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It is our pleasure to introduce an updated version of Essentials to Medical Geology. This
award-winning book was first published in 2005 and helped stimulate the rapid development
of medical geology. The book has been widely used as a textbook all over the world at
universities, in short courses and as a resource for researchers. It has become the primary
reference book in medical geology.

Essentials of Medical Geology has won three prestigious rewards. It was recognized as a
“Highly Commended” title in the Public Health category by the British Medical Association.
This is a very prestigious acknowledgment of the value of the book. The book was one of the
best of all published books in Public Health in 2005. The British Medical Association bestow
awards on publications “which are deemed to best fulfill the criteria of clinical accuracy and
currency and which maintain a high standard of design and production”.

It was also one of two winners in the “Geology/Geography” category of the 2005 Awards
for Excellence in Professional and Scholarly Publishing of the Professional Scholar Publishing
(PSP) Division of the Association of American Publishers. The PSP awards recognize both
editorial standards and the design and production standards.

Essentials of Medical Geology also won a prestigious award in January 2006. Every year
Choice (Choice: Current Reviews for Academic Libraries is the premier source for reviews of
academic books, electronic media, and Internet resources of interest to those in higher
education.) publishes a list of Outstanding Academic Titles that were reviewed during the
previous calendar year. This prestigious list reflects the best in scholarly titles reviewed by
Choice and brings with it extraordinary recognition from the very selective academic library
community. Choice editors base their selections on the reviewer’s evaluation of the work, the
editor’s knowledge of the field, and the reviewer’s record. The list was known as Outstanding
Academic Books until 2000. In awarding Outstanding Academic Titles, the editors apply
several criteria to reviewed titles: overall excellence in presentation and scholarship; impor-
tance relative to other literature in the field; distinction as a first treatment of a given subject in
book or electronic form, originality or uniqueness of treatment; value to undergraduate
students, and; importance in building undergraduate library collections.

The book has thus been recognized in both communities for which it was intended, first
by the British Medical Association, and then as a Geology resource!

In addition to its wide circulation in the English language Essentials of Medical Geology
was also translated into Chinese in 2009.

Since 2005, many papers and book chapters on medical geology issues have been
published. But also a book in medical geology was published by Springer: Selinus, O,
Finkelman, B, Centeno, J., 2009, Editors. Medical Geology — A Regional Synthesis. Springer.
2010. This is a complement to Essentials of Medical Geology, presenting the medical geology
issues observed in different countries and different regions all over the world.

Some of the chapters in the present book have not needed any updating, some are updated
moderately and some have been updated considerably. We have also added two new chapters
filling gaps, on public health, and agriculture and health. Those chapters are Cook, A. Public
Health and Geological Processes: An overview of a fundamental relationship and Knez, M



vi

and Graham, R. The impact of micronutrient deficiencies in agricultural soils and crops on the
nutritional health of humans.

We are very pleased that Springer is prepared to print this new edition of Essentials of
Medical Geology. This updated volume can now continue to be used as a textbook and
reference book for all who are interested in this important topic and its impacts on the health
and wellbeing of many millions of people all over the world.

Olle Selinus

Brian Alloway

José A. Centeno
Robert B. Finkelman
Ron Fuge

Ulf Lindh

Pauline Smedley

Foreword



All substances are poisons; there is none which is not a poison. The right dose differentiates a poison and
a remedy.
Paracelsus (1493-1541)

Medical geology is the science dealing with the relationship between natural geological
factors and health in humans and animals and with understanding the influence of ordinary
environmental factors on the geographical distribution of such health problems. It is a broad
and complicated subject that requires interdisciplinary contributions from various scientific
fields if its problems are to be understood, mitigated, or resolved. Medical geology, which
focuses on the impacts of geologic materials and processes (i.e., the natural environment) on
animal and human health, can be considered as complementary to environmental medicine.
The field of medical geology brings together geoscientists and medical and public health
researchers to address health problems caused or exacerbated by geologic materials such
as rocks, minerals, and water and geologic processes such as volcanic eruptions, earthquakes,
and dust.

