, CH3AsO(OH)2 (CHa)zASO(OH) —% (CH3)5A30
-H’H-v—!-[* +H HH* +H H it +H*II_H~
H,AsO, AsO, 9 on “
CH, *As/ (CH,),As — O
As0, — % . As,0, (particulate)

Fig. 7.3. Environmental chemistry of arsenic (Braman, 1975)
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Table 7.3. Typical arsenic concentrations in rocks, sediments, soils and other

surficial deposits (Smedley and Kinniburgh, 2002)

Rock / Sediment Type

Avg. Conc.
(Range) (mg/Kg)

Igneous rocks

Ultrabasic rocks (peridotite, dunite, kimberlite
etc.)
Basic rocks (basalt)
Basic rocks (gabbro, dolerite)
Intermediate (andesite, trachyte, latite)
Intermediate (diorite, granodiorite, syenite)
Acidic rocks (rhyolite)
Acidic rocks (granite, aplite)
Acidic rocks (pitchstone)
Volcanic glasses

Metamorphic rocks
Quartzite
Hornfels
Phyllite / slate
Schist / gneiss
Amphibolite and greenstone

Sedimentary rocks
Marine shale / mudstone
Shale (Mid-Atlantic Ridge)
Non-marine shale/mudstone
Sandstone
Limestone / dolomite
Phosphorite
Iron formations and Fe-rich sediment
Evaporites (gypsum / anhydrite)
Coals
Bituminous shale (Kupferschiefer, Germany)

Unconsolidated sediments

Various
Alluvial sand (Bangladesh)
Alluvial mud / clay (Bangladesh)
River bed sediments (Bangladesh)
Lake sediments, Lake Superior
Lake sediments, British Colombia
Glacial till, British Colombia
World average river sediments
Stream and lake silt (Canada)
Loess silts, Argentina
Continental margin sediments

1.5 (0.03-15.8)

2.3(0.18-113)
1.5 (0.06-28)
2.7(0.5-5.8)
1.0 (0.09-13.4)
43 (3.2-5.4)
1.3 (0.2-15)
1.7 (0.5-3.3)
5.9 (2.2-12.2)

5.5(2.2-7.6)
5.5(0.7-11)
18 (0.5-143)
1.1 (<0.1-18.5)
6.3 (0.4-45)

3-490

174 (48-361)
3.0-12

4.1 (0.6-120)
2.6 (0.1-20.1)
21 (0.4-188)
1-2900
3.5(0.1-10)
0.3-35,000
100-900

3 (0.6-50)
2.9 (1.0-6.2)
6.5 (2.7-14.7)
1.2-5.9

2.0 (0.5-8.0)
5.5 (0.9-44)
9.2 (1.9-170)
5

6 (<1-72)
3-18

2382
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Soils

Various 7.2 (0.1-55)
Peaty and bog soils 13 (2-36)
Acid sulphate soils (Vietnam) 6-41
Acid sulphate soils (Canada) 1.5-45
Soils near sulphide deposits 126 (2-8000)

Contaminated surficial deposits
Mining-contaminated lake sediment 342 (80-1104)
Mining-contaminated reservoir sediment, Mon- 100-800
tana
Mine tailings, British Colombia 903 (396-2000)
Soils and tailings-contaminated soil, UK 120-52,600
Tailings-contaminated soil, Montana up to 1100
Industrially polluted inter-tidal sediments, USA 0.38-1260
Soils below chemicals factory, USA 1.3-4770
Sewage sludge 9.8 (2.4-39.6)

Arsenic in natural waters

Smedley and Kinniburgh (2002), Matschullat (2000) and Furguson and
Gavis (1972) have written extensive reviews on the geochemistry of arse-
nic in water and the reader is referred to these articles for further detailed
information. In the natural aquatic systems, As(V) and As(IIl) are the
dominant arsenic species. The As(V) is an oxidant, which exists as
H,AsO4, HAsO4? and AsO,” and under mildly reducing conditions (e.g.
Eh <+100 mV), the As(III) state is stable and occurs as H;AsO;, H,AsOy,
and HAsO;™ (Appelo and Postma, 1994).

The solubility of arsenic is particularly known for its strong dependence on
pH and is mobilized at pH values normally found in groundwaters (pH 6.5-
8.5) and under both oxidizing and reducing conditions. Figure 7.4 illus-
trates the Eh-pH diagram for aqueous arsenic species in the system at 25
°C and at 1 bar total pressure and Figure 7.5 shows the arsenic speciation
as a function of pH. Since arsenic is a strongly redox sensitive element, its
mobility in natural systems is strongly influenced by the oxidation state in
which it occurs. Some of the salient features of the arsenic aqueous chem-
istry as discussed by Smedley and Kinniburgh (2002) are as follows:
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Table 7.4. Typical arsenic concentrations in common rock-forming minerals

(Smedley and Kinniburgh, 2002)

Mineral

As conc. range (mg/kg)

Sulphide minerals

Pyrite
Pyrrhotite
Marcasite
Galena
Sphalerite
Chalcopyrite
Oxide minerals
Hematite

Fe oxide (undifferentiated)
Fe(IlI) oxyhydroxide

Magnetite
[lmenite

Silicate minerals

Quartz
Feldspar
Biotite
Amphibole
Olivine
Pyroxene

Carbonate minerals

Calcite
Dolomite
Siderite

Sulphate minerals
Gypsum/anhydrite

Barite

Jarosite

Other minerals
Apatite

Halite

Fluorite

100-77000
5-100
20-600
5-10000
5-17000
10-5000

up to 160
up to 2000
up to 76000
2.7-41

<1

0.4-1.3
<0.1-2.1
1.4
1.1-2.3
0.08-0.17
0.05-0.8

1-8
<3
<3

<1-6
<1-12
34-1000

<1-1000
<3
<2

(a) Most oxyanions including arsenate tend to become strongly sorbed
as the pH increases. This is in contrast to most trace-metal cations
which show low solubility due to precipitation or co-precipitation
with an oxide, hydroxide, carbonate or phosphate mineral or due to
strong adsorption to metal oxides, clay or organic matter. Arsenic
is thus an important trace contaminant in groundwaters.
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Fig. 7.5. (a) Arsenite and (b) arsenate speciation as a function of pH (ionic
strength of about 0.01 M) (Smedley and Kinniburgh, 2002)

(b) Arsenic shows marked mobility under reduced conditions. It can
be found at concentrations in the mg/L range when all other
oxyanion-forming elements are present in the pg/L range.
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When strongly reducing acidic conditions prevail, precipitation of
sulphides such as orpiment (As,S3) and realgar (AsS) occur result-
ing in low-arsenic waters.

The concentrations of arsenic in groundwaters vary markedly de-
pending on the source and amount of arsenic as well as the geo-
chemical environment. When the water-rock interactions exert a
strong influence, As concentrations reach high levels, in the aque-
ous phase due to increased mobilization and accumulation.

In atmospheric precipitation, arsenic is mainly in the form of
As(I1I),0O5 dust particles. As shown by Nriagu and Pacyna (1988),
anthropogenic sources of atmospheric arsenic amounts to 70% of
the global atmospheric As flux.

The arsenic concentrations of river water vary depending on the
recharge composition, base flow contribution and bedrock lithol-
ogy. In areas where there are high geothermal inputs, high arsenic
concentrations can be expected. In some arid areas where surface
water is dominated by river base flow, high arsenic levels may be
observed and these often correlate with salinity.

The oxidation and adsorption of As species onto river sediments
and the dilution by surface recharge and run off tends to lower the
arsenic concentration in the river water even if the bed rock may
show high amounts of As.

River waters can also be affected by high arsenic inputs from an-
thropogenic sources, bearing in mind that As is a well known in-
dustrial contaminant.

In lake water arsenic concentrations tend to show evidence of
stratification as a result of varying redox conditions. The As(III) to
As(V) ratio may increase with depth. Higher arsenic concentra-
tions are also observed at deeper lake waters when O, is depleted
due to influence of microbial activity.

In groundwater, there is a large range of arsenic concentrations re-
ported in the literature. Most high-As groundwater provinces are
the result of natural occurrence of As.



168 Introduction to Medical Geology

A review of the geochemical processes that control arsenic mobility indi-
cates that the main processes of arsenic mobility in aquifers is (a) adsorp-
tion and desorption reactions (b) solid-phase precipitation and dissolution
reactions. Arsenic adsorption and desorption reactions are influenced by
pH changes, redox reactions, presence of competing anions and solid-
phase structural changes at the atomic level.

Arsenic Adsorption and Desorption: Role of Fe, and Mn
Oxides and Clays

Arsenate and arsenite adsorb onto surfaces of materials in the aqueous me-
dium, and most notably onto iron oxides, aluminium oxides and clay min-
erals. As observed by Dzombak and Morel (1990) adsorption and desorp-
tion reactions between arsenate and iron oxide surfaces are of great
importance as controlling reactions. Iron oxides are ubiquitious in the
aqueous environment as coatings on solids (Figure 7.6). Arsenate adsorbs
very strongly to these iron oxide surfaces in acidic and near-neutral pH
water and desorbs as pH increases.

Iron oxide surfaces are also known to adsorb arsenite, and both arsenate
and arsenite adsorb onto aluminium oxides and clay mineral surfaces. Un-
der the typical environmental pH conditions these adsorption-desorption
reactions however, appear to be less active than those between arsenate
and iron-oxides surfaces.

33

Fe~_ 0 0 Fe~_ o 0o -
/ T FE—O .-
~o A 0o ~0 ‘O Fa—C ‘O

§ O é \go
Monodentate complex bidentate complex bidentate complex
mononuclear binuclear

Fig. 7.6. Schematic illustration of the proposed adsorption mechanisms of arsenate
onto goethite (O’Reilly et al., 2001)
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Recent work (Goldberg and Johnston, 2001), using spectroscopic, sorption
and electrophoretic mobility measurements show that arsenate forms inner
sphere surface complexes (Figure 7.7) on both amorphous Al and Fe ox-
ides while arsenite forms both inner and outer sphere surface complexes on
amorphous Fe oxides and outer sphere surface complexes on amorphous
Al oxide. Arsenic adsorption on amorphous Al and Fe-oxides and the clay
minerals, kaolinite, montmorillonite and illite was investigated by Gold-
berg (2002) as a function of solution pH and As redox state, i.e., As(III)
and As(V) (Figure 7.8). The results indicated that arsenate adsorption on
oxides and clays was maximal at low pH and decreased with increasing pH
above pH 9 for Al oxides, pH 7 for Fe oxide and pH 5 for clays. Arsenite
adsorption exhibited parabolic behaviour with an adsorption maximum
around pH 8.5 for all materials. There was no competitive effect of the
presence of equimolar arsenite on arsenate adsorption.

Microorganisms and their impact on arsenic speciation
and mobility

It is well known that microorganisms are ubiquitous in the geochemical
environment and that they influence the biogeochemical cycles of many
elements. Arsenic is such an element that inter-converts species which
show markedly contrasting behaviour. The role of microorganisms is now
of special importance in view of the extremely large scale of arsenic poi-
soning in West Bengal and Bangladesh. Many theories have been proposed
to explain the subsurface mobilization of arsenic. Among these are:

(a) Oxidation of arsenic containing pyrites.

(b) Release of As(V) from reduction of iron oxides by autochthonous
organic matter such as peat.

(©) Reduction of iron oxides by allochthonous organic matter (from

dissolved organics in recharging waters)
(d) Exchange of adsorbed As(V) with fertilizer phosphates.
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Oremland and Stolz (2003) have suggested that the above processes are
not mutually exclusive, but that over time, microorganisms probably play
an essential role in both the direct reduction and oxidation of the arsenic
species, as well as the iron minerals contained in the aquifers. Microorgan-
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isms catalyze chemical reactions in order to obtain energy for metabolic
growth. They obtain this much needed energy from the environment and as
a result of the chemical reactions catalyzed by the microorganisms, ex-
tremely important biochemical transformation may occur. The greatest en-
ergy-generating reactions of the biosphere are redox reactions and these
cause marked alterations in the behaviour of their substrates (Stumm and
Morgan, 1996). The great need for microbes to catalyze the energy-
generating reactions causes rapid chemical transformation in contrast to
the somewhat sluggish rates of abiotic reactions. The microorganisms cata-
lyze the redox reactions by means of aerobic and anaerobic respiration and
these processes influence the arsenic biogeochemistry.

The discovery that in spite of its toxicity, As(V) is actually used as a respi-
ratory oxidant had opened up further avenues for microbial biogeochemi-
cal research. Two types of related bacteria, namely Sulfurospirillium ar-
senophilum and Sulfurospirillium barresii were the first microbes reported
that carried out this process (Ahman et al., 1994; Oremland and Stolz,
2003). Such microbes are termed dissimilatory arsenate-reducing pro-
karyotes (DARPs) and have been isolated from fresh water sediments, es-
tuaries, soda lakes, hot springs and even gold mines (Oremland et al.,
2002). Figure 7.9 illustrates the diversity of the arsenic-metabolizing pro-
karyotics. It is of interest to note that some of these microbes have been
isolated from the aquifer materials of Bangladesh and gastrointestinal tract
of animals. There are also the extremophiles adapted to high temperature,
pH and/or salinity (Oremland and Stolz, 2003). These authors formulated a
conceptual model for the geochemical scenario of Bangladesh arsenic-rich
aquifer systems (Figure 7.10).

The sequence of the mechanism proposed is as follows:

i) Oxidation of the original As(II) containing minerals. (eg. Arseno
pyrite) during transport and sedimentation by pioneering chemo
lithoautotrophic arsenite oxidizers (CAOs) and heterotrophic arse
nate oxidizers (HAOs) taking place over recent geological time
periods.

i) Accumulation of As(V) onto surfaces of oxidized minerals such
as ferrihydrite.

1) Later anthropogenic activities such as irrigated agriculture, digging
of wells, lowering of groundwater table by water extraction etc.
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would provide oxidants (e.g. oxygen, nitrates) which would
stimulate As(III) oxidation.

iv) This would cause a build up of microbial mass and hence organic
matter thereby creating anoxic conditions.
V) These and other organic matter such as peat would promote the

dissimilatory reduction of absorbed As (V) by DARPs and the sub
sequent dissolution of absorbent minerals such as ferrihydrite.

o o
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Fig. 7.9. Phylogenetic diversity of representative arsenic-metabolizing prokaryot-
ics. Dissimilatory arsenate-respiring prokaryotes (DARPs) are indicated by yellow
circles, heterotrophic arsenite oxidizers (HOAs) are indicated by green triangles,
and chemoautotrophic arsenite oxidizers (CAOs) are indicated by red squares. In
some cases (e.g. Thermus sp. strain HR13), the microbe has been found able to
both respire As(V) and oxidize As(IIl) (Oremland and Stolz, 2003; reprinted with
kind permission from AAAS)
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Fig. 7.10. A conceptual model of how arsenic-metabolizing prokaryotes may con-
tribute to the mobilization of arsenic from the solid phase into the aqueous phase
in a subsurface drinking water aquifer. Arsenic is originally present primarily in
the form of chemically reduced minerals, like realgar (4AsS), orpiment (As,S;), and
arsenopyrite (FeAsS). These minerals are attacked by CAOs, which results in the
oxidation of As(Ill), as well as iron and sulfide, with the concurrent fixation of
CO?2 into organic matter. Construction of wells by human activity accelerates this
process by providing the necessary oxidants like molecular oxygen or, in the case
of agricultural regions, nitrate. The As(V) can subsequently be adsorbed onto oxi-
dized mineral surfaces like ferrihydrite or alumina. The influx of substrate organic
materials derived either from buried peat deposits, recharge of surface waters, or
the microbial mats themselves promotes microbial respiration and the onset of
anoxia. DARPs then respire adsorbed As(V), resulting in the release of As(Ill) into
the aqueous phase (Oremland and Stolz, 2003; reprinted with permission from
AAAS)

The research studies of Saikat et al. (2001) also show evidence of micro-
bial activity which mediate in arsenic transformations in the Bangladesh
aquifer sediments.

The bacterial dissimilatory reduction of arsenate and sulphate has been
studied in detail by Oremland et al. (2000) in Mono Lake California. The
stratified (meromictic) water column of alkaline and hypersaline Mono
Lake contains high concentrations of dissolved inorganic arsenic (~200
pumol/L). Arsenic speciation changed from As(V) to As(IIl) with the tran-
sition from oxic surface waters (mixolimnion) to anoxic bottom waters
(monolimnion). A radio assay devised to measure the reduction of *As(V)
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to As(III) and tested using cell suspensions of the As(V)-respiring Bacil-
lus selenitireducens showed complete reduction of *As(V).

Anoxic environments host a variety of microorganisms and these generate
energy by coupling the oxidation of H, or organic carbon to the reduction
of inorganic As(V) to As(IIl). Because arsenate reduction is an energy-
generating process for the microorganisms involved, and because arsenite
is both toxic and more mobile than arsenate, this process is expected to
greatly influence the geochemistry of arsenic in anoxic systems, particu-
larly with respect to arsenic mobilization (Ahman et al., 1997; Cummings
etal., 1999).

As discussed earlier, sorption onto oxides of Fe and Mn and precipitation
on sulphide solids in anoxic environments are the two main processes that
influence arsenic mobility in aqueous, soil and sedimentary environments.
Microbial impacts on Fe and Mn oxides therefore influence arsenic geo-
chemistry. Since the reduced forms of Fe and Mn are highly soluble, these
oxides dissolve readily upon microbial reduction, simultaneously releasing
sorbed substances such as arsenic (Ahman et al., 1997). Further, microbial
sulphate reduction can yield sufficient sulphide to precipitate arsenic in
solids such as amorphous arsenic sulphide, realgar or orpiment. While the
geochemical significance of the reductive processes for arsenic cycling is
well-established, the significance of the oxidative pathways is much less
understood.