Paracelsus defined a basic law of toxicology: Any increase in the amount or concentration
of elements causes increasing negative biological effects, which may lead to inhibition of
biological functions and, eventually, to death. However, despite the harmful effects of some
elements, others are essential for life. Therefore, deleterious biological effects can result from
either increasing or decreasing concentrations of various trace elements. Thus, as with many
aspects of life, either too much or too little can be equally harmful. All of the elements that
affect health are found in nature and form the basis for our existence as living creatures. The
periodic table of elements, as an indicator of the roles played by the elements in the biosphere,
is the basis for our understanding (Figure 1).

The writings of Hippocrates, a Greek physician of the Classical Period, demonstrate how
far back our basic knowledge extends:

Whoever wishes to investigate medicine properly, should proceed thus....We must also consider the
qualities of the waters, for as they differ from one another in taste and weight, so also do they differ

much in their quality.
Hippocrates (460-377 BC)

Hippocrates held the belief that health and “place” are related to ancient origin. Knowledge
of specific animal diseases also originated long ago. Even in Chinese medical texts of the third
century BC, cause-and-effect relationships are found. Unfortunately, most such observations
were lost because they were never written down. As the science grew, many previously
unknown relationships began to be understood and a new scientific field evolved: medical
geology. This book covers the essentials of our knowledge in this area.

Geology and Health

Geology may appear far removed from human health. However, rocks and minerals comprise
the fundamental building blocks of the planet and contain the majority of naturally occurring

vii
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Figure 1 Periodic table illustrating major elements (pink), minor elements (blue), trace elements (yellow), and noble gases (gray) in the

biosphere. Those in green are essential trace elements. Known established toxic elements are shown in red

chemical elements. Many elements are essential to plant, animal, and human health in small
doses. Most of these elements are taken into the human body via food, water, and air. Rocks,
through weathering processes, break down to form the soils on which crops and animals are
raised. Drinking water travels through rocks and soils as part of the hydrological cycle and
much of the dust and some of the gases contained in the atmosphere are of geological origin.
Hence, through the food chain and through the inhalation of atmospheric dusts and gases,
human health is directly linked to geology.

The volcanic eruption of Mount Pinatubo is a splendid example of the dramatic effects of
geology. Volcanism and related activities are the principal processes that bring elements to the
surface from deep within the Earth. During just two days in June 1991, Pinatubo ejected
10 billion metric tonnes of magma and 20 million tonnes of SO,; the resulting aerosols
influenced global climate for three years. This single event introduced an estimated 800,000
tonnes of zinc, 600,000 tonnes of copper, 550,000 tonnes of chromium, 100,000 tonnes of
lead, 1000 tonnes of cadmium, 10,000 tonnes of arsenic, 800 tonnes of mercury, and 30,000
tonnes of nickel to the surface environment. (Garrett, R.G., 2000). Volcanic eruptions redis-
tribute many harmful elements such as arsenic, beryllium, cadmium, mercury, lead, radon, and
uranium. Many other redistributed elements have undetermined biological effects. At any
given time, on average, 60 volcanoes are erupting on the land surface of the Earth, releasing
metals into the environment. Submarine volcanism is even more significant than that at
continental margins, and it has been conservatively estimated that at least 3000 vent fields
are currently active along the mid-ocean ridges.