Apart from energy generation, microorganisms need to protect themselves
from toxic substances. The mechanism of arsenic toxicity is for arsenate to
enter the microbial cell through phosphate uptake proteins facilitated by
the structural of similarity of arsenate to phosphate. The phosphate in the
Adenosine Triphosphate (ATP) is displaced by the arsenate thereby reduc-
ing its energy. It should however be noted that there are many cells which
are highly phosphate-specific and which exclude arsenate (Torriani, 1990).
Arsenite on the other hand enters the cytoplasm possibly by diffusion
across the membrane and then cross-links sulphydryl groups on enzyme.
These cause the inactivity of the enzyme.

The mechanisms adopted by the microorganisms to remove the effects of
arsenic poisoning are of special interest. The microbial reduction of arse-
nate to arsenite is by means of the As system an enzymatic process. Other
mechanisms involve detoxification by reduction to arsine, As(IIl) in inor-
ganic and methylated forms (Cullen and Reimer, 1989). Extensive studies
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are now being done on these microbial arsenic detoxification mechanisms
in order to utilize them in cleaning up polluted environments.

MEDICAL GEOLOGY OF ARSENIC- THE WEST BENGAL,
BANGLADESH EXAMPLE

The arsenic poisoning in Bangladesh caused by high As concentration in
aquifers is the largest mass poisoning in history. With up to 125 million of
Bangladesh’s population at risk, the case of arsenic poisoning in Bangla-
desh, and West Bengal is a classic example of the importance of the under-
standing of medical geology.

Bangladesh Basin-Geography and Geology

The geological, geographical, sedimentological and hydrological feature of
the Bangladesh Basin, particularly with reference to the arsenic problem
has been discussed exhaustively in the British Geological Survey Report of
2001 and the reader is referred to this valuable source of information for
details. Only a brief outline is presented here.

The Bengal Basin comprising of a 15 km thick sequence of Cretaceous to
Recent sediments and occupying about 100,000 km? of lowland flood plain
and delta is one of the largest in the world. The combined deltas of the
Ganges, Brahmaputra and Meghna (GMB) river systems, all of which lie
within Bangladesh produce the greatest sediment load of any river system
in the world (Figure 7.11). The sediment loads are known to vary by two
orders of magnitude seasonally and these are mostly derived from the gla-
cial and periglacial activity of the high Himalayas. Among the rocks that
had undergone erosion are the ultrabasics of the northern high Himalayas
and the granitic and high-grade metamorphic rocks from the central and
southern parts. The extensive delta system has developed as a result of a
series of glacio-eustatic sea level cycles and long-term tectonic activity.
The very large number of aquifer systems underlying Bangladesh is a re-
sult of the deposition of Pleistocene to Recent fluvial and estuarine sedi-
ments. As shown in Figure 7.12, the surficial materials comprise mainly of
alluvium, clay, muds, gravels, sand and peat.
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Fig. 7.11. Ganga-Brahmaputra-Meghna (GMB) river systems

Sediment characteristics

The British Geological Survey (2001) using limited borehole data con-
structed a hydrogeological cross section from north to south across Bang-
ladesh and series of cycles of sedimentation has been observed. In the zone
of subsidence at the northern end is a wedge of coarse sediments deposited
as fanglomerates. In the zone of uplift at Rangpur saddle the sediments
thin out. The coarse-grained sediments thin and pinch out south of Hinge
Zone and pass laterally into sandy deltaics within the subsiding Faridpur
Trough. Towards the south in the coastal zone, a series of aquifers is seen
with alternations of sandstones and silts. The aquifers located away from
the saline intrusions have been united to form a single body of fresh water.

Hydrochemical and mineralogical studies had revealed that the sediments
containing groundwaters with the highest concentration of arsenic are the
shallow fine-grained highstand deposits which had radiocarbon dates gen-
erally less than 10 ka. These are found to be localized in the tidal zones of
the present Ganges, old Ganges, lower Meghna and lower Brahmaputra
delta areas.
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Fig. 7.12. Simplified geological map of Bangladesh (Alam et al., 1990)
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Mineralogy and geochemistry of sediments

The mineralogy of the aquifer sediments have been studied by a large
number of investigators, in different parts of the Bengal basin. Pal et al.
(2002) studied the mineralogical constituents in two bore holes in the
Chakdah area, West Bengal, and observed that clay and peat layers are
richest in arsenic while the silty sand layers contain lesser amounts of ar-
senic. Figure 7.13 illustrates the distribution of Fe and As in two sediment
cores beneath Deulhi Village (D3) and Smata Village (D4) near Jessore,
south western Bangladesh. Peat has been observed (Ravenscroft et al.,
2001).
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Fig. 7.13. Distribution of Fe and As in two sediment cores beneath Deulhi Village
(D3) and Samta Village (D4) near Jessore, SW Bangladesh showing the occur-
rence of peat (Ravenscroft et al., 2001)

Pal et al. (2002) studied arsenious zone and ‘safe water zone’ of the West
Bengal sections, and noted that the sandy aquifer material underlying the
clay, peat and silty layers in both arsenic-rich and arsenic-poor zones had
silt to sand-sized grains (96-99%) and interstitial clay (1-4%). The coarser
components consisted of (a) a non-magnetic fraction such as stain-free
quartz, feldspar, carbonate and lithic fragments and (b) minerals with vari-
able magnetic intensity constituting 12-36% and which included (i)
strongly magnetic phases such as iron oxide/hydroxide with residual mag-
netite and ilmenite (ii) feebly magnetic phases such as illite, biotite, iron
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oxyhydroxide-coated sand grains, siderite concretion, muscovite, garnet,
hornblende, tourmaline, rutile, kyanite, sillimanite, epidote, apatite, stauro-
lite, zircon. The finer interstitial clay fraction contained e.g. quartz, feld-
spar, kaolinite, illite, montmorillonite and chlorite.

An important feature worthy of special note, is the total absence of arsenic-
bearing clastic phases such as arsenopyrite and arsenious pyrite. The Brit-
ish Geological Survey (2001) also noted that arsenopyrite was never seen
and that in general, sediments are sulphur-poor. They confirmed the gen-
eral observation that the highest concentrations of most elements, includ-
ing arsenic, are found in the fine-grained, especially clay, sediments.The
hypothesis that iron oxides are a primary source of As in Bangladesh
groundwaters was supported by the BGS data. Areas which had high con-
centrations of iron oxides with their adsorbed and co-precipitated As had
the most arsenic-rich ground waters.

Organic matter

The presence of organic matter, notably peat, in some of the aquifer sedi-
ments of the aquifer sediments of the Bengal Basin has influenced some
workers to hypothesize on the role of organic matter in the arsenic geo-
chemistry. Ahmed et al. (1998); Brammer (1996), Safiullah (1998), DPHE
(1999), Ishiga et al. (2000) noted the presence of peat beds in deferent
parts of the Bengal Basin. Further locations of peat are given in Raven-
scroft et al. (2001), who report that biogenic methane is common in
groundwater over large areas, in places in amounts sufficient to provide
domestic fuel. This was taken as a clear indicator of a substantial amount
of organic matter undergoing microbial degradation. Human organic
wastes from latrines, some of which are located very close to wells are also
considered as contributors to pollution. Ravenscroft et al. (2001) consid-
ered peat degradation as a major redox driver of arsenic pollution (Figure
7.14).

The scale of the problem

Termed as the biggest mass poisoning in history, the arsenic problem in
the Bengal Basin, in view of the sheer numbers of people involved (esti-
mated to be over 130 million) is by far the biggest arsenic groundwater
problem in the world. Up to half of Bangladesh’s tube wells (Figure 7.15),
about 10 million in number, are thought to be contaminated and the ex-
pected deaths resulting from arsenic poisoning is expected to run into
thousands. It is estimated that 95% of the population of Bangladesh use
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groundwater as drinking water. It is the shallow aquifer system (10-70 m
below ground level) that is known to be the main cause of the arsenic
problem. The deep aquifer system (150-200 m) is known to have relatively
less arsenic.

D E
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Infiltration of water the Decomposition of Peat

Fig. 7.14. Model of how arsenic pollution occurs in Bengal Basin and in any sedi-
mentary sequence hosting buried swampland and marsh. In shallow Bangladesh
sequences, hydraulic gradients cause downward movement of water during the
wet season. In other sequences hydraulic gradients may cause upward flow of wa-
ter through peat (Ravenscroft et al., 2001)

Well A- Low concentrations of organic moieties from distant peat cause some FeOOH re-
duction, the release of small amounts of arsenic and so low arsenic concentrations.

Well B- High amount of organic moieties from near by peat cause much FeOOH reduction,
the release of large amount of arsenic and high arsenic concentrations.

Well C- Arsenic pollution above a peat layer caused by migration of arsenic in response to
strong pumping and also migration of organic moieties upwards to cause local FeOOH re-
duction and additional arsenic release.

Well D- Uncontaminated, oxic, hand dug well. Seasonally dry and is safe from arsenic pol-
lution.

Well E- A well that is currently uncontaminated. The likelihood of contamination depends
on the distance organic moieties travelling laterally before being consumed by redox reac-
tions and on the rate of movement of dissolved arsenic.
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Fig. 7.15. There are millions of tube wells in Bangladesh, providing 95% of the
drinking water in this country

The geochemical mechanisms of arsenic mobility in the
Bengal basin

Distribution of Arsenic in the Aquifer System

The extensive work carried out by the British Geological Survey in 41 of
the 64 districts in 1998 showed that from among 2022 samples analyzed

i) 51% of the samples were above 10 pg/L (WHO guideline value)
ii) 35% were above 50 pg/L

iii) 25% were above 100 pg/L

v) 8.4% were above 300 pg/L

V) 0.1% were above 1000 pg/L

Only about 20% were considered to be essentially ‘arsenic-free’.

The survey also showed that the groundwaters are characteristic of reduced
waters as indicated by high dissolved Fe, Mn and low sulphate. Unusually
high phosphate concentrations were also observed (median 0.6 mg/L).
Figure 7.16 illustrates the map showing the distribution of arsenic in
groundwater in Bangladesh. The occurrences of arsenic correlates strongly
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with surface geology and geomorphology, the most affected aquifers being
those alluvial deposits lying beneath the Recent flood plains. From among
the flood plains, the Brahmaputra and Tista rivers had the lowest levels
while those of the Meghna flood plains southeast Bangladesh had much
higher concentrations.
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Fig. 7.16. Distribution of arsenic in groundwater in Bangladesh (reprinted with
kind permission from the British Geological Survey, 2001)
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Geochemical Mechanism of Arsenic Mobility

There are at present three main mechanisms attributed by different workers
to the mechanism of enrichment of arsenic waters in the Bengal Basin.
These could be summarized as:

i) Mechanisms of As-bearing pyrite oxidation
In this hypothesis (Mallick and Rajagopal, 1996; Das et al., 1996;
Mandal et al., 1998), arsenic is released by the oxidation of arse-
nic-bearing pyrite in the sediments when groundwater irrigation
lowers the water table to allow atmospheric oxygen into the aqui-
fer sediments.

ii) Competitive (anion) exchange mechanism
The arsenite/arsenate anions sorbed to aquifer minerals are dis-
placed into solution by competitive exchange with other oxy-
anions, such as phosphate silicate or bicarbonate. In the Bengal
Basin (Achryya et al., 2000) the source of phosphate was consid-
ered to be the super-phosphate fertilizer that was applied in excess
and which allowed the leaching of arsenic into the groundwaters.

1ii). FeOOH reduction mechanism
Naturally occurring arsenic sorbed onto iron oxyhydroxides
(FeOOH) is released when these are reduced at anoxic conditions
developed during sediment burial (Bhattacharya et al. 1997; Nick-
son et al., 1998; 2000; McArthur et al., 2001), possibly driven by
microbial actions.

The mechanism of arsenic-bearing pyrite oxidation has not found much
favour among the large number of researchers investigating into the
mechanism of arsenic mobilization. Arsenopyrite has not been identified
among the common minerals in Bangladesh sediments (Pal et al., 2002).
The lack of high sulphate concentrations in arsenic-rich groundwater is
used as a key evidence against the pyrite oxidation hypothesis.

The second mechanism concerning the competitive anion exchange with
phosphates and others stemmed from the increased use of phosphatic fer-
tilizers in Bangladesh. The sorbed arsenic on FeOOH was thought to be
classified as a result of phosphate leached from soils on account of an ex-
cessive use of phosphatic fertilizer. However, this idea has been rejected
(Ravenscroft et al., 2001) in view of the fact that there are certain areas
where the groundwater is essentially free of both arsenic and phosphorus
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but where irrigation and application of fertilizer is highest. Some experi-
mental work carried out by Manning and Goldberg (1997) showed that
P/As mole partition ratios for desorption of arsenic by phosphate were
around 5000. Thus, no more than 2 pg/L of arsenic was expected to be de-
sorbed by a phosphorous (as P) concentration in groundwater of 5 mg/L.
Further, uranium which normally accompanies phosphorus in fertilizers
was found to be very low in the Bangladesh groundwaters. Even when
uranium was high, phosphorus was very low. Thus most accepted hy-
pothesis for arsenic enrichment of Bangladesh aquifer is the iron oxide re-
duction hypothesis.

Arsenic is known to show slow release from recently buried sediments in
rivers, lakes and ocean (Smedley and Kinniburgh, 2002). The iron ox-
ide/hydroxide phases adsorb arsenic on their surfaces, bearing in mind that
many minerals have the surface-coated iron oxide/hydroxide and which
therefore becomes arsenic-rich. The reduction of FeOOH is driven by a
microbial metabolism of organic matter and is accompanied by microbial
reduction of arsenate to arsenite (Zobrist et al., 2000).

The desorption of the above arsenic by some process will undoubtedly en-
rich the groundwaters in arsenic. The oxidation of fresh organic matter
during burial of sediments results in anaerobic conditions, thus aiding the
release of arsenic. Arsenic release is probably due to the following proc-
esses (BGS, 2001):

(a) Reductive desorption of arsenic due to transformation of As(V) to
As(II).
(b) Iron oxide reduction: reductive dissolution of iron oxides, and a

change in surface structure and specific surface area of the iron ox-
ides during diagenesis.

(©) Competition from other anions such as phosphates that may be
strongly bound.

The very large volume of the sediments in the Bengal Delta causes a mas-
sive total accumulation of arsenic, even though the actual mean arsenic
concentration may not be excessively high. The geochemical processes oc-
curring in the delta causes the enrichment of arsenic-rich groundwaters.

The studies of Ravenscroft et al. (2001) and Harvey et al. (2002) indicate a
distinct role played by organic matter. In their model of arsenic mobiliza-
tion in the Bangladesh aquifer sediments, Ravenscroft et al. (2001) hy-
pothesise that small organic species such as short-chain carboxylic acids
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and methylated amines drained from biodegradation of peat drives the
FeOOH reduction and ammonium production. The strong dependence of
arsenic distribution on depth was taken to suggest that these small organic
molecules have not migrated far and lie close to the peat source. Their
model (Figure 7.14) emphasizes the importance of the biodegradation of
buried peat deposits in the extreme reduction of FeEOOH and high arsenic
groundwaters. Harvey et al. (2002) are also of the view that arsenic mobi-
lization is associated with the recent inflow of carbon. High concentrations
of radio-carbon methane indicated that young carbon has driven the recent
biogeochemical processes.

Arsenic in Rice and Other Crops

The arsenic-enriched water in Bangladesh is used commonly to irrigate
paddy (rice) fields and vegetable plots. Arsenic therefore gets into the food
chain quite easily. Paddy rice (Oryza sativa L.) is the staple food of the
millions of Bangladeshis and the nature of the uptake of arsenic by the rice
plant is of special importance, bearing in mind that tens of kilograms of
rice per year per person is consumed.

Meharg and Rahman (2003) carried out a survey of paddy soils and rice
grains throughout Bangladesh. The survey of the paddy soils showed that
where arsenic groundwater is used for irrigation, the arsenic contents were
elevated. Arsenic levels in the rice grains from an area of Bangladesh with
low levels of arsenic in groundwaters and in paddy soils showed that the
levels were typical of other regions of the world. The rice grains grown on
regions where soil arsenic was high, had markedly high arsenic contents,
with three rice grain samples having as much as 1.7 pg/g As. A study by
Hugq et al. (2006) showed that from among the crops, Arum (colocassia
antiquorum) and Boro rice had the highest arsenic build up (Figure 7.17).

The uptake kinetics of arsenic species in rice plants has been studied by
Abedin et al. (2002). They showed that As species found in soil solution
from a greenhouse experiment where rice was irrigated with arsenate con-
taminated water were, arsenite, arsenate, dimethylarsinic acid and mono-
methylarsonic acid. Competitive inhibition of uptake with phosphate
showed that arsenite and arsenate were taken up by different uptake sys-
tems because arsenate uptake was strongly suppressed in the presence of
phosphate, whereas arsenite transport was not affected by phosphate. Abe-
din et al. (2002) also showed that there was a hyperbolic uptake of mono-
methylarsonic acid and limited uptake of dimethyl arsinic acid, at a slow
rate.
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Fig. 7.17. Arsenic load from irrigation water for some crops compared to that of
rice (Huq et al., 2006)

HEALTH EFFECTS OF ARSENIC

Arsenic found in the natural environment can enter the human body
through food, water, soil and air. Skin contact with arsenic-rich soil and
water could also be a source of irrigation. The particular arsenic species in
the environment is not normally determined in routine procedures and
hence the level and nature of arsenic exposure may not be known.

Arsenic is known as a protoplasmic poison due to its effect on the thiol
group (-SH) of protein molecules in cells affecting normal enzymatic ac-
tion, cell respiration and mitosis (Gordon and Quastel, 1948). In the bio-
transformation of arsenic (Scheme shown below), monomethyl arsenous
acid (MMA 1II) is reported to be the most toxic to the cells (Aposhian et
al., 2000) and a powerful inhibitor of glutathione reductase and thiore-
doxin reductase (TR).
Arsenate [As(V)]

l Arsenate reductase
Arsenite [As(II)]
l Arsenate methyl transferase
MMA V (Monomethyl arsonic acid)
l Glutathione Reductase
MMA III (Monomethyl arsenous acid)
l MMA methyl transferase

DMA V (Dimethyl arsinic acid)

Arsenic is classified as a hazardous material suspected to be a carcinogen
affecting the lungs and skin. It is also a teratogen which means that it can
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cross the placental membrane into the metabolic system of unborn chil-
dren. It is also known as a cumulative substance passing out of the body
through urine, hair, finger, toe nails and skin. Most of the arsenic poison-
ing symptoms have been identified in Bangladesh. Among these are pa-
tients with melanosis (93.5%), leuco-melanosis (39.1%), keratosis
(68.3%), hyperkertosis (37.6%), dorsum, non-petting oedema, gangrene
and skin cancers (Karim, 2000). Tables 7.5 and 7.6 show the concentra-
tions of arsenic in urine, hair and nails in some areas of the world, and the
magnitude of the arsenic problem in Bangladesh, respectively. Figure 7.18
shows the impact of arsenic poisoning on the health of people living in af-
fected areas. Saha (2003) in a review of arsenicosis in West Bengal dis-
cussed the severity of the arsenic problem in West Bengal. Arsenicosis is
classified into 4 stages (i) preclinical (ii) clinical (iii) complication and (iv)
malignancy (Saha et al., 1999) (Tables 7.7 and 7.8).

Table 7.5. Concentration of arsenic in urine, hair and nails of the affected people
in different arsenic contaminated water ingestion episodes (Karim, 2000)

Location Concentration Concentration Concentration
in urine (mg/L) in hair (mg/kg) in nails (mg/kg)

Fairbank (USA) 0.18 1.0 4.0

Millard Country (USA) 0.025-0.66 010-4.7 -

Antofagasta Chile 0.025-0.77 4.00-83.4 -

Lassen Country (USA) 0.04-0.26 0.01-2.00 -

Taiwan 0.03-2.0 - -

West Bengal, India 0.03-2.0 1.81-31.05 1.47-52.03

Bangladesh 0.05-9.42 1.1-19.84 1.3-33.98

Table 7.6. Arsenic in different body tissues collected from Bera, Ishurdi and Ku-
shita arcas-Bangladesh (the urine arsenic content were estimated on the assump-
tion that a total discharge of urine at one day is 1.5L) (Karim, 2000)

Sample Total Normal Safety range Higher Arsenic conc.
Samples  Category than
normal
No. % No. %
Finger- 74 4 5 0.43-1.08 mg/kg 70 95 1.3-33.98 mg/kg
nails
Hair 74 3 4 0.08-0.25 mg/kg 71 96 1.1-19.84 mg/kg
Skin 65 0 0 na 65 100 0.28-23.5 mg/L
Urine 63 4 6 0.005-0.04 59 94 0.075-14.13
mg/dl mg/dl

Water 41 14 34 0.01-0.05mg/L 27 66 0.01-9.0 mg/L
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Table 7.7. Stage-wise gradation of arsenicosis (Saha et al., 1999)

Stages Grades Inference
I. Preclinical 0 Preclinical
0-a Labile-Blood phase
0-b Stable-Tissue phase
II. Clinical 1 Melanosis
l-a Diffuse melanosis in palm
1-b Spotted melanosis in trunk
1-c Generalized melanosis
2 Spotted keratosis in palms and soles
2-a Mild (1- 6 nodules)
2-b severe (>6 nodules)
2-c large nodules
3 Diffuse keratosis in palms and soles
3-a Partial- in palms or soles
3-b Partial- in palms and soles
3-c Complete
4 Dorsal keratosis
4-a In hands or legs
4-b In hands and legs
4-c Generalized
III. Complications 5 Hepatic disorder
5-a Palpable liver
5-b Jaundice
5-c Ascitis
IV. Malignancy 6 Malignancy
6-a Single lesion
6-b Two lesions

6-c More than two lesions
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Table 7.8. Increasing incidences of arsenicosis in West Bengal (1983-1998) (* es-
timated figure) (Saha et al., 1999)

Year Affected  Affected Affected Arsenical Der-
districts  blocks villages  matitis patients

1983 4 5 5 127

1984 5 12 15 241

1985 6 17 24 485

1986 6 30 40 1068

1987 6 40 61 1214

1988 6 42 78 2026

1989 6 43 79 2185

1990 6 44 123 24000*

1993 6 47 415 83000*

1994 6 47 428 85600*

1995 6 54 544 108800*

1996 7 60 638 200000*

1997 9 74 966 >200000*

1998 9 76 1206 >225000*

Fig. 7.18. Impact of arsenic poisoning on the health of people living in affected
areas of West Bengal (photos sent by Prof. Surendra Kumar)



CHAPTER 8

WATER HARDNESS IN RELATION TO
CARDIOVASCULAR DISEASES AND URINARY
STONES

One of the most intriguing, yet, not very well defined geochemistry-health
correlations is the incidence of cardiovascular diseases (CVD) in connec-
tion with water hardness of a particular area (Crawford et al., 1977; Com-
stock, 1979; Bernardi et al., 1995). One of the earliest studies on the rela-
tionship between water hardness and the incidence of vascular diseases
was by a Japanese chemist Kobayashi (1957). He showed on epidemiol-
ogical grounds higher mortality rates from cardiovascular diseases
(strokes) in the areas of Japanese rivers with softer water compared to ar-
eas with hard water used for drinking purposes. Kozisek (2003) has sum-
marized the beginnings of research that led to the health significance of
water hardness. He mentions that among the best known studies is that by
Schroeder (1960) who showed a correlation between mortality from CVD
in males (ages 45-64) and water hardness in 163 largest cities of the USA
and who summarized his results under the caption “soft water, hard ar-
teries”.

Within the first two decades of research into water hardness in association
with cardiovascular diseases, more than 100 papers had been published
(Hewitt and Neri, 1980). In several countries and areas, a negative correla-
tion has been observed between water hardness and death rate due to heart
diseases (Masironi, 1979; Pocock et al., 1980; Teitge, 1990). Even though
a definite causal effect still cannot be ascribed to this geochemical correla-
tion, the effect of trace elements in drinking water on heart diseases has
caused great interest among medical geologists. It is of particular interest
to note that such a negative association between water hardness and car-
diovascular pathology is evident in both industrialized and developing
countries in the tropics.

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 8, © Springer-Verlag Berlin Heidelberg 2009
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It should, however, be mentioned that not all studies confirm such a rela-
tionship. Miyake and Iki (2004) for example, in a recent study, observed
that there is a lack of association between water hardness and coronary
heart diseases (CHD) mortality in Japan. These authors observed that in
males, after adjustment for age, an inverse dose-response relationship be-
tween water hardness and mortality from CHD was significant (p=0.004).
However, the relationship virtually disappeared after further adjusting for
socioeconomics status and health care status. In females they found no as-
sociation between water hardness and coronary mortality. Nonetheless, a
large number of studies covering many countries suggest such a correla-
tion and geochemically it is worthy of serious study.

WATER HARDNESS

Water hardness has been defined in the literature in a variety of ways with
multiple units being used to express it, such as German, French and Eng-
lish degrees; equivalent CaCOj; or CaO in mg/L. Even though initially wa-
ter hardness was rather vaguely defined as a measure of the capacity of
water to precipitate soap, it is now generally accepted that hardness is de-
fined as the concentrations of calcium and magnesium ions or as CaCO;
equivalent in mg/L. General guidelines for classification of water are given
below:

CaCO; mg/L, Water hardness
0-60 Soft

61-20 Moderately hard
121-180 Hard

>180 Very hard

Most natural water supplies contain at least some hardness due to dis-
solved calcium and magnesium bearing carbonates and silicates. Elements
such as iron may contribute to the hardness of water, but in natural water,
they are generally present in low quantities. The total hardness of water
may range from trace amounts to milligrams per litre.

Cardio-protective Role of Calcium and Magnesium

The “water factor’ in the heavily discussed association of water hardness
with the low incidence of cardiovascular diseases (CVD) has been the
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most intriguing question. What is it in the hard water that is really respon-
sible for the cardio-protective role? Based on a large number of research
investigations, the increasing evidence is indicative of magnesium as the
‘candidate element’ with calcium playing a sub-ordinate supportive role
(Eisenberg, 1992).

The presence of calcium and magnesium in natural water results from the
decomposition of calcium and magnesium aluminosilicates and, at higher
concentrations, from the dissolution of limestone, magnesium limestone,
magnesite, gypsum and other minerals. In most waters, Ca and Mg are pre-
sent as simple ions Ca’" and Mg”" with the Ca levels varying from tens to
hundreds of mg/L and the Mg concentrations varying from units to tens of
mg/L. The crustal abundance of Mg is much lower as compared to Ca and
hence the lower abundance of Mg in the natural waters, the average Ca/Mg
ratio being 4.

It is well known that both Ca and Mg are essential for the human body.
Apart from being a major component of bones and teeth, they both play a
role in the decrease of neuromuscular excitability, myocardial system,
heart and muscle contractility, intracellular information, transmission and
blood coagulability. Among the common manifestations of Ca-deficiency
is osteoporosis and osteomalacia, while hypertension is also thought to be
linked to Ca-deficiency.

Mg is a vital cofactor and activator of more than 300 enzymatic reactions
including glycolysis, ATP metabolism, transport of elements such as Na, K
and Ca through membranes, synthesis of proteins and nucleic acids, neu-
romuscular excitability, muscle contraction (Kozisek, 2003). Mg-
deficiency is known to be linked to e.g. vasoconstrictions, hypertension,
cardiac arrhythmia, acute myocardial infarction.

An important point to note is that although only two out of three studies
have shown correlation between cardiovascular mortality and water hard-
ness (Figure 8.1), studies carried out on the water magnesium alone have
all shown an inverse correlation between cardiovascular mortality and wa-
ter magnesium level (Durlach et al., 1985).
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Fig. 8.1. Water Ca in some areas in England and Wales in relation to cardiovascu-
lar death rate (per 100,000 men), age 45-64 years during 1958-64 (Gardner 1973;
Keil, 1979)

Neri et al. (1975, 1977) who carried out a nation-wide survey of 15 ele-
ments present in 575 drinking water samples were of the opinion that Mg
was the element most-likely to show the cardioprotective role. They based
their conclusions on the following evidence as reported by Marier (1978).

(i) It was present in more than 10% of sampled waters.
(i) Mg has a consistent function of the softness-hardness gradient.

(iii) Mg represents a significantly high proportion of the daily intake
from other sources.

(iv) The known metabolic effects of Mg are consistent with the hard
water mortality trend.

(v)  Analysis of 350 tissue samples from 161 autopsy cases revealed
that myocardial Mg was 6% lower in “cardiac death” patients
from soft-water localities in comparison with hard water regions.

(vi) Myocardial Mg in all “cardiac death” tissues averaged 22% lower
than in the group of non-cardiac fatalities.

In the search for the “unknown water factor” associated with hard water,
trace elements beneficial to health (Li, Zn, Co, Cu, Sn, Mn) and toxic (Pb,
Cd, Hg) had also been investigated. No significant correlation between the
content of these elements in water with CVD morbidity had been ob-
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served. Attention had been paid also to the higher corrosive potential of
soft water known to support higher leakage of toxic compounds from wa-
ter pipes.

Rubenowitz et al. (2000) studied the correlation between the drinking wa-
ter Mg and Ca levels and morbidity and mortality from acute myocardial
infarction (AMI) in 823 males and females aged 50-74 years in 18 Swed-
ish districts. Their findings supported the hypothesis that Mg prevents sud-
den death from AMI, rather than all ischaemic disease deaths.

Maier (2003) observed that there is a link between low magnesium and
atherosclerosis. It was shown that Mg-deficiency caused by poor diet
and/or errors in its metabolism may be a missing link between diverse car-
diovascular risk factors and atherosclerosis. The latter is described as a
form of chronic inflammation resulting from interaction between lipopro-
teins, monocyte-derived macrophages, T cells and the normal components
of the arterial wall.

Apart from Mg-deficiencies promoting inflammation, it is also known to
be frequently associated with hypertension, diabetes and aging - known
risk factors of atherosclerosis.

It has been shown (WHO, 1978; Oh et al., 1986), that soft water markedly
reduces the content of different elements (including Mg and Ca) in food if
used for cooking vegetables, meat and cereals. For Mg and Ca this figure
could be as high as 60%. As against this if hard water is used for cooking,
this loss was estimated to be much lower. Kozisek (2003) was of the view
that in areas supplied with soft water, one needs to take into account not
only a lower intake of Mg and Ca from drinking water, but also a lower in-
take of Mg and Ca from food due to their loss during cooking in such wa-
ter.

Several attempts have been made to quantify the protective effect of water
magnesium (Figure 8.2). The study by Schroeder (1960) in USA estimated
that an increase of the water Mg level by about 8 mg/L led to reduction of
mortality from all CVD by about 10%. Teitge (1990), in his extensive
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German study reported that if drinking water Mg is reduced by about 4.5
mg/L, the incidence of myocardial infarction increases by 10%.
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Fig. 8.2. Relation between cardiovascular death among men and drinking water
magnesium levels in Sweden, Germany and South Africa (Rylander, 1996)

Even though the role of Mg in cardiovascular diseases has been more im-
portant, the Ca/Mg ratio has also been a subject of interest (Figure 8.3).
However, there are no well defined values for such a ratio, bearing in
mind, the still hypothetical nature of the importance of Ca and Mg in
drinking water in CVD.
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Fig. 8.3. Relationship between death rates from Coronary Heart Diseases (CHD)
and the average calcium to magnesium ratio of the diet in different Organization
for Economic Co-operation and Development (OECD) countries (Karppanen et

al., 1978)
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GEOCHEMICAL BASIS FOR TROPICAL
ENDOMYOCARDIAL FIBROSIS (EMF)

Endomyocardial fibrosis (EMF) is an idiopathic disorder of people living
in the tropical and subtropical regions of the world and characterized by
the development of restrictive cardiomyopathy. It is sometimes considered
to be a part of a spectrum of single disease processes that includes Loffler
endocarditis (non-tropical eosiniophilic endomyocardial fibrosis). EMF
displays a growth of a thick meshwork of fibrous tissues (collagen and
elastin) within the endocardium and heart valves (Fergeson, 2002; Smith et
al., 1998). EMF has been observed in Uganda, Nigeria and India among
other tropical countries.

The aetiology of EMF is uncertain. One of the suggested reasons for tropi-
cal EMF is the influence of the element cerium (Eapen, 1998; Smith,
1998). The presence of elevated levels of dietary Ce and deficient levels of
Mg, notably in South India have been considered as potential cofactors in
the aetiology of endomyocardial fibrosis. Figure 8.4 shows the concentra-
tion of EMF in the equatorial region.

7] Areas in which EMF has been identified

Fig. 8.4. World wide distribution of endomyocardial fibrosis (EMF) (Smith el al.,
1998, Valiathan et al., 1993)

Valiathan et al. (1993) pointed out that the geochemistry of these tropical
countries has common characteristics and it is the geochemistry that is
perhaps responsible for tropical EMF. These authors studied the tropical
EMF of Kerala in South India and made several observations. The major-
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ity of the tropical EMF cases were concentrated in the coastal areas where
the Ce-rich mineral monazite was also concentrated (Fig 8.5). The mona-
zite from the coastal sands from 2 sites of Kerala had cerium contents
ranging from 34 to 37%. Cerium is the most abundant element in monazite
and shows the highest solubility among all rare-earth metals. It is now
known to be toxic to humans.

Valiathan et al. (1993) hypothesised that the non-random distribution of
EMF in Kerala and its spatial coincidence with latosolic soils is indicative
of geochemical factors having a causal association with the disease.

Kartha et al. (1993), in an attempt to develop an animal model for EMF
based on the geochemical hypothesis, carried out experiments on rats using
Mg and C. They claimed that there is evidence for the possible connection
of EMF with myocardial levels of these two elements. The supportive data
were the preferential accumulation of Ce in cardiac tissues compared to
skeletal muscle, enhancement of cerium levels in tissues in Mg deficiency
and the synergistic effect of Mg-deficiency, and the severity of myocardial
lesions.

The presence of Th and Ce in conjunction with Mg-deficiency was indica-
tive of the possibility that EMF could be the “cardiac expression of an
elemental interaction that causes a toxic metal to replace an essential ele-
ment at the cellular level” (Valiathan et al., 1993). An interesting observa-
tion made by these authors was that children suffering from helminthiasis
and anaemia in Kerala were known to consume sand. The radioactivity of
urine measured in children of Kerala between 5 and 9 was 21+2+7.1
pCi/L. They also refer to a case study in Minas Gerais, Brazil, where hu-
man ingestion of Th and REE based on their contents in faeces revealed a
tandem relationship between Th and Ce (Linslata et al., 1986).
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ARABIAN SEA

Fig. 8.5. (A) Distribution of monazite sand along Kerala coast, India and (B) Dis-
tribution of places of origin of 300 patients with endomyocardial fibrosis in (Vali-
athan et al., 1993)

The role of Mg was considered to be synergistic insofar as it enhances the
adsorption of Ce and provides binding sites for the toxic element in the
myocardium. If this geochemical hypothesis is correct, then similar over
exposures to Ce must occur in other environments where EMF is preva-
lent. Smith et al. (1998) tested this hypothesis in Uganda where EMF is
endemic and which represents the most common form of infantile heart
condition. In Uganda, the presence of elevated Ce and lack of Mg in the
surface environment was associated with the presence of highly weathered
ancient granites and gneisses that form latosolic soils over large tracts of
central and northern parts. Mineralogical and analytical examinations re-
vealed the presence of a Ce-bearing non-phosphate mineral (with no sig-
nificant La or P) possibly carbonate, oxide or hydroxide. Smith et al.
(1998) were of the view that the occurrence of Ce without La and other
REE indicates a mineral formed at low temperatures at the near-surface
environment. Cerium present in the finer fractions of dust increases its
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mobility, bioavailability in the human gastrointestinal tract and the direct
absorption through the skin (Price and Henderson, 1981) or scavenging
cells within the gastrointestinal tract (Powell et al., 1996).

The work of Smith et al. (1998) substantiated the observations made in
south-western India, and showed that Ce within the Ugandan environment
is controlled by the presence of <20 pum particles in the soil.