Goal and Approach

Because of the importance of geological factors on health and the widespread ignorance of the
importance of geology in such relationships, in 1996 the International Union of Geological
Sciences (IUGS) commission COGEOENVIRONMENT (Commission on Geological Sciences
for Environmental Planning) established an International Working Group on Medical Geology
with the primary goal of increasing awareness of this issue among scientists, medical specialists,
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and the general public. In 2000 the United Nations Educational, Scientific, and Cultural
Organization (UNESCO) became involved through a new International Geological Correla-
tion Programme (IGCP) project 454 Medical Geology. Project 454 brings together, on a global
scale, scientists working in this field in developing countries with their colleagues in other
parts of the world and stresses the importance of geoscientific factors that affect the health of
humans and animals. In 2002 the International Council for Science (ICSU) made it possible to
put together international short courses on this subject, a cooperation involving the Geological
Survey of Sweden, US Geological Survey, and the US Armed Forces Institute of Pathology
in Washington, DC. The aim of these short courses, which are offered all over the world, is
to share the most recent information on how metal ions and trace elements impact environ-
mental and public health issues. The scientific topics of the courses include environmental
toxicology; environmental pathology; geochemistry; geoenvironmental epidemiology; the
extent, patterns, and consequences of exposures to metal ions; and analysis. Areas of interest
include metal ions in the general environment, biological risk-assessment studies, modern
trends in trace-element analysis, and updates on the geology, toxicology, and pathology of
metal ion exposures.

Because of this increasing activity and interest in this field, we decided to write a book that
could be used both as a reference and as a general textbook. Our goal is to emphasize the
importance of geology in health and disease in humans and animals. The audience of the book
consists of upper division undergraduates, graduate students, environmental geoscientists,
epidemiologists, medics, and decision makers, but, we have also strived to make the book
interesting and understandable to environmentally conscious members of the general public.

There are important relationships between our natural environment and human health. Our
approach is to integrate these two fields to enable better understanding of these often complex
relationships. All chapters have numerous cross-references not only among the other chapters
but also to related reading.

Sectional Plan

Chapter 1 gives a brief history of medical geology. It is not intended to be an exhaustive
overview; instead our overview highlights some important cases in the development of the
science of medical geology.

The subsequent material is presented in four sections, each describing different aspects of
the subject.

The first section covers environmental biology. Environmental biology may be
characterized by interactions between geological and anthropogenic sources and the kingdoms
of life. The geological sources provide life with essential major, minor, and trace elements. In
addition, geology provides access to nonessential elements. To influence life, both beneficially
and adversely, elements have to be in the environment as well as, in most cases, bioavailable.
Therefore this section gives an introduction to the different aspects of environmental biology
and provides a foundation for the following sections.

The second section, on pathways and exposures, covers many of the myriad different
aspects of medical geology. It has long been said that “we are what we eat”; however, in
terms of medical geology we are in fact what we eat, drink, and breathe. The major pathways
into the human body of all elements and compounds, whether beneficial or harmful, derive
from the food and drink we consume and the air we breathe. The twelve chapters of this
section concentrate on the interrelationships among our natural environment, geology, and
health. Numerous examples from all over the world are presented on topics ranging from
element toxicities and deficiencies, to geophagia, to global airborne dust and give a clear view
of the vast importance of the natural environment on our health. After reading these chapters,
you should have no doubt that geology is one of the most important, although often neglected,
factors in our well-being.



The third section, on environmental toxicology, pathology, and medical geology, covers
the medical aspects of medical geology. In recent decades there has been an increasing
awareness of the importance of the interaction of mammalian systems with their natural
environment. The primary focus has been on understanding exposure to hazardous agents in
the natural environment through air, water, and soil. Such appreciation has led to myriad
investigations focused on identifying those natural (and sometimes anthropogenic) environ-
mental risk factors that may be involved in the development of human and other animal
diseases. These five chapters describe the different effects of elements in our bodies, how
geology affects us, and how we can recognize these effects.

The fourth section, on techniques and tools, brings together in a very practical way our
knowledge of the different relevant disciplines. Geoscientists and medical researchers bring to
medical geology an arsenal of valuable techniques and tools that can be applied to health
problems caused by geologic materials and processes. Although some of these tools may be
common to both disciplines, practitioners of these disciplines commonly apply them in novel
ways or with unique perspectives. In this part we look at some of these tools and techniques.

Finally, we have included three appendices. Appendix A covers international and some
national reference values for water and soils. Appendix B lists Web links from Chapter 20.
Appendix C is a large glossary to be used whenever you need a term explained. We have
tried to make this glossary as comprehensive as possible but there will of course be
some shortcomings. The glossary can also be found and downloaded from the Internet
(www.medicalgeology.org); go to Medical Geology.