EFFECT OF WATER HARDNESS ON URINARY STONE
FORMATION (UROLITHIASIS)

The mineral and electrolyte content of drinking water varies markedly de-
pending on the geology, soil chemistry and hydrology of the terrains con-
cerned. The effect of these minerals and electrolytes on the human physi-
ology has been the subject of many investigations. Urinary stone formation
is common in many countries and particularly in some of the tropical
countries (Singh et al.,, 2001). Figures 8.6 and 8.7 show some urinary
stones and their internal structures.

Stones which form in the kidneys are made of different types of crystals.
There are made up of:

(a) calcium oxalate

(b) calcium phosphate

(c) combination of calcium oxalate and calcium phosphate

(d) magnesium ammonium phosphate (known as struvite or infection

stones)
(e) uric acid
(f) cystine

(g) miscellaneous types which may occur with drug metabolites.
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Fig. 8.6. A kidney stone with a diameter of about 6 cm

Fig. 8.7. Internal structures of kidney stones (Wijewardana, 2005)
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Types of Stones

Calcium oxalate

This is the most common type of stone, and forms due to excessive amount
of calcium oxalate in the urine. They are of two types namely (i) monohy-
drate (ii) dihydrate. While calcium oxalate dihydrate stones break easily
with the treatment procedure lithotripsy, monohydrate stones are among
the most difficult to break. These stones usually develop when the urine is
acid (pH <6.0) (Leonard, 1961; Gibson, 1974; Kadurin, 1998; Sokol et al.,
2005).

Calcium phosphate

Calcium phosphate develops in alkaline urine (pH >7.2) and often occur in
people with urinary tract infection, hyperparathyroidism, medullary sponge
kidneys or Renal Tubular Acidosis (RTA). Citrate is known to play an im-
portant role in calcium stone formation. It forms a soluble salt with cal-
cium and inhibits the formation of calcium oxalate and calcium phosphate
crystals. Low levels of urinary citrate therefore increase the chances of de-
veloping stones. However, when urine pH is less that 5.5, uric acid crystals
develop and calcium crystals then form layers around the crystal to form a
calcium oxalate stone.

Uric acid

In their pure form these stones do not contain calcium. Uric acid is an end
product of urine metabolism and the crystals cause gout, an arthritic condi-
tion. In acid urine (pH <5.5) uric acid crystals precipitate leading to stone
formation. When urine is alkaline, uric acid remains soluble.

Magnesium ammonium phosphate stones (struvite)

These stones are termed infection stones or struvite. They make up ap-
proximately 15% of the urine stones and are thus an important group. The
basic precondition for the formation of infection stones is a urease positive
urinary tract infection. Urease splits the urea to ammonia and CO,. Alka-
line urine also develops and struvite and carbonate apatite crystals develop
(Bichler et al., 2002).
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The following reactions take place in the formation of carbonate apatite
and struvite in ureas positive infection. Urea is hydrolysed in the presence
of urine.

0]

+H,0
HN C——NH, urease +H, CO, + NH,

urea

Ammonia and carbon dioxide hydrolyze to ammonium ions and bicarbon-
ate. Binding with available cations produces magnesium ammonium phos-
phate (2) and carbonate apatite.

pH>72
6 H,0 + Mg’ " +NH, + PO, = ———» MgNH,PO, . 6H,0
4— .
pH<72 Struvite
pH >6.8

COs*> +10Ca’" + 6PO,> ———> Cay (PO, )sCOs5

4—
pH <6.8 Carbonate apatite

Cysteine

These stones are different from the others since they do not have a protein
matrix due to excess amounts of the amino acid cysteine in the urine
(cystinuria). Due to the protein matrix, these stones are difficult to frag-
ment.

The urinary stones, as discussed above are minerals and can be studied by
techniques such as X-ray diffraction and optical microscopy. Among these
minerals are:

(a) Apatite Ca;(PO4,CO3); (F,OH,Cl) calcium phosphate

(b) Whewellite CaC,04.H,0 calcium oxalate

(c) Weddellite  CaC,0,4.2H,0

(d) Struvite Mg(NH,4)PO4.6H,0 magnesium ammonium phos-
phate

(e) Brushite CaHPO,.2H,0 calcium hydrogen phosphate

(f) Whitlockite = Cay(Mg, Fe)H(PO,), calcium phosphate(more common

as prostate stone)
(g) Newberyite MgHPO,.3H,0 magnesium hydrogen phosphate
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Kajander and Ciftcioglu (1998) in a controversial theory attributed stone
formation and calcification in the human body to nanobacteria. These au-
thors found nanobacterial culture systems that allow for reproducible pro-
duction of apatite calcifications in vitro. Depending on the culture condi-
tions, tiny nanocolloid-sized particles covered with apatite, forming
various sizes of aggregates and stones were observed. They considered
nanobacteria as important nidi (microcrystalline centres) for crystal forma-
tion. They concluded that bacteria- mediated apatite takes place in humans
just as in the case of aqueous environments and geological materials, nota-
bly sediments. This theory however was criticized by Cisar et al. (2000)
who proposed that biomineralization was caused by the non-living, nucle-
ating activities of self- propagating microcrystalline centres (nidi) which
form crystalloid macromolecules of calcium carbonate phosphate apatite.
Photographs of these non-living structures taken by electron microscopy
were identical in appearance to those previously described by Kajander
and Ciftcioglu (1998).

Studies carried out on the effect of water hardness on urinary stone forma-
tion (Schwartz et al., 2002) appear to indicate a lack of any significant as-
sociation between water hardness and the incidence of urinary formation.
Bellizia et al. (1999) in their studies on effects of water hardness on uri-
nary risk factors for kidney stones in patients with idiopathic nephrolithi-
asis observed that, as compared with both tap and soft water, hard water
was associated with a significant 50% increase of the urinary calcium con-
centration in the absence of changes of oxalate excretion.

Many early investigators have documented an inverse relationship between
drinking water hardness and calcium urolithiasis (Churchill et al., 1978;
Churchill et al., 1980; Shuster et al., 1982). The reason for such an inverse
relationship was not well known. As pointed out by Schwartz et al. (2002),
increased mineral content, most notably calcium, in hard water is the big-
gest concern of most patients. However, these authors contend that no
studies support the premise that ingesting hard water increases the risk of
urinary stone formation. Singh et al. (2001) studied the role of fluoride in
urinary stone formation in humans using case studies in India. They se-
lected two areas, a fluoride endemic area and a fluoride non-endemic area.
They observed that the prevalence of urolithiasis was 4.6 times higher in
the endemic area as compared to the non-endemic area. Furthermore, they
noted that the prevalence was almost double in subjects with fluorosis as
against those without fluorosis in the endemic area. However, the effect of
fluoride in drinking water on urinary stone formation is still not suffi-
ciently well known.



CHAPTER 9

SELENIUM- A NEW ENTRANT TO MEDICAL
GEOLOGY

The element selenium could be regarded as a new entrant to the field of
medical geology. It is of special importance to the developing countries of
the tropical belt where there appears to be an apparent association with
some diseases. Since selenium is not an element that is determined in rou-
tine investigations, the real impact of selenium excess or deficiency on the
population may be hidden. Recently however, the importance of selenium
as a medically important element has received increasing attention and
many studies, notably in China, have been carried out on the epidemiology
of selenium-associated diseases.

Selenium was designated as an essential trace element for humans and
animals in the late 1950s. It is a part of the biologically important enzyme
glutathione peroxidase (GSH-PX) which acts as an antioxidant preventing
tissues degeneration. However, as for some other trace elements, excessive
doses could cause ill health. The range between deficiency levels, (<11
ug/g per day) and toxic levels in susceptible people (>900 pg/g per day) is
very narrow (Fordyce et al., 2000b; Yang and Xia, 1995). The endemic
degenerative heart disease in China, known as Keshan Disease and an en-
demic osteoarthropathy (Kaschin-Beck Disease) causing deformity of af-
fected joints, are attributed to selenium deficiency.

THE GEOCHEMISTRY OF SELENIUM IN THE
ENVIRONMENT

Selenium is classified as a metalloid -an element which has properties of
both a metal and a non-metal. It shows chemical similarities to sulphur,
which also lies in Group VI of the periodic table. Because of this similarity
in form and components they have many interrelations in biology (Adri-
ano, 2001). Selenium exhibits a number of oxidation states, -1I, 0, +IV and
+VI. The most important oxidation states of selenium in the environment
are -II (selenides) 0 (ground state) +IV (selenites) and +VI (selenates). The

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 9, © Springer-Verlag Berlin Heidelberg 2009
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abundance of Se in the earth’s crust ranges from 0.05 to 0.09 mg/kg, ap-
proximately 1/6000™ of sulphur and 1/50™ of that of arsenic. Table 9.1
shows the selenium concentrations in some environmental media. Coal and
black shales are generally enriched in selenium. Approximately 50 sele-
nium minerals are known and on account of the similarity of Se with S, it
is commonly associated with heavy metal (e.g. Ag, Cu, Pb, Hg, Ni) sul-
phides and occurs as either a selenide or as a substitute ion for S in the
crystal lattice (Malisa, 2001).

The mobility and bioavailability of selenium is determined by the chemical
form. Table 9.2 shows the common chemical forms of selenium in geo-
logical and biological materials. The general geochemistry of selenium is
complex since it shows several oxidation states and it has the ability to
complex with organic matter (Figure 9.1). Selenium is therefore found in a
variety of naturally occurring materials, the main sources being rock
weathering, volcanic emissions and metal sulphide deposits.

In sedimentary rocks, Se is associated with the clay size fraction and hence
it is more abundant in shales as compared to limestones or sandstones. It is
also known that relatively high concentrations (>300 pg/g) of Se are found
in some phosphate rocks and in view of the fact that phosphate fertilizers
are commonly used, this may be an important source of selenium in the
environment (Frankenberger and Engberg, 1998).

The Se concentrations of most soils range from 0.01-2 pg/g (world mean
0.4 ng/g; Fergusson, 1990). In some seleniferous areas, however, Se con-
centrations up to 1200 ug/g have been reported (Mayland et al., 1989). As
shown in Figure 9.2, in acid and neutral soils inorganic Se occurs as very
insoluble Se*" compounds of oxides and oxyhydroxides of ferric iron. In
neutral and alkaline soils, Se®" is the main oxidation state, being soluble
and hence more bioavailable. A notable geochemical feature is that Se*" is
adsorbed onto soil particle surfaces, with greater affinity than Se®” (Fugita
et al., 2005). The soil geochemistry of selenium is controlled by many fac-
tors-among which are:

(a) Se-speciation

(b) soil texture

(c) mineralogy

(d) organic matter

(e) presence of competing ions
(f) iron-oxides

(g) clays.
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Table 9.1. Selenium concentrations in selected materials (McNeal and Balistrieri,
1989; Fordyce et al., 1998; Malisa, 2001).

Material Se (ng/g)
Earth’s Crust 0.05
Granite 0.01-0.05
Limestone 0.08
Sandstone <0.05
Shale 0.06
Phosphate rock 1-300
Granite 0.025
Soil
USA <0.1-4.3
England/Wales <0.01-4.7
Seleniferous 1-80, <1200
Coal 0.46-10.65
Atmospheric dust 0.05-10
River water
Mississippi 0.00014
Amazon 0.00021
Colorado (alkaline) 0.01-0.4
Lake Michigan 0.0008-0.01
Sea water 0.000009
USA plants
Grasses 0.01-0.04
Clover and alfalfa 0.03-0.88
Barley 0.2-1.8
Oats 0.15-1
Algae
Marine 0.04-0.24
Freshwater <2
Whole fish
Marine 0.3-2
Freshwater 0.42-0.64
Animal tissue 0.4-4
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Table 9.2: Common chemical forms of Se in the environment.

Oxidation state Chemical forms
Se’ Elemental selenium
Se Selenite SeO;”

Trimethylselenonium (TMSe) (CHs);Se”
Selenous acid H,Se;™
Selenium dioxide SeO,

Se®* Selenate SeQ4>
Selenic acid HZSeO42'
Se” Selenides Se*

Dimethylselenide (DMSe)(CH3)Se
Dimethyldiselenide (DMdSe)(CH3),Se,
Hydrogen selenide H,Se
Dimethylselenone (CH3),SeO,

Se () < Se (0) ‘ Se (IV) (_ Se (V1)
Selenides Allotropic Selenites Selenates

) forms of _) _)

elemental Se
H,Se Very insoluble Selenites Selenates not
decomposes in H,0 strongly sorbed on
in H,0 sorbed on Fe,0,. x H,O
Fe,0,. x H,0
i Biological i /
Organic selenium compounds
-H,C-Se-CH,- -H,C-8-Se-CH,-
Waterlogged acid soils e Aerated alkaline soils

Fig. 9.1. Generalized chemistry of selenium in soils and weathering sediments
(Allaway, 1968)

The bioavailability of selenium is particularly influenced by clay and or-
ganic matter and these, due to their capacity to trap selenium, lower the
bioavailability. The presence of SO,> and PO, which compete with Se
ions for fixation sites in soils and plants are also known to affect the
bioavailability of selenium (Fordyce et al., 1998).

The Se concentrations in water, are generally very low and only rarely ex-
ceed the WHO safely limit of 10 pg/L. MacGregor (1998), studied a num-
ber of wells in the Amman-Zarqa Basin in Jordan and reported Se concen-
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tration up to 12 times the WHO safety range of values being 0.8 pg/L to
112 ng/L. The wells with highest levels were situated extremely close to
an abandoned phosphate mine.
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Fig. 9.2. Eh-pH diagram of Se in soils (Mayland et al., 1989)

Selenium is considered non-essential for plants. However, certain plants,
termed hyper-accumulators have the ability to absorb and accumulate high
concentrations of selenium. Plants absorb selenium in the form of selenate,
selenite or organic-Se. Selenate is absorbed by the root system through the
binding sites of sulphate. In view of the similarities, S and Se show similar
biochemical reactions, though in competition with each other. Selenite,
however, is thought to be taken up through different sites. The biochemical
similarity of Se and S are seen in their metabolism by the same enzymes
and assimilatory pathways (Adriano, 2001). The formation of Se analogues
of S compounds that are substrates for S assimilation enzymes therefore,
cause Se- toxicity. This is mainly due to the likely replacement of S by Se
in the amino acids of proteins, which in turn disrupts the essential catalytic
reactions (Figure 9.3).
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animal system (Adriano, 2001)

The hyperaccumulation of selenium by some plants, which in some cases
rises to more than 0.5 wt.%, is of special interest. As shown in Figure 9.4,
while normal plants (non-adapted) do not separate S from Se biochemi-
cally, the hyper-accumulators are able to separate inorganic sulphur (as
sulphate) from inorganic selenium (as selenate or selenite) as they enter the
plant. Hence Se toxicity is avoided.
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Normal plants grown in presences of Se

no biochemical separation ... ... of § from Se possible

partial synthesis of
CH;-Se-CH,-CH,-CHNH,COOH
(selenomethionine)

+

H-Se-CH,-CHNH,COOH
(selenocystein)

Incorporation into proteins, where -Se-Se- bridges are less stable
than -S-S-bridges and the enzymes therefore lose their activity.

Adapted plants grown in presence of Se

S and Se can be ... ... biochemically separated
Se i
synthesis of non-protein production of protein amino acids
amino acid analogues, e.g., Especially
CH,-Se-CH,-CHNH,COOH CH,-S-CH,-CH,-CHNH,COOH
(Se-methylselenocystein) (methionine)
or or
H-Se-CH,-CH,-CHNH,COOH H-S-CH,-CHNH,COOH
(selenohomocysteine) (cysteine)
bioaccumulation, but no toxic effects normal protein synthesis

Fig. 9.4. Adaptation and bioaccumulation of selenium in plants (Streit and Stumm,
1993)

Microbial Transformation of Selenium

The oxidation of selenium and its subsequent geochemical pathways in the
environment involve to a large extent microbial reduction, oxidation, me-
thylation and demethylation reactions. Biological transformations of toxic
Se-oxyanions into less toxic or biologically unavailable forms, such as Se
or volatile Se compounds are being investigated thoroughly in view of
their potential use in bioremediation (Dungan and Frankenberger, 1999).
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Since both selenate [SeO4>; Se(VI)] and selenite [SeOs>;Se (IV)] are toxic
and show bioaccumulation, the removal or immobilization of these oxyan-
ions has received greater attention.

The selenium cycle in soil is illustrated in Figure 9.5. As in the case of sul-
phur, microbial transformations predominate in the cycling of selenium.
There are four biological transformations that are of importance. These are
(i) reduction (assimilatory and dissimilatory) (ii) oxidation (iii) methyla-
tion (iv) demethylation.

Bacterial Se (VI) Microbial
dissimilatory assimilatory
reduction reduction

Redox reactions

Se (IV) (biotic or abiotic) Or‘gano—Se
Blome(hylaﬂon
Precipitation
e DMSe DMDSe,,...
Assimilation oy g)
Redox reactions
Metal selenites (biotic or abiotic) dameth ylation
Clays & Fe, Al, Mn-
oxi-hydroxides Se — Se ( ”)
m,"s?ﬁm Precipitation
H,Se,

Metal selenides

Fig.9.5. Mobility of selenium in the environment

Assimilatory reduction is the reduction and incorporation of selenium into
organic compounds and dissimilatory reduction is when microorganisms
reduce SeO,” as a terminal electron acceptor in energy metabolism. As
noted by Dungan and Frankenberger (1999), the focus of attention has
been on the dissimilatory reduction of Se-oxyanions in view of their poten-
tial application in remediating seleniferous environments by producing the
biologically unavailable Se’. Methylation of Se is considered to be a
mechanism used by microorganisms to protect themselves against Se-
toxicity in Se-rich environments. The volatilization of Se which follows
the methylation reactions then removes the selenium from the toxic envi-
ronment. Tables 9.3 and 9.4 list the selenium reducing microorganisms.

Dissimilatory Reduction

The reduction of both Se-oxyanions to Se’ in the soil-sediment-water sys-
tems is caused by several types of bacteria, the majority of them being
SeO;” reducers (Bautista and Alexander, 1972; Doran, 1982). It has been
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demonstrated by Oremland et al. (1989) that the bacterial reduction of
Se0,” to the non-bioavailable Se’ is a major sink for Se-oxyanions in an-
oxic sediments.

Table 9.3. Selenium reducing microorganisms (Dungan and Frankenberger, 1999)

Organisms Description of Reaction

Enterobacter cloacae Respires Se0,” and NOy’, and reduces SeO,” to
SLDla-1 Se’ only in the presence of NO;

Thauera selenatis Grows anaerobically using Se0,%, NO;, and NO,.

Reduction of SeO4> occurs by way of a SeO,” re-
ductase. SeO4* is completely reduced to SeO only
when NOj’ is present

Strain SES-3 Respires Se0,* and can reduce SeO32’ to Se’ in
washed-cell suspensions

Pseudomonas stutzeri Reduction of Se0,> and SeO32’ to Se” under an-
aerobic conditions

Wolinella succinogenes Adapted cultures able to reduce SeO,” and SeO;™

to Se’ under anaerobic conditions

Desulfovibrio desulfuricans SeO4” and SeO;” were reduced to Se” under an-
aerobic conditions, but both Se oxyanions could not
support growth

Salmonella heidelberg SeO+” reduced acrobically to Se’

Streptococcus faecalis N83 Anaerobic reduction of SeO;” to Se” by resting-cell

Streptococcus faecium K6A suspensions

Clostridium pasteurianum Reduction of SeOs> by hydrogenase (I)
Bacillus subtilis Reduction of SeOs™ to Se(0) by a NO, and SO;*
Pseudomonas fluorescens independent enzyme system

Assimilatory Reduction

Both selenate and selenide undergo assimilatory reduction to Se* which
gets incorporated into cellular proteins, similar to the mechanism of sul-
phur incorporation in amino acids. The products, the selenoamino acids
such as selenomethionine and selenocysteine have been produced by some
bacteria and yeast. However with excess Se toxicity effects appear and the
organisms undergo metabolic deterioration.
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Table 9.4. Selenium volatilizing microorganisms (Dungan and Frankenberger,
1999)

Organisms Se Substrate Se Product
Fungi

Scopulariopsis brevicaulis ~ Se04”, SeO5” DMSe
Penicillium notatum Se0,%, Se0;* DMSe
Penicillium chrysogenum

Schizopyllum commune Se0> DMSe
Aspergillus niger Se0,” DMSe
Penicillium sp. Se0s> DMSe
Penicillium sp. Se047, Se0;> DMSe

Fusarium sp.
Cephalosporium sp.
Scopulariopsis sp.

Candida humicola SeO42', Se0;> DMSe
Alternaria alternata Se047, Se0;* DMSe
Penicillium citrinum Se05%- DMSe, DMDSe
Acremonium falciforme

Penicillium sp. Se0> Unidentified
Bacteria

Corynebacterium sp. Se04”, Se0;7,Se’ DMSe
Aeromonas sp. Se05” DMSe, DMDSe

Flavobacterium sp.

Pseudomonas sp.

Pseudomonas fluorescens K27 Se0,” DMSe,
DMDSe,
DMSeS
Rhodocyclus tenuis Se047, Se0;>- DMSe, DMDSe
Rhodospirillum rubrum S1
Aeromonas veronii SeO42', SeO32’ ,Seo, DMSe,
SeS,, H,SeO;, SeH  DMDSe, me-
thylselenol,

DMSeS
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Oxidation

The oxidation of reduced forms of Se to Se-oxyanions is an important re-
action in the environment not only because Se0,* and SeO;” are soluble
and toxic, but also because biomethylation of Se depends mainly on the
oxidized forms of Se (Dungan and Frankenberge, 1999). In view of the
similar biochemistry of S and Se, it is expected that microbial oxidation of
Se occurs in a manner similar to sulphur, both heterotrophic and autotro-
phic organisms being able to carry out the reaction.

Methylation and Volatilization

In soils, water and sediment enriched in selenium, methylation of Se-
compounds from Se-oxyanions and organo-Se compounds can take place
(Doran, 1982). This is essentially a mechanism of detoxification of the en-
vironment by some bacteria and fungi in soils and by bacteria in the aque-
ous systems. The methylation of selenite to dimethyl selenide by the soil
bacterium Corynebacterium, was proposed by Doran (1982) to follow the
mechanism.

Se0;” — Se¢” —  HSeX — CH;SeH —  (CH;).Se
Selenite elemental Se  selenide monomethanol  dimethyl-
seleniumhydride  selenide

For the aqueous system, Cooke and Bruland (1987) proposed a pathway
for the reduction of dimethylselenide.

assimilation and
Se05> > CH;Se(CH,),CHNH,COOH
reduction to (-2) selenomethionine

methylation

CH3SC(CH2)2CHNH2COOHCH3 _— > (CH3)286+(CH2)2CHNH2COOH
dimethyl selenomethionine

(dimethyl selenonium ion)
H,O
(CH;),Se"(CH,),CHNH,COOH —® CH;SeCH;+ CH;COHCH,CHNH,COOH

dimethylselenide homoserine
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Methyl cobalamin and S-adenosylmethionine are known as the methyl do-
nors in the microbial methylation of Se. Dimethylselenide is considered to
be the major volatile species produced by most microorganisms.

SELENIUM AND HUMAN AND ANIMAL HEALTH

Recent research has shown that the trace element selenium is an essential
nutrient and is of fundamental importance to human and animal health.
Schwarz and Foltz (1957) first showed the essentiality of selenium when
they demonstrated their prevention of liver necrosis in rats by selenium.
Subsequently Thompson and Scott (1969) showed that poor growth and
higher mortality rates of chicks was caused by Se-poor diets.

More recently (Deverel et al., 1984) selenium poisoning was found to be
the major cause of high mortality of wildfowl at the Kesterson Wildlife
Refuge in the San Joaquin Valley, California. Selenium from the selenium-
rich country rock had been geochemically mobilized and found its way
into the Refuge reservoir which was a nesting area for wildfowl. Both fish
and wildfow] had very high levels of selenium.

Among the diseases associated with a low intake of Se are cardiomyopathy
(Keshan disease), deforming arthritis (Kashin-Beck disease), protein en-
ergy malnutrition, haemolytic anaemia, hypertension, ischaemic heart dis-
ease, cancer, multiple sclerosis, muscular dystrophy, infertility, cystic fi-
brosis and alcoholic cirrhosis (Haygarth, 1994; Rotruer et al., 1993).

These case studies clearly demonstrate the essentiality and toxicity of sele-
nium which shows a very narrow threshold window (>900 pg/g per day-
toxicity and <11 pg/g per day). Selenium is a component of selenoproteins
some of which have important enzymatic functions. Selenocystine is the
21" aminoacid. It has been now recognized that all these enzymes are sele-
nium-dependent, with selenocysteine as the active site (Sunde, 1997). The
importance of selenium here is that it functions as a redox centre. Selenium
is an important component of glutathione peroxidase (GSHPX), considered
as a critical enzyme which prevents oxidative damage at the cellular level.
It helps to maintain membrane integrity, protects prostacyclin production
and reduces the likelihood of propagation of further oxidative damage to
biomolecules such as lipids, lipoproteins and DNA with the associated in-
creased risk of conditions such as atherosclerosis and cancer (Diplock,
1994; Néve, 1996; Rayman, 2000). Selenium deficiency diseases in ani-
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mals are mostly seen in livestock and include reproductive impairment,
growth depression and white-muscle disease, a myopathy of heart and
skeletal muscle affecting mainly lambs and calves (Reilly, 1996). Rayman
(2000) reviewed the importance of selenium to human health and dis-
cussed the health effects of less overt selenium deficiency. These defi-
ciency-related health effects can be summarized as follows.

Immune function

Deficiency of selenium is thought to be accompanied by loss of immuno-
competence. This is perhaps linked to the fact that selenium is normally
found in significant amounts in immune tissues such as liver, spleen and
lymph nodes. Selenium supplementation is also known to have marked
immunostimulating effects.

Viral infections - AIDS

Selenium deficiency is associated with the occurrence, virulence or disease
progression of some viral infections. It is a potent inhibitor of HIV replica-
tion in vitro. Selenium-deficient HIV patients are nearly 20 times more
likely (p <0.0001) to die from HIV-related causes than with sufficient lev-
els (Baum et al., 1997). These authors defined selenium-deficiency as
plasma concentrations at or below 85 ug/L. In the case of HIV-infected
children, the low levels of plasma selenium were significantly and inde-
pendently related to mortality (relative risk 5.96; p =0.02) and faster dis-
ease progression (Campa et al., 1999).

Reproduction
Selenium is considered essential for male fertility. It is required for testos-

terone biosynthesis and the formation of and normal development of sper-
matozoa.

Mood

Rayman (2000) reports some studies where low selenium status had been
linked to greater incidence of depression, anxiety, confusion and hostility.
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Thyroid function

When selenium deficiency combines with iodine deficiency, hypothyroid-
ism is enhanced and this is manifested as myxoedematous cretinism. This
disease is known in the Democratic Republic of Congo (Zaire) where both
iodine and selenium are known to be deficient (Vanderpas et al., 1990).

Cardiovascular diseases

Though not proven to any degree of certainty, selenium is thought to be
protective against cardiovascular disease (Neve, 1996). Glutathione per-
oxidase, of which selenium is a component, is known to reduce hydroper-
oxides of phospholipids and cholesteryl esters associated with lipoproteins.
This is expected to reduce the accumulation of oxidized low — density
lipoproteins in the artery wall. The status of other antioxidants such as vi-
tamin E however may complicate direct correlations.

Oxidative-stress or inflammatory conditions

Selenium is known to exhibit properties of an antioxidant and anti- in-
flammatory agent. In the case of pancreatitis, asthma and rheumatoid ar-
thritis, selenium levels are considered to be important. In a study in Ger-
many, intravenous administration of selenium to patients with necrotising
pancreatitis reduced mortality from 89% in controls to zero in the treat-
ment group (Kuklinsky and Schweder, 1996).

Cancer

An inverse relation between selenium intake and cancer mortality has been
proposed in several epidemiological studies. The dietary intake of sele-
nium in 27 countries was studied by Schrauzer et al. (1977). In the Harvard
based Health Professionals’ Cohort study (Yoshizawa et al., 1998) which
involved the investigation of selenium intake and prostate cancer in 34000
men, it was observed that those in the lowest quintile of selenium status
had 3 times the chances of developing cancer as against the highest quin-
tile. It should however be emphasised again that correlation does not nec-
essarily mean causation and further detailed studies are very necessary to
attribute causal effects of selenium deficiency or toxicity to health.
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SELENIUM DEFECIENCY DISEASES IN CHINA

The two diseases, Keshans’s Disease (KD) and Kashin-Beck Disease
(KBD) are particularly prevalent in some parts of China, and given
China’s population of over 1.3 billion(~20% global population) global Se-
deficiency in China is of special interest in medical geology. Apart from
KD and KBD, the impact of selenium-deficiency on human longevity is
also an interesting study in China (Moffat, 1990; Foster and Zhang, 1995)
bearing in mind that there is a relative lack of migration of people from
village to village and the reliance of locally grown food which is influ-
enced heavily by the soil chemistry.

Figure 9.6 illustrates the distribution of KSD and KBD in China. The low
Se-belt (Figure 9.7) also known as the ‘disease belt’ stretches from
Heilongjiang Province in the NE to Yunnan Province on the SW. The av-
erage abundance of Se in the earth’s crust of China is 0.058 mg/kg and is
lower than that in other parts of the world (Xia and Tang, 1990). In the dif-
ferent rock types, Se decreased in the order slate > clay rocks > basic and
ultrabasic rocks > alkaline rocks > basalt > granite > hypersthene sand-
stones > limestones.
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Fig. 9.6. Distribution of KSD and KBD in China (Tan et al., 2002)



220 Introduction to Medical Geology

NE China

Beijing

Loessial
Plateau

Low-Se
Marginal

- Se-adequate

|:| Desert or no data available

0 200 400 80O '
[ s

Fig. 9.7. Geographical distribution of the Chinese Low-Se Belt (Tan, 1989)

Wang and Gao (2001) report the occurrence of two notable Se-excessive
or seleniferous regions in China, namely the Exi region in Hubei Province
and the Ziyang region in Shanxi Province. The bedrock in the Exi selenif-
erous region consisted of carbonaceous shale and high Se coal.

Whereas the concentration of Se in fresh water around the world is 0.2
ug/L in the KD and KBD areas in China, in the low Se belt, Se concentra-
tion in well water is sometimes as low as 0.11 ug/L. In most Chinese cities
and urban areas it is 0.65 pg/L. On the other hand, in the selenium-rich ar-
eas, two well water samples had 8.4 and 72 mg/L selenium (Wang, 1991).

Tan et al. (2002) studied the selenium contents in soil in the endemic dis-
ease areas in China and noted that the concentration of selenium in soil
mainly depends on two groups of factors. These were (i) geographically
azonal factors such as parent rocks and landforms which determine the
source of Se in soil (ii) zonal factors such as biological and climatic fac-
tors, which influences the migration, maintenance, existing forms and
availability of Se in e.g. soils, plants.
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As shown in Table 9.5 in the KD and KBD areas, the concentrations of to-
tal-Se and water soluble Se both in cultivated and natural soils are lower
than that in non-affected areas. The natural soils in the affected areas in-
cluded dark brown soil, brown earth, drab soil, yellow-brown soil, red drab
soil, loessial soil, purple soil and black soil. In disease-free areas, laterites,
red soils, yellow soils, desert soils, chernozem, chestnut soil and calcic
brown soils were found.

Table 9.5. Se contents of soils in the areas with and without KSD/KBD (Note: N:
number of samples; X: arithmetic mean; G: geometric mean; S.D.: arithmetic
standard deviation; S),: geometric standard deviation) (Tan et al., 2002)

Type Area with KBD / KSD Area without KBD / KSD
X SD G Sie N X SD G S, N
Total Se (mg/kg)

Cultivated 0.112  0.057 0.100 0.1816 35 0.224 0.134 0.219 0.3297161
Natural  0.119 0.075 0.105 0.2177 69 0.227 0.141 0.211 0.319286
Water soluble Se (ng/kg)

Cultivated 2.5 1.0 2.5 03914 25 6.8 9.1 47 03106151
Natural 2.8 22 22 0.2651 22 6.7 132 4.7 0.445271

Tan et al. (2002) concluded that the distribution of Se in top soil in China
and its relationship to Keshan Disease and Kashin-Beck Disease is indica-
tive of <0.125 mg/kg total selenium. The Se content in seleniferous areas
was >3 mg/kg.

Fordyce et al. (2000b) studied the soil, grain and water chemistry in rela-
tion to human selenium responsive diseases in Enshi District China and
noted that the majority of samples in the low selenium villages are defi-
cient or marginal in Se and that Se availability to plants is inhibited by ad-
sorption onto organic matter and Fe oxyhydroxides in soil. They also ob-
served that in high Se-toxicity villages, the Se-bioavailability is controlled
by the total soil Se concentration and pH. Johnson et al. (2000) were of the
view that the organic content of the soils is a major factor in controlling
the availability of Se and that the high incidence KD villages have the
most organic-rich soils. Although higher in total Se, the organic-rich soils
had little bioavailable Se resulting in a Se-deficient food chain.
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SELENIUM AND IODINE DEFICIENCY DISEASES (IDD)

Recent research has shown that Se deficiency may be an important factor
in the onset of IDD. It is known that the selenoenzyme, type-I iodothyron-
ine deiodinase (IDI), is responsible for the conversion of the prohormone
T, to the active hormone T; which exerts a major influence on cellular dif-
ferentiation, growth and development, especially in the foetus, neonate and
child. The conversion of T4 to Tj; is inhibited by Se-deficiency and this af-
fects thyroid hormone metabolism (Arthur and Beckett, 1994; Arthur et al.,
1999).

Fordyce et al. (2000a) studied the relationship of IDD in Sri Lanka and Se
deficiency and observed that it is unlikely that Se deficiency is the main
controlling factor in IDD. However they were of the opinion that it could
contribute to the onset of goitre along with iodine deficiency and other fac-
tors such as poor nutritional status and the presence of goitrogenic sub-
stances in the diet.



CHAPTER 10

GEOLOGICAL BASIS OF PODOCONIOSIS,
GEOPHAGY AND OTHER DISEASES

The direct entry of soil into the human body, its effects, both biochemical
and physiological, is an interesting field of study within medical geology.
These processes enable geochemists and human and animal physiologists
to study the direct link between soil chemistry, soil mineralogy and health.
This chapter deals with two processes-geophagia and podoconiosis that
clearly establish such a link. While the health effects of trace elements
that enter the human body via food and water have been studied for many
decades, the effect of inorganic minerals such as those found in rocks and
minerals, on human and animal health is less known and has now aroused
considerable scientific interest.

GEOPHAGY

Geophagy is defined as deliberate and regular consumption of earthy mate-
rials such as soils, clays and related mineral substances by humans and
animals (Abrahams and Parson, 1996). Even though it is a practice that is
found in all continents, it is most commonly seen in the tropics, notably in
tropical Africa. This habit of soil-eating is particularly common among
pregnant women and is listed as the ‘craving’ for extra-ordinary food or
non-food substances (Geissler et al., 1999). Alexander von Humboldt, who
explored South America observed the practice of geophagy during his ex-
peditions in Orinoco in Venezuela during the period 1799-1804 (Keay,
1993). The Ottomac people who practiced this soil-eating habit in Vene-
zuela apparently did not eat every type of clay but chose only the clays
which contained the ‘most unctuous earth and smoothest to touch’. Fur-
ther, it had not caused any problems of health to these people, whereas
other tribes who ate different soils became sick. This early observation by
Alexander von Humboldt caused much interest in medical science much
later and the debate whether there are district benefits in soil-eating, such
as trace element inputs, and whether these geological materials bestow
other physiological and biochemical benefits still goes on.

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 10, © Springer-Verlag Berlin Heidelberg 2009
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Wilson (2003) notes that many hypotheses have been advanced to explain
geophagic behaviour, notably, detoxification of noxious or unpalatable
compounds present in the diet, alleviation of gastrointestinal upsets such as
diarrhoea, supplementation of mineral nutrients, and as a means of dealing
with excess acidity in the digestive tract. Soil-eating is not only practiced
by humans but animals such as monkeys, chimpanzees, gorillas, birds, rep-
tiles and horses. Why do humans and animals consume so0il? This intrigu-
ing question will probably be answered by a number of investigations cur-
rently being carried out to resolve conflicting views and to make an
objective judgment regarding clinical, medicinal and nutritional implica-
tions of the practice (Reilly and Henry, 2000).

In the search for the geochemical characteristics that may confer medical
benefits, clays figure most prominently in all the geophagic materials. Clay
mineralogy is therefore considered to be an important component in the as-
sessment of the different hypotheses.

One of the scientific approaches to test the possible beneficial effects of
geophagic materials on human health is to first study their detailed chemis-
try and mineralogy and then to consider the biological effects of the ele-
ments and minerals thus isolated. Mahaney et al. (2000) studied the min-
eral and chemical analyses of soils eaten by humans in Indonesia. Five
Javanese soil samples, including three earths eaten by humans as a thera-
peutic medicine, were analyzed along with the suitable control samples-
those that were not eaten. The soils that were eaten had a high content of
hydrated halloysite and kaolinite. The expandable clay mineral smectite
was also present along with hydrated halloysite in a ratio of nearly 1.1.
Mahaney et al. (2000) considered only Na, Mn, K, and S as the possible
candidates that stimulate geophagy. What is worthy of note however, is
that in all cases the eaten soils had predominantly higher levels of 1.1 clay
minerals than the 2.1 minerals which predominated in control soils. These
authors were of the view that soils can adsorb dietary toxins, normally pre-
sent in the plant diet or those produced by microorganisms. The toxic alka-
loids such as quinine, atropine and lupamine were thought to be adsorbed
by these soils from Java and hence the soil-eating habit by some Javanese
people.

According to a study by Johns (1986), some Indian tribes from Bolivia
Peru and Arizona consumed four different geophagic clays of which the
most widely used, was the interstratified illite-smectite together with
smaller amounts of other clay minerals such as kaolin and chlorite. The
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explanation given was that geophagy functions as a detoxification method
to enable the consumption of species of wild potatoes. Consuming clay
with potatoes was considered to be effective in eliminating the bitterness
of food and in preventing stomach pains and nausea. Further, all clays
were effective in the adsorption of the glycoalkaloid tomatine over a range
of simulated physiological conditions. Tomatine adsorption capacities of
the clays were usually intermediate between those of pure smectite and
kaolinite, but for one clay it was significantly higher than smectite (Wil-
son, 2003).

In many countries in Africa, kaolinite was the dominant geophagic clay
which was even available in local markets (Johns and Duquette, 1991).
Here the explanation for the geophagy was that it alleviates diarrhoea and
sickness during pregnancy (Figure 10.1). Interestingly, this could be com-
pared to the kaolinite-based western medicines taken for alleviating gastro-
intestinal malfunctions.

Fig. 10.1. “Clay Sweets” for pregnant women in Bangladesh (photo Dr. Rohana
Chandrajith)
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Mineral nutrient supplementation is one of the main explanations for the
prevalence of geophagy among people living in tropical countries. This
hypothesis was tested by Abrahams and Parsons (1997) who analyzed the
chemical composition of geophagical soils from Thailand, Uganda and Za-
ire. It was reported that they all had low organic matter (0.2-1.5%) and
clay contents (15-28%). Wilson (2003) however suggested that some soils
had high cation exchange capacities (CECs) and the dominance of the non-
clay fraction of the soils were indicative of inadequate dispersion, a com-
mon problem in highly weathered tropical soils. The sand and silt fractions
also were considered to contain clay minerals in an aggregated form. The
conclusion from the study of Abrahams and Parsons (1977) was that these
soils could supply a significant proportion of the recommended intake (UK
Dept. of Health) for some minerals nutrients, up to 17% in the case of Fe.

A further study by Abrahams (1997) on 13 geophagic soils from Uganda,
many of which were sold in local market as medicines showed that they
had a high (>50%) clay mineral content dominated by kaolin minerals
(85%).

Geissler et al. (1999) who studied geophagy among pregnant Ugandan
women reported that most women (73%) were eating soil at a median in-
take of 41.5 g (range 2.5-290 g) per day and that most women (84%) ate
soil at least once a day. When asked why they eat soil, 26 women (68%)
answered that they “like it” or that it is tasty and that eating it “felt nice” in
the mouth and satisfied them.

Geissler et al. (1997) in a previous study on geophagy among school chil-
dren in western Kenya Nyanza province reported that over 70% of a sam-
ple of school children consumed soil at an average rate of ~30 g daily. The
sources of the geophagy materials were from termite mounds, edges of
paths and gullies, weathered stones and walls of huts.

The chemistry and mineralogy of geophagic soils from Zimbabwe, North
Carolina- USA, and Hunan Province- China, were studied by Aufreiter et
al. (1997). The soils from Zimbabwe which came from termite mounds
contained kaolinite as the main clay mineral. American samples were
dominated by halloysite while the Chinese samples had an abundance of
smectite. These workers concluded that the results were consistent with the
effects desired by the consumers of the soils, namely alleviation of diar-
rhoea (Zimbabwe), unspecified health benefits (North Carolina) and as
famine food (China).
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Geophagy among Animals

Geophagy is quite common among animals. The exact reasons why ani-
mals consume soil are not clear even though many hypothesis pertaining to
the beneficial aspects of soil ingestion have been advanced. Wilson (2003)
has summarized some of the more recent work carried out on geophagy in
the animal kingdom.

As in the case of human geophagy, clay mineralogy is the more dominant
factor in animal geophagy as well. Two studies on geophagy in birds
(Diamond et al., 1999; Gilardi et al., 1999) concluded that from among the
clay minerals consumed, smectite was dominant. The geophagic materials
were assumed to reduce the bioavailability of poisonous or bitter-tasting
compounds such as alkaloids and tannic acids in fruits and seeds.

Cattle and elephants (Figure 10.2) are among the large mammals studied
for their geophagic habits (Klaus et al., 1998; Abrahams, 1999; Mahaney
et al., 1996). In these cases, there was no definite conclusion as to the geo-
phagy, but prevention of gastrointestinal upsets, alleviation of sodium de-
ficiency and acidosis were speculated.
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Fig. 10.2. Elephants feeding at a soil lick site in the Udawalawe National Park, Sri
Lanka (photo courtesy of Enoka Kudavidanage)
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Geophagy in horses has also been regarded as a sign of nutritional defi-
ciency (Ralston, 1986). McGreevy et al. (2001) carried out a geochemical
analysis of 13 equine geophagic sites from different parts of Australia.
They observed higher concentrations of iron and copper in the soils eaten
as compared to the control sites and suggested that these elements provide
the stimulus for geophagia. What was interesting also, was how the geo-
phagic horses may have sensed the increased concentrations of these ele-
ments in soils.

Gorillas, monkeys and chimpanzees have been the subject of several inves-
tigations for their geophagic habits. Subsamples of termite mound soil
used by chimpanzees for geophagy and top soil (never ingested by them)
from the forest floor in the Mahale Mountains, National Park, Tanzania
were analyzed (Mahaney et al., 1999) to determine the possible stimulus or
stimuli for geophagy. Here too, the ingested samples had a dominant clay
texture, equivalent to a clay stone. Interestingly the clay mineral metahal-
loysite found in these clays eaten by the chimpanzees, is also an ingredient
in the pharmaceutical Kaopectate TM, used to treat minor gastric ailments
in humans. The fact that these soils had a high pH range of 7.2 to 8.6 also
indicates a possible antacid property of the eaten soils.

Ketch et al. (2001) argue that these chimpanzees selectively consume cer-
tain plant species for their medicinal value, and that they could also per-
haps engage in geophagy for similar reasons.

Several case studies of geophagy among several species of monkeys and
gorillas (Mahaney et al., 1993; Mahaney et al., 1995; Bolton et al., 1998;
Heymann and Hartmann, 1991; Setz et al., 1999; Mahaney, 1993) indicate
a clay mineral dominance and a possible ability to absorb toxins and func-
tion as a mineral supplement.

Wilson (2003) critically reviewed the studies mentioned above. He was of
the view that there is no single explanation for the geophagic behaviour in
animals, including man. What was lacking in these studies was the insuffi-
cient characterization of the mineralogy and chemistry of the geophagic
materials. He suggested that the following information is required for such
geochemical characterization:

(a) The nature of the constituent kaolin minerals and their abilities to
coagulate, aggregate and/or dispense under acid conditions.
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(b) The occurrence of interstratified kaolinite-smectite and whether
this mineral could account for the anomalously high cation ex-
change capacities (CEC) of geophagic soils/clays.

(c) The nature of the smectite minerals, particularly the occurrence
and extent of interstratification with other layer silicates or inter-
layering with non-exchangeable Al-hydroxides, since this relates
to the ability of the clay to adsorb potential toxins.

(d) Characterization of the iron oxide minerals and determination of
the ratio of reactive to non-reactive species in relation to supple-
mentation of Fe in the diet.

(e) Occurrence and nature of aluminous minerals and whether they
function effectively as natural antacids.

It appears likely that the pleasant touch of the ingested clay is the initial
stimulus for geophagy in animals and that it subsequently becomes a
learned behaviour. It could also well be that clays have many useful me-
dicinal properties which the animals use for a more general and all round
well being rather than for a specific ailment.

INGESTION OF GEOMATERIALS FOR HUMAN HEALTH-
THE MEDICAL CONCERNS

In spite of the seemingly beneficial aspects of geophagy as discussed
above, there is undoubtedly much apprehension and debate about the bene-
fits and the toxicity of ingestion of geomaterials. Tateo et al. (2001) at-
tempted to study the laboratory simulation of the digestive process using
14 different herbalists’ clays for internal use as found in the Italian market.
The digestion experiment consisted of two stages (i) involving acidic solu-
tions (matching the stomach environment) (ii) reproducing bile-pancreas
juices. These authors observed that one effect of clay digestion is the dis-
solution of carbonates, transferring Ca and Mg from the solid to the diges-
tive solutions along with an increase of pH.

As shown in Figure 10.3 there is a bimodal distribution of pH, from 1 to 3
and from 5 to 6. Some elements such as Al, P, Be, Sc, V, Fe, Cu, Zn, Ga,
Ba, La, Nb, and REE were associated with a lower pH and others such as
Ca, Sr, Mg with higher pH. The element concentrations in the final solu-
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tion were then compared with the maximum daily dose as given by drink-
ing water regulations. Among the elements not hosted into the carbonates,
Al showed high concentrations. Tateo et al. (2001), on account of the haz-
ardous chemical elements that were detected, warned of the risk involved
in using geomaterials for health and suggested that further multidiscipli-
nary research be conducted with clay mineralogists, toxicologists and
physiologists.
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Fig. 10.3. Average concentration of analysed elements released into solution from
1 g of clay at different pH with clay/water at 1:10 (Tateo et al., 2001)

PICA (Persistent Ingestion of Non-Nutritive Substances) of clay or geo-
phagy is known to bind potassium in the intestine leading to severe hypo-
kalemic myopathy (Ukaonu et al., 2003). It may also cause a number of se-
rious conditions such as heavy metal poisoning, hyperkalemia, iron and
zinc deficiency, vitamin deficiency, intestinal obstruction or perforation,
dental injuries and parasitic infestations (Rose et al., 2000; Federman et al.,
1997). Pregnant women who eat 1 lb of clay per week have been known
(Simulian et al., 1995). Woywodt and Kiss (1999) reported a case of an
adult, non-pregnant African woman with perforation of the Sigmoid colon
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due to geophagia. Since geophagic patients do not normally wish to di-
vulge this clay-eating habit, plain X-ray films are the diagnostic procedure
for soil detection in the human body (Fig 10.4).

Fig. 10.4. Plain abdominal X-ray film of the patient on admission to the hospital.
Free intra-abdominal air is present and the entire colon appears to be densely im-
pacted with radio opaque material that proved to be dry soil (Woywodt and Kiss,
1999; copyright ©1999, American Medical Association. All Rights Reserved)

PODOCONOSIS-A GEOCHEMICAL DISEASE

Podoconiosis is a disease characterized by swelling and deformity of the
legs associated with enlargement of the draining lymph nodes (Figure
10.5). It is also termed non-filarial elephantitis (Price, 1988, 1990). This
disease is predominantly found in regions of tropical Africa where fine
reddish brown soils are prevalent and in areas of high altitude (>1250 m),
modest average temperature (20°C) and high hot season rainfall (>1000
mm annually) (Price and Bailey, 1984). This epidemiological relationship
is seen in the Wollamu district of Ethiopia, Nyamkere range of Kenya,
Tanzania, Rwanda, Burundi, Cape Verde Islands and Cameroon Highlands
(Harvey et al., 1996). The special geochemical features as seen in these
tropical regions clearly imply a geographical specificity to Podoconiosis.
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The superimposition of the prevalence data for the disease showed a corre-
lation where the areas coincide with a distribution of alkali basalt rocks.
The extremely fine particles (<5 um) seen at these sites are formed by the
intense rock weathering so typically seen in the tropical lands.

Fig. 10.5. A young Ethiopian with bilateral
idiopathic elephantiasis and marked lym-
phostatic verrucosis on both feet and a view
" of the foot of an African from Zimbabwe.
There is thick diffuse hyperkeratotic swelling,
again confined to the lowest part of the leg
(photo by Dr. E.W. Price, Copyright
Springer, Germany).

Interestingly, the analyses of particles from a digest or a diseased femoral
lymph node (Price and Plant, 1990) showed an identical size range (i.e.
0.3-6 um) which suggested that either the toxic particles are within this
size range or that a smaller size facilitated the uptake into the tissues. The
analysis of these microparticles showed that they consisted mainly of Si
and Al, with lesser amounts of Ti and Fe suggesting the possible presence
of the aluminum silicate kaolinite, silica in the amorphous state with some
quartz and iron-oxide. The natives of these areas which have very fine soil
mineral particles walk barefooted and it has been suggested that the abra-
sions in the feet caused thereby serve as entry points for the tiny particles,
which finally enter the lymph nodes (Price and Henderson, 1978; Blundell,
et al., 1989).

As discussed in the review of the geochemical factors linked to podoconio-
sis by Harvey et al. (1996), Hochella (1993) noted that the toxicity of a
mineral is related to:
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(a) Mechanical or dimensional properties, namely the size of particles
in diseased tissues. Smaller particles are rapidly absorbed through
the abrasions of feet and transported in lymphatics. In the case of
other particles, a specific fibrous shape is the most important toxi-
cological determinant (Stanton et al., 1981). No preponderance of
fibrous minerals was observed in the case of podoconiosis.

(b) With decreasing size, the surface area to volume ratio of particles
increases and different chemical properties gain importance.
Among these factors which determine the ability of particles to in-
teract in biological systems are (i) surface and near surface compo-
sition, (ii) surface atomic structure, (iii) surface microtopography,
(iv) surface charge, (v) pH, (vi) dependence on surrounding solu-
bility, (vii) durability (dissolution rate) and (viii) associated minor
and trace elements.

The nature of the interaction of these mineral phases with the effector cells
of the immune system, notably the macrophage, finally determines the
ability of the mineral to produce the diseases. This is termed the patho-
genicity of the mineral. The cell takes up the mineral particles which then
are activated to produce many chemical species which in turn damage the
biomolecules. Finally, inflammation and fibrosis result. If the cells die as a
result of the activation mentioned earlier, the mineral particles are then
available for re-uptake and the process continues (Driscoll and Maurer,
1991; Gabor et al., 1975; Kennedy et al., 1989).

A disease, termed Kaposi’s Sarcoma (KS) is very similar to podoconiosis
and is also found mostly in Africa. Ziegler (1993) noted that the preva-
lence of both podoconiosis and KS in highland areas of Africa, close to
volcanoes is suggestive of a shared pathogenetic relationship due to expo-
sure to volcanic soils. KS is believed to arise in the lymphatic endothelium
and is associated with chronic lymphoedema. Figure 10.6 illustrates the
geographic distribution of Kaposi’s Sarcoma in Africa and relation of ultra
basic basalt provinces and prevalence of podoconiosis.

Podoconiosis and KS are excellent examples of diseases which clearly il-
lustrate the interrelationship between Geology and Health in tropical areas
where the pathways of chemical elements and minerals from the immedi-
ate environment to the body is direct. The term “geochemical diseases” is
attributable to such cases where the aetiology of a certain disease is almost
directly and clearly related to a characteristic elemental composition of the
immediate geological environment.
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Fig. 10.6. (a) The geographic distribution of Kaposi’s Sarcoma in Africa. Propor-
tional rates (percent KS divided by total cancer over the reporting period) in Afri-
can males prior to 1981; (b) Relationship of ultra basic basalt provinces and preva-
lence of podoconiosis in the East African Rift System (Ziegler, 1993)

NATURAL DUST AND PNEUMOCONIOSIS

Direct inhalation of very fine soil particles (2 to 63 um) is another route by
which minerals may get into the human body. Derbyshire (2003) reported
a case study in High Asia (Himalayas-Karakoram and Tian Shan-Pamir ar-
eas) where whole communities of people were exposed to the adverse ef-
fects of natural (aerosolic dust). The exposure levels had reached those
normally found in areas of high-risk industries.

The reasons for this area being the world’s most efficient producer of silty
debris were:
(a) high known uplift rates (up to 12 mm/yr)
(b) unstable slopes
(© glaciations and widespread rock break up during freezing
(d) soil weathering due to hydration.

Further, the characteristic properties of these loess included high porosity
and collapsibility on wetting. Mineralogically, they consisted of angular,
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blade-shaped quartz grains (~60-65%) with minor feldspars, micas and
carbonates. Clay minerals were in the range of 12-15%.

The prevalence of silicosis, as studied by the use of chest X-rays, showed
1.03-10% cases in the Gansu Province, China. In some parts of India, too,
inhalation of natural dust has resulted in a high prevalence of silicosis.
Norboo et al. (1991) and Saiyed et al. (1991) reported cases of progressive
massive fibrosis. In the Ladakh region in India, where these studies were
done, wind-blown loessic dust, including aggregates of the finest fractions
was a clear health hazard. Adults in the age range 50-62, had up to 45%
silicosis problems. Bulk chemical analysis of lung tissues had showed that
over 54% of the inorganic dust was silica.

The case studies described in this chapter illustrate the fact that human be-
ings and animals are only a part of the large scale geochemical cycles of
elements. The geochemical pathways of the physical environmental link
up with the biochemical and physiological pathways in the human body.
Medical geology is concerned with total geochemical cycling and further
information is now emerging on the roles played by minerals within the
human body.



CHAPTER 11

HIGH NATURAL RADIOACTIVITY IN SOME
TROPICAL LANDS - BOON OR BANE?

Natural radiation has been in existence from the time planet earth started to
form and there are about 60 radionuclides present in nature. These are
found naturally in air, water, soil, rocks, minerals and food. About 82% of
this environmental radiation is from natural sources, the most important of
which is radon.

The United Nations Scientific Committee on Effects of Atomic Radiation
Report (UNSCEAR, 2000) states that while the natural background radia-
tion is the largest contributor to human exposure, the worldwide average
annual effective dose per capita is 2.4 mSv. Some radionuclides such as
%0, #2Th and *’K among others are important as naturally occurring ra-
dionuclides and geological and geochemical processes play the major role
in their distribution in nature. These are found in some minerals such as
monazites and zircons. Some areas of the world have anomalously high
background radiation and these are called high background areas (HBRAs)
(Table 11.1). In these areas, the geology and geochemistry of the source
rocks and minerals have the greatest influence on the localization high
natural radiation.

In radioactive material measurement, the International System of Units
(SD) is generally used. However, there are several other units that are used
in the literature and this causes a certain amount of confusion among the
readers. The common reference measurements are radioactivity and radia-
tion dose. These units are often referred to in both their SI units (Becquerel
and sievert) and the traditional units (curie and rem). The University of Ot-
tawa (2007) has created the conversion between the two systems as given
in http://www.uottawa.ca/services/ehss/ionizconversion.htm.

Table 11.2 shows the mineral sources of the naturally occurring radioac-
tive materials. Extreme HBRAs are found in Guarapari (Brazil), Southwest
France, Ramsar (Iran), Kerala coast (India) and Yangjiang (China) (Table

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 11, © Springer-Verlag Berlin Heidelberg 2009
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11.1). Of these the majority of HBRAs are found in tropical, arid and
semiarid areas.

Table 11.1. Natural Radioactivity in some selected arcas (based on the
UNSCEAR Report, 1993)

Area Mean Maximum
(mGy/year) (mGyl/year)

Ramsar, Iran 10.21 (260)
Guarapari, Brazil 5.52 35)
Kerala, India 3.82 (35)
Yangjiang, China 3.51 54
Hong Kong, China  0.67 (1.00)
Norway 0.63 (10.5)
France 0.60 (2.20)
China 0.54 (3.01)
Italy 0.50 (4.38)
World average 0.50

India 0.48 (9.6)
Germany 0.48 3.8)
Japan 0.43 (1.26)
USA 0.40 (0.88)
Austria 0.37 (1.34)
Ireland 0.36 (1.58)
Denmark 0.33 (0.45)

IHigh Levels of Natural Radiation 1996, M. Sohrabi, p 57-68
Elsevier Science B.V, 1997)
1982 UNSCEAR report

Terrestrial Radiation in Beach Sands in Brazil

In certain beaches in Brazil, monazite sand deposits are abundant. The ex-
ternal radiation levels on these black beach sands range up to 5 mrad/hr
(50p Gy/hr) and is nearly 400 times the normal background in USA. The
Brazilian coastal sands have several minerals among which are monazite,
rutile, ilmenite, zircon, cassiterite, thorianite, pyrochlore and niobate- tan-
talite. [lmenite (FeTi053)-96%, rutile (TiO,) - 0.5%, zircon (ZrSiO4)-2.5%
and monazite- REE;(PO,) rare earth phosphate- 3% comprise the main
minerals. The monazite from the beach sands of Brazil contain up to 39%
cerium oxide (CeQ,), 16% of lanthanum oxide (La,0;), 14% of neodym-
ium oxides (Nd,O3), 5% yttrium, 6% thorium dioxide (ThO,) and 0.31%
uranium oxide and phosphates.
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Fujinami et al. (1999) studied the exposure rates from terrestrial radiation
at Guarapari and Meaipe in Brazil and made measurements of absorbed
dose rate in air one meter above the ground and on the surface with a port-
able Nal (Tl) scintillation survey meter. The highest dose rate was 0.6
nGy/h at one meter height in the streets and the highest rate at one meter
height on the beach was 6.2 uGy’/h and on the surface of the beach it was
15 uGy/h. Interestingly the beach at “Areia Preta”-meaning black sand, is
highly sought after by Brazilian people for their alleged health benefits
(Eisenbud, 1973). In an area on the beach at “Areia Preta” where black
sand was not found, the absorbed dose rate was 0.04 uGy/h and in the
Meio Beach where white sands are found and separated from the Areita
Preta beach, the dose rate was 0.09 uGy/h.

Table 11.2. Ores containing naturally occurring radioactive materials (Hipkin and
Shaw, 1999)

Ore Main Constituent Typical Active
Concentrations (KBq/kg)
Thorium-232  Uranium-238

Phosphate rock Calcium phosphate 0.1 1.5
[Imenite Iron titanium oxide 1 2

Rutile Titanium dioxide 0.2 0.2
Rare earth concentrate ~ Cerium oxide 5 0.1
Baddeleyite Zirconium oxide 1 10
Zircon Zirconium silicate 0.6 3

Pyrochlore Niobium oxide 80 10
Monazite Cerium phosphate 300 40

At Meaipe beach, the highest dose rate in the street area was 5.2 uGy/h
while on the surface of the beach near the breakwater the highest value
reached a level of 32 uGy/h.

Lauria and Godoy (2002), reported anomalously high ***Ra concentrations
up to 2 Bq/L in waters of a coastal lagoon close to a monazite sand separa-
tion plant in Buena lagoon area in the Rio de Janeiro state in Brazil. Even
though it had earlier been suggested that this was caused by mineral proc-
essing, it was later concluded that the abnormal radium concentrations had
a natural origin from springs at the lagoon head with high **Ra and ***Ra
concentrations.

Strong relationship among radium and light rare earth elements (LREEs),
22%Ra/**Ra activity ratio and the REE pattern were suggestive of monazites
as the main source of nuclides in the water. It was suggested that low pH
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(3.7) and high salinity (14%o) caused a disturbance of the chemical stabil-
ity of monazites. There was a relatively low mobility of thorium but a high
mobility of radium and LREEs.

In other parts of the world, the radium concentration in surface waters
normally range from 0.01 to 0.1 Bg/L (Iyengar, 1990). In the Buena la-
goon area in Brazil, the **Ra concentration in the spring waters varied be-
tween, 1.7 and 2.5 Bq/L and for ***Ra it was 0.5 Bg/L. The LREE concen-
trations in the water were also very high with La =50 ug/L, Ce =110 ug/L
and Nd = 60 pg/L.

The recent study by Dias da Cunha et al. (2004) on the airborne particles in
the Buena village using lichen samples showed that during the last 15
years, the inhabitants of the village had been exposed to monazite parti-
cles. The result form aerosols and lichens also suggested that the swampy
area is a source of **Ra and *'°Pb-bearing particles in addition to the
monazite dust.

In Morro do Ferro in the Pocos de Caldas Plateau of Brazil is an uninhab-
ited hill 0.35 km?” in an area consisting of large rare earth ore deposits that
rise to above 250 meters from the surrounding area. The radiation levels
here are 1 to 2 mrad/hr (0.01 to 0.02 mGy/hr) over the 0.35 km” area and
are between 100 to 200 times the non- elevated natural gamma radiation
background (Paschoa and Godoy, 2002).

Monazite Rich Beach Sands of India

As shown in Table 11.3 some of the beach deposits of India, notably the
Kerala coast Tamil Nadu coast, Bhimilipatanam (Andhra Pradesh) coast
and Chhatrapur (Orissa) coast are prominent HBRAs. As in the case of
Brazil, the high levels of natural radiation is due to the abundance of
monazite along with other heavy minerals such as ilmenite, rutile, zircon
and garnet among others. The coastal regions of peninsular India have
therefore received great international attention on account of the high natu-
ral radioactivity (Paul et al., 1998).

Along the 570 km long coastline of Kerala in the Southwest of India, there
are major deposits of monazite-rich heavy minerals with very high natural
radiation. The monazite deposits are larger than those in Brazil and the
dose from external radiation, is on the average similar to doses reported in
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Brazil, 5-6 mGy/yr. Individual doses up to 32.6 mGy/yr, however, have
also been reported.

Table 11.3. Comparison of radiation dose rates of Chhatrapur beach placer de-
posit area and other high background radiation areas (HBRAs) (after Mohanty et
al., 2004a)

Area (Country) Characteristics of Absorbed dose
area rate in air (nGy’/h)
Guarapari (Brazil) Monazite sands 90-90,000
Morro Do Forro (Brazil) Th-rich alkaline intru- 2800
sives
Yangjiang (China) Monazite sands 370
Nile Delta (Egypt) Monazite sands 20-400
Southwest (France) Uranium minerals 10-10,000
Ramsar (Iran) 226Ra in spring water 70-17,000
Cox’s Bazar (Bangladesh) Monazite sands 260-400
India
Kerala coast Monazite sands 200-4000
Ullal (Karnataka) Monazite sands 2100
Tamil Nadu coast Monazite sands 200-4000
Kudiraimozhi Monazite sands 200-900
(Tamil Nadu)
Bhimilipatanam (Andhra ~ Monazite sands 200-3000
Pradesh)
Kalpakkam Monazite sands 3500
(Tamil Nadu)
Ayirmamthengu (Kerala)  Monazite sands 200-1400
Neendakara (Kerala) Monazite sands 200-3000
Chbhatrapur (Orissa) Monazite sands 375-5000

Paul et al. (1998) studied 4 different locations (Fig 11.1) in coastal India
for their natural radiation and the results are shown in Table 11.4. The ra-
diation and fields ranged from 200 to 3000 nGy/h at the different sites,
with large radiations in the fields, in some cases up to an order of magni-
tude. The Neendakara and Bhimilipatnam deposits of the Kerala coast had
the highest levels and were associated with the beach placer deposits. It
was also observed that with the onset of tropical monsoon, higher deposi-
tion of heavy minerals takes place and hence the enhanced natural radia-
tion at these beaches.

Mohanty et al. (2004a, 2004b) carried out some studies on the natural ra-
dioactivity of high background radiation areas on the eastern coast of
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Orissa, India. They found that the average activity concentrations of radio-
active elements such as **Th, U, and “’K were 2825+50; 350+20 and
180425 Bg/kg, respectively for the bulk sand samples. The absorbed
gamma dose rates in air due to the naturally occurring radionuclides varied
from 650 to 3150 nGy/h with a mean value of 19254718 nGy/h This is
very much higher than the world average value of 55 nGy/h (UNSCEAR,
1988). The presence of **Th contributed a maximum of 91% (1750
nGy/h) to total absorbed dose rate in air followed by ***U of 8.5% (165
nGy/h) and by “’K of 0.5% (8 nGy/h). The annual external effective dose
rates for the region varied from 0.78 to 3.86 mSv/yr with a mean value of
2.36+0.88 mSv/yr.

Bhimilipatnam

Ayiramthenga N Kudiaimazhi

Neendakara

Fig. 11.1. Locations of some areas of high natural radioactivity in India (Paul et
al., 1998)

This area is therefore a high background radiation area similar to other ra-
diation areas of southern and southwestern coastal regions of India (Mo-
hanty et al., 2004b). Similar results were obtained by Mohanty et al.
(2004a) for the Chhatrapur beach placer deposit, also of Orissa, India.
Here too, the enhanced levels of radiation were due to monazite and zircon
sands.
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Table 11.4. External gamma radiation fields (Mohanty et al., 2004a)

Site No. of Locations ~ Radiation Field (nGyh™)
Monitored
Range Mean+SD
Ayiramthengu 64 200-1400 300+270
Neendakara 64 200-3000 500+330
Kudiraimozhi 43 200-900 370£140
Bhimilipatnam 40 200-3000 430+330

High Natural Radioactivity of the Minjingu Phosphate
Mine, Tanzania

The Minjingu phosphate mine in northern Tanzania located to the east of
the saline lake Manyura at Arusha is a HBRA. Phosphate deposits are
known to contain significant traces of the long-lived radioelements ***U,
*2Th and *K. These contribute to the internal and external radiations to
man (Halbert et al., 1990; Bettencourt et al., 1990). There are about 2000
inhabitants in the village of Minjingu and these people may be exposed to
naturally occurring radionuclides from the emissions caused by open dry
phosphate mining (Banzi et al., 2000). Bianconi (1987) had earlier re-
ported that the deposit has uranium activity with a maximum concentration
of 800 mg/kg U;Os. It had been observed that the average dose rate in air
of 1415 nGy/h is 28 times the average terrestrial dose rate of 50 nGy/h in
air worldwide (UNSCEAR, 1982). Further, the estimated average effective
dose over 5 years at Minjingu is about 12 mSv/y which is 12 times the al-
lowed average dose limit of 1 mSv/y for members of the public (IAEA,
1996). Based on these observations the Minjingu phosphate mine is rated
as an area ranked with the highest natural radiation background recorded in
the world (UNSCEAR, 1982).

Very High Natural Radiation in Ramsar, Iran

UNSCEAR (2000) has classified Ramsar, a city located in northern Iran,
as an area with one of the highest natural radiation levels in the world. The
city lies between the Elburz Mountains and the Caspian Sea at an average
elevation near sea level, and is a popular tourist resort. The natural radia-
tion in some locations at Ramsar is 55-200 times higher than the normal
background areas. The annual exposure levels in areas with elevated levels
of natural radiation in Ramsar reach values as high as 260 mGy/y and
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average exposure rates are about 10 mGy/y for a population of about 2000
residents (Mortazavi et al., 2001).

The origin of the high levels of natural radioactivity is shown in Figure
11.2. The radioactivity in the high level natural radiation areas of Ramsar
is due to **°Ra and its decay products brought up to the earth’s surface by
the water of hot springs, of which there are at least 9 with different concen-
trations of radium.
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Fig. 11.2. Origin of high natural radioactivity in Ramsar, Iran (Mortazavi et al.,
2001)
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When the groundwater reaches the surface at hot spring locations, tra-
vertine, a calcium carbonate (CaCO;) mineral precipitates out of solution
with dissolved radium substituting for calcium in the mineral as RaCO;.
High concentrations of radium carbonate are found in the residual deposits
(up to 30 m thick) of the hot springs. These materials are often used as
building materials by the residents of the area. The gamma radiation at
waist level in these houses reaches up to about 20 uSv/h. The walls of the
bed rooms (made of sedimentary rocks from the hot springs) of these
dwellings also show dose rates as high as 143 pGy/h. In spite of the fact
that the levels of natural radiation in these areas is up to 200 times higher
than normal background levels, nearly all inhabitants still live in their old
ancestral dwellings, without any ill effects (Mortazavi, 2003).
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High Natural Background Radiation in Yangjiang, China

The Yangjiang area in China is also classified as a HBRA and has dose
rates about 300-400 mrad/yr (3-4 mGy/yr). As in the case of Kerala and
Orissa in India and Guarapari in Brazil, the main source of the radiation is
monazite containing Th, U, and Ra.

The Oklo Natural Reactor

A most interesting geological phenomenon occurred during the Protero-
zoic period (around 1800 my) when a natural nuclear reactor was formed
at Oklo in Gabon, West Africa. This was discovered quite by accident,
when in 1972 some French scientists working on a shipment of uranium
from Oklo observed that it had a much smaller proportion (as low as
0.440%) of U than normal (Cowan, 1976). Natural uranium always has
the identical isotopic composition ***U (99.27%), **°U (0.72%) and traces
of 2*U. Of these, only 25U can take part in chain reactions and it is there-
fore very closely studied.

Since the *°U isotope is present only in low abundance (0.72%), enrich-
ment up to 3% or greater is required for use in commercial nuclear reac-
tors. During the Proterozoic period around 2000 my ago however, this
critical level of 3% was present in nature and this was sufficient for a sus-
tained nuclear reaction. The abundant groundwater present at the Oklo site
served as a moderator, reflector and cooler for the fission reaction. The
presence of neodymium provided strong evidence that the natural reactor
had indeed operated and that it had consumed six tons of uranium over
several hundred thousand years releasing 15,000 MW years of energy.

Lovelock (1988), described the geological process that acted as a natural
reactor (Figure 11.3). Uranium is known to be readily soluble in the pres-
ence of oxygen and during the Proterozoic times, when oxygen was pre-
sent, the groundwater was oxidizing. Under these conditions, uranium dis-
solved yielding the uranyl ion which was present in trace quantities. At the
Oklo site, a stream had flowed into an algal mat which had the microor-
ganisms having the capability of concentrating uranium specifically. The
efficiency of this process of uranium concentration by the microorganisms
was so high that uranium oxide was deposited in the pure state enabling a
nuclear reaction to start. The water present enables the slowing and reflect-
ing of neutrons so that it is controlled and self-regulating (Lovelock,
1988).
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The unique feature about the Oklo natural reactor is that it was functional
as far back as 2000 my ago and that it was a complete natural geochemical
and microbiological phenomenon that was entirely self regulating. It was
after a period of nearly 2 billion years that, modern scientists were able to
duplicate nature’s natural reactor at Oklo and produce the first man-made
nuclear reactor.
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Fig. 11.3. Disposition of six of the Oklo, 2 billion year old natural reactors (from
Anomalies in Geology, Science Frontiers Jan-Feb 1999 (Corliss, 1999)
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RADIATION AND HEALTH

Radiation is a form of energy and which comes from man-made sources
such as X-ray machines or from natural sources such as the sun, outer
space and radioactive minerals in the environment. Of the naturally occur-
ring elements, some, known as radionuclides emit energy in the form of
alpha rays, beta rays and gamma rays. These rays interact with surrounding
matter which results in ionization. When this type of ionization radiation
enters the human body, it is referred to as internal exposure, as opposed to
external exposure from radiation outside the body, such as from the sun or
from radioactive materials. When the radiation is absorbed in the human
body, the resulting chemical reactions can cause adverse health effects
which may be observed in some cases after many years. These adverse
health effects take the form of skin diseases, cancer and even death. About
80% of human exposure is from natural sources while the balance is from
man-made sources (Table 11.5).

It is therefore the natural background which has evoked a great deal of in-
terest in environmental health. Figure 11.4 illustrates the importance of the
natural background radiation as against anthropogenic causes. The radia-
tion encountered from natural radiation is several orders of magnitude
compared to those emitted by nuclear fall outs, and medical diagnostics.
The intriguing question therefore is “what is the effect of natural back-
ground radiation on human health?”

It is interesting to note that in all the case studies such as Guarapari (Bra-
zil), Ramsar (Iran), Yangjiang (China), Orissa and Kerala (India), the ad-
verse health effects appear to be very low. On the contrary, in some cases
the population exposed to these HBRAs appears even healthier with higher
life spans as compared to the control areas.

An epidemiological survey carried out in the Yangjiang HBRA in China
has revealed that there are no observed adverse health effects based on
cancer mortality data from 1,008,769 person-years in HBRA and 995,070
person-years in control areas (Zha et al., 1996). The study also included
hereditary diseases and congenital malformations, human chromosome ab-
errations and immune functions.

Between 1970 and 1986 the Yangjiang HBRA population (background ra-
diation 5.5 mSv/y) was compared with people living in two adjacent low-
background counties Enping and Taishan (background radiation 2.1
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mSv/y), the cohorts being 74,000 (Yangjiang) and 77,000 (Enping and
Taishan). For the age group of 10 to 79, the results showed that the general
cancer mortality was 14.6% less in Yangjiang compared with Enping and
Taishan. The leukemia mortality was 16% lower in men and 60% lower in
women from Yangjiang.

Table 11.5. Man’s exposure to ionizing radiation (source: Australian Radiation
Protection and Nuclear Safety Agency, 2004)

Source of Exposure Exposure
Natural Radiation (Terrestrial and Airborne) 1.2 mSv per year
Natural Radiation (Cosmic radiation at sea level) 0.3 mSv per year
Total Natural Radiation 1.5 mSv per year
Seven Hour Aeroplane Flight 0.05 mSv
Chest X-Ray 0.04 mSv

Nuclear Fallout (From atmospheric tests in 50°s & 60°s)  0.02 mSv per Year
Chernobyl (People living in Control Zones near Chernobyl) 10 mSv per year

Cosmic Radiation Exposure of Domestic Airline Pilot 2 mSv per year

In Ramsar, Iran where the natural radiation, as explained earlier was very
high, some epidemiological studies (Mortazavi, 2003), have shown no sig-
nificant adverse health effects. Preliminary results on chromosome aberra-
tions showed no significant difference among those who lived in houses
with extraordinarily elevated levels of natural radiation. A cytogenetical
study was carried out on 21 healthy inhabitants of the high level matura-
tion radiation areas and 14 residents of a nearby control area. There was no
observed positive correlation between the frequency of chromosome aber-
rations and cumulative dose of the inhabitants. In the case of hematologi-
cal parameters too, there was no statistically significant alteration in the
very high level natural radiation areas (VHLNRAS) of Ramsar as com-
pared to those living in a neighbouring control area.

High doses of ionizing radiation are known to suppress the activity of the
immune system, whereas low-level whole body irradiation (WBI) can en-
hance the immunological response. This was tested in Ramsar (Mortazavi,
2003) and the preliminary results indicated that relatively high doses are
not immunosuppressive. The results however, were not conclusive.
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Adaptation to high levels of natural radiation has been the subject of many
studies (Olivieri et al., 1984; Sanderson and Morely, 1986; Kelsey et al.,
1991; Rigand et al., 1993; Joiner 1994; Azzam et al., 1994). In order to as-
sess the possible induction of adaptive response in the inhabitants of
HLNRAS of Ramsar, blood samples of the residents and a nearby control
area were exposed to a challenge dose, of 1.5 Gy (natural radiation was
used as the adapting dose). The results showed 56% fewer MCAPC (mean
number of chromosomal aberrations per cell) caused by the challenge dose
among HLNRA s as compared to lymphocytes from residents of low
background areas (Ghiassi-nejad et al., 2002). It had been reported that the
Ramsar results suggest that chronic low dose radiation may not only re-
duce mortality form all causes and cancer mortality, but may also be pro-
tective against accidental high dose radiation (Pollycove and Feinendegen,
2001).

In Kerala India, another area of high background natural radiation, it has
been reported that over 140,000 inhabitants receive an annual average dose
of 15-25 mbq (Kesavan, 1996). The average life span of the inhabitants of
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Kerala is 72 years while for all India it is only 54 years (Goraczko, 2000).
It has been shown by Nair et al. (1999), following a detailed study, that the
residents of HLNRA s of Kerala showed no evidence of enhanced rates of
cancer. Further, there was no correlation with the natural radiation levels in
the densely populated areas of the monazite-rich Kerala sands with the
stratification of newborns with malformations, still births or twinning
(Jaikrishan et al., 1999).

The observation that there are no noteworthy adverse health effects in
some of the worlds very high level natural radiation areas brings into ques-
tion the ‘safety levels of radiation’. Jaworowski (2000) in his presentation
on “Ionization radiation and radioactivity in the 20" century” summed up
his views as follows.

“Man’s contribution to the contents and flows of radionuclides and of ra-
diation energy in the particular compartments of the environment consists
of a tiny fraction of the natural contribution. In some areas in the world,
the natural radiation doses to man and to other biota are many hundreds of
times higher than the currently accepted dose limit for the general popula-
tion. No adverse health effects were found in humans, animals and plants
in these areas. In the future reconstruction of the edifice of radiation pro-
tection that now stands on the abstract LNT foundations, down-to-earth
approach will be necessary taking into account apparently safe chronic
doses in the high natural radiation areas, rather than the statistical variation
around an average global value. It seems, therefore, that studies of these
areas deserve special attention and support in the coming years”.

Man still has to learn a lot from nature —
Geology provides the clues!



CHAPTER 12

BASELINE GEOCHEMICAL DATA FOR MEDICAL
GEOLOGY IN TROPICAL ENVIRONMENTS

Baseline geochemical data and geochemical maps are now proving to be
extremely useful tools in epidemiology and medical geology. Information
on the geochemical pathways and regional distribution of essential and
toxic elements in the environment is now more easily available and there is
greater understanding of the impact of trace elements in health and disease,
their bioavailability and homeostasis. With the help of statistically signifi-
cant data, it is now possible to pin point areas vulnerable to diseases that
are clearly geographically and geologically linked.

Geochemical maps showing detailed distribution of various chemical ele-
ments in soils, stream sediments and water are now available in most de-
veloped countries. In developing countries however, due to a variety of
factors such as lack of high precision instrumentation, funding, trained per-
sonnel, rugged and inaccessible terrains, among others, such maps are still
not available. China, however, has shown remarkable progress in geo-
chemical mapping since 1979, and there has been more progress in China
than anywhere else in the world. It seems highly probable that from 1980
onwards, a larger area has been sampled in China than in all other coun-
tries combined (Darnley, 1995; Xie and Cheng, 2001).

Even though these geochemical maps were primarily used for mineral ex-
ploration, they are now used extensively as in the case of China, Finland,
Sweden and Norway, for geomedical purposes (Tanskanen et al., 1988;
Selinus, 1988). The delineation of the high-risk areas based on the levels
of abundance of essential and toxic elements is done with this baseline
data and when combined with geological information such as lithology,
mineralogy and geomorphology, ‘geochemical maps’ could be prepared.
Many studies on medical geochemistry are carried out using these geo-
chemical maps (Dissanayake and Chandrajith, 1999).

In view of the fact that clear associations and correlations between the geo-
logical environment and human and animal health is far more visible in

C.B. Dissanayake, R. Chandrajith, Introduction to Medical Geology, Erlangen Earth Conference Series,
DOI 10.1007/978-3-642-00485-8 12, © Springer-Verlag Berlin Heidelberg 2009
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developing countries of the tropical and sub-tropical areas of the world,
Plant et al. (1996) emphasized the need for high resolution geochemical
data in such countries. Dissanayake and Weerasooriya (1986) produced
one of the first hydrogeochemical atlases of Asia and they demarcated ar-
eas where the groundwater fluoride concentrations are exceedingly high.
This map proved to be particularly useful in site investigations for the deep
well programme in the dry zone of Sri Lanka where endemic fluorosis in-
cidences are alarmingly high. Similar maps in other countries, most nota-
bly in China, have also had a variety of uses particularly when geochemi-
cal diseases are prevalent (e.g. maps of Se, F in China, Figures 12.1 and
12.2, respectively). Some developing countries have recognized the great
value of geochemical maps and as stated by Reedman et al. (1996), there
should be greater priority given to such projects within their national pro-
grammes.

GEOCHEMICAL MAPPING - CHINA’S EXAMPLE

China has over the last 25 years, made truly remarkable progress and
achievements in the field of geochemical mapping and mineral explora-
tion. It has obtained regional geochemical data for 39 elements from sev-
eral millions of stream sediment samples covering an area of more than 6
million km? (Xie et al., 1997, 2004). Such a vast programme has obviously
generated massive quantities of useful geochemical data which could be
used not only for mineral exploration, but for medical geology as well.
China is therefore one of the countries presently leading in research on
medical geology. Production of maps in China showing endemic fluorosis,
endemic goitre, selenium responsive Keshan and Kaschin-Beck diseases
etc have been greatly benefited by geochemical mapping programs. Fig-
ures 12.1 and 12.2 show the geochemical maps of fluoride and selenium
distribution, respectively in flood plain sediments of Chain.

Recently Xie et al. (2004) developed the concept of “geochemical blocks”
which has revolutionized geochemical mapping and mineral exploration in
China. More than 80% of new mineral discoveries in China during the last
2 decades were due to information provided by China’s National Geo-
chemical Mapping (Regional Geochemistry-National Reconnaissance,
RGNR) project which was initiated in 1979 (Xie et al., 1981; Xie and
Zheng, 1983). The study of “hierarchy of nested geochemical patterns” for
tungsten across the whole of China (Xie and Yin, 1993) demonstrated that
there are very broad geochemical patterns above local geochemical disper-
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sion halos, trains, and fans surrounding ore deposits, which had been the
main topic of exploration geochemistry (Hawkes and Webb, 1962).
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Fig. 12.1. Geochemical map of Se in China constructed using flood plain sedi-
ments (Courtesy of Prof. Xie Xuejing)

Table 12.1 shows the hierarchy of nested geochemical patterns and geo-
chemical blocks. The concept of “geochemical block™ with further modifi-
cation has the potential of major application in delineating global “risk-
areas” as affected by deficiency or toxicity of certain elements. Vast global
areas such as those covered by the “goitre belt” spanning across Pakistan,
Himalaya region, Bengal and Bangladesh, Vietnam and Indonesia could
for example, be scientifically studied for their trace element behaviour us-
ing such geochemical concepts.
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Fig. 12.2. Geochemical map of fluoride in China constructed using flood plain
sediments (Courtesy of Prof. Xie Xuejing)

Table 12.1. Hierarchy of nested geochemical patterns and geochemical block
(* The existence of geochemical continents can only be verified after wide-spaced
geochemical mapping covered most part of the earth’s land surface) (Xie et al.,

2004)
Area (km”) Geochemical Patterns
<100 Local anomaly
100-1000 Regional anomaly (Geo-

1000-10,000
10,000-100,000
100,000-
1,000,000
>1,000,000

chemical region)
Geochemical province

Geochemical mega-province Surface expression of Geo-
) ) chemical block (given a 1000
Geochemical domain m thickness)

Geochemical continent *




Baseline Geochemical Data for Medical Geology in Tropical Environments 255

SOIL MICRONUTRIENT MAPS IN TROPICAL COUNTRIES
AND MEDICAL GEOLOGY

The importance of rock-soil-water-plant-human health relationships forms
one of the basic factors influencing medical geology. As discussed in the
earlier chapters, the chemical speciation of micronutrients and their
bioavailability play a very significant role in the aetiology of geographi-
cally distributed diseases. A thorough knowledge of soil micronutrients of
disease prone areas is therefore a necessary prerequisite for good epidemi-
ological studies of regional medical studies. Micronutrient-poor soils are
widespread throughout the world, most notably in the tropics and most
food crops which form the staple diet of millions of people in the tropics
are highly sensitive to the bioavailability of the micronutrients. Regional
mapping of soil micronutrients, particularly in epidemiologically relevant
disease-prone areas, is proving to be a most valuable exercise (White and
Zasoski, 1999). Even though direct correlations between soil micronutri-
ents and human health are rare, in tropical countries where most people
live on home-grown food, such maps will have a variety of uses in agricul-
ture, livestock, and human health.

Zinc is very well known as an important micronutrients and published
maps of micronutrient-deficient areas in China indicated that about one-
third of China’s vast area was zinc-deficient (Zheng, 1991). These maps
also showed areas of similar extent but different distributions that were
low in B, Mo, and Mg while low copper areas represented only about 10%
of the country (White and Zasoski, 1999).

The parent geological materials, paedogenic factors, geochemical envi-
ronment, morphology and climate play different roles in the distribution of
the micronutrients and there is, therefore a noticeable variation within and
between regions.

Several methods have been used to produce maps depicting soil micronu-
trient content, plant-available micronutrients and areas of deficiency or
toxicity at various cartographic scales. As reviewed by White and Zasoski
(1999), small scale maps of global, continental or national extent are bene-
ficial for a generalized overview of micronutrient deficiencies affecting
livestock and human health. The micronutrient map of tropical Latin
America was produced by Leon et al. (1985), and Kang and Osiname
(1985) produced a similar map for tropical Africa. Among the problems
observed in tropical Africa were (a) low total and extractable B, Cu, Mo



256 Introduction to Medical Geology

and Zn in soils (b) local Mg deficiencies (c) iron toxicity in flooded rice
soils. The parent geological materials were of more significance in the de-
ficiency of the above elements in the soils.

Geochemical surveys of rocks, soils, vegetation, stream and lake sedi-
ments, surface and groundwaters, though used for purposes of mineral ex-
ploration have, however, yielded valuable information on micronutrients
as well (Shacklette and Boerngen, 1984). Geochemical patterns of micro-
nutrients in soils have been the subject of general studies (Thornton, 1987;
1993; Licht and Tarvainen, 1996; Plant et al., 2000). Recent advances in
geographic information systems (GIS) and computer technology have fa-
cilitated the production of very informative geochemical maps depicting
the status of micronutrients in the physical environment. Even though it is
difficult to prove causality as against correlation, many attempts have been
made to identify relationships between the geochemical environment and
the incidence of diseases such as cancer, cardiovascular diseases, urinary
stone formation. In certain lands such as Maputaland, South Africa, a
tropical landmass covering an area of 50 x 100 km, the deficiency of
micronutrients is extreme (Ceruti et al., 2003), and many diseases such as
endemic osteoarthritis and dwarfism are prevalent. Geochemical maps of
soil micronutrients will undoubtedly be of great value in such nutrient- im-
poverished lands.

FUTURE PROSPECTS FOR MEDICAL GEOLOGY

Medical geology is an emerging science and it is almost certain to achieve
the status of an established field of science within a decade. Modern epi-
demiology requires a thorough understanding of the geochemical proc-
esses and pathways of essential and toxic elements and a clear integration
of these different disciplines is being established.

Geochemical data bases such as those established, e.g., by the Global Geo-
chemical Baseline Program of the IUGS/IAGC, British Geological Survey,
Global Reference Network (GRN), Chinas’ RGNR program. all provide
valuable data useful in medical geochemistry. With recent advances in
mapping, statistical techniques, extremely fast and accurate analytical
techniques, the analysis of hundreds of samples rapidly, GIS based map
making the possibilities for a better understanding of the aetiology of geo-
chemically linked diseases, notably in the tropics is showing great prom-
ise.
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Xie and Cheng (2001) have, for example, suggested that strategic deep
penetrating NAMEG (NAnoscale Metals in Earth Gas) and MOMEO
(MObile forms of MEtals in Overburden) geochemical methods developed
in China are the optimum methods in geochemical mapping of deeply
weathered lateritic terrains, so typical of tropical lands (Butt et al., 2000).
The NAMEG method measures the nanoscale metal content carried out by
micro-bubbles of “earth gas” generated form the interior of the earth. The
MOMEQO method measures the nanoscale content of mobile metals re-
tained in soil when the carrier “earth gas” escapes into the atmosphere.
Hidden ore deposits have been located using these techniques and medical
geochemistry can be effectively integrated in such geochemical explora-
tion programs.

Unlike in the past where only geological materials were analyzed and stud-
ied, it is now well established that for “terrain medical geochemistry” to be
of use to the public and the health authorities, all samples from the area,
i.e. rocks, minerals, soils, water, plants and food need to be studied to-
gether and correlated with in vivo studies. Such an approach has been
taken by the British Geological Survey in studies on medical geochemis-

try.

In the medical field too, advances being made in the physiology of the
human body, biochemical mechanisms of trace element ingestion, absorp-
tion and rejection, cell biology and inter-cellular chemical mechanisms
may point to a greater need for the understanding of trace element geo-
chemistry. The role of inorganic minerals such as apatite in the human
bones and teeth is, for example, an area of research of extreme interest and
which calls for a co-ordinated effort by geochemists, mineralogists and ex-
perts in human physiology. Among the other areas of interest are the io-
dine deficiency disorders (IDD), trace element-enzyme related diseases,
natural radiation and mineral particles in the air.

“The human body is only a small part of a larger geo-
chemical cycle. Medicine stands to gain by the proper
understanding and application of Geology”
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