Reference

Garrett, R.G., 2000. Natural sources of Metals in the Environment. Human and Ecological Risk Assessment,
Vol. 6, No. 6, pp 954-963.
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A volume like this does not come into being without the efforts of a great number of dedicated
people. We express our appreciation to the 60 authors who wrote chapters. In addition to
writing chapters, the authors have carried out revisions. To ensure the quality and accuracy of
each contribution, at least two independent reviewers scrutinized each chapter from a scien-
tific point of view. However, we have gone even one step further. An interdisciplinary book
like this must be written at a level that makes it accessible to workers in many different
professions and also to members of the general public interested in environmental sciences.
Therefore each chapter has also been read by additional reviewers. The geoscientific chapters
have been read by those from the medical profession and the medical chapters have been read
by geoscientists. We wish to thank all these people for making this book possible.

We are indebted to the following reviewers: Gustav Akerblom, James Albright, Neil Ampel,
Arthur C. Aufderheide, Stefan Claesson, Rick Cothern, Gerald Feder, Peter Frisk, Arne Froslie,
Mark Gettings, Larry Gough, Steve Guptill, Michalan Harthill, Anders Hemmingsson, Brenda
Houser, John Hughes, John M. Hunter, Nils Gunnar Ihlbéck, G. V. Iyengar, Erland Johansson,
Karen Johnson, Chris Johnson, Andre Kajdacsy-Balla, David G. Kinniburgh, Allan Kolker,
Orville Levander, Jan Luthman, Bo L. Lonnerdal, Jorg Matschullat, Chester G. Moore, Maria
Nikkarinen, Bjorn Ohlander, James Oldfield, Rolf Tore Ottesen, J oseph P. Pestaner, Geoffrey
Plumlee, Clemens Reimann, Reijo Salminen, Ulrich Siewers, Hakan Sjostrom, David Smith,
Barry Smith, Alex Stewart, David Templeton, and Paul Younger.

In addition to these, all editors and several of the authors have also acted as reviewers for
different chapters.

We also thank the dedicated team of Academic Press—our executive editor Frank Cynar,
project manager Jennifer Helé, and production editor Daniel Stone—for their outstanding
work and for encouraging us and helping us when needed.

Lastly, we also want to remember Prof. Valentin K. Lukashev, of Minsk, Belarus, our good
colleague and friend who attended the first planning meeting of this book. He died among us of
a heart attack in Uppsala, Sweden, on June 8, 1998, shortly after having given a presentation
on medical geology in Belarus and the former Soviet Union and after having contributed
valuable suggestions for the contents of this book at the first planning discussions. The
logotype of medical geology will always serve as a fond remembrance of him, since he had
suggested it just before he passed away.

Olle Selinus

Brian Alloway

José A. Centeno
Robert B. Finkelman
Ron Fuge

Ulf Lindh

Pauline Smedley
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This chapter is a brief history of medical geology—the study
of health problems related to “place.” This overview is not
exhaustive; instead, it highlights some important cases that
have arisen during the development of the science of medi-
cal geology. An excess, deficiency or imbalance of inorganic
elements originating from geological sources can affect
human and animal well-being either directly (e.g., a lack of
dietary iodine leading to goiter) or indirectly (e.g., effect on
metabolic processes such as the supposed protective effect
of selenium in cardiovascular disease). Such links have long
been known but were unexplained until alchemy evolved
into chemistry in the seventeenth century, when medicine
ceased to be the art of monks versed in homeopathic
remedies and experimental explanations of disease was
sought rather than relying on the writings of the Classical
Greek philosophers, and modern geology was forged by
Lyell and Hutton. In addition, the exploitation of mineral
resources gathered pace in the seventeenth century and
brought in its train the widespread release of toxic elements
to the environment. New sciences of public health and
industrial hygiene emerged and their studies have helped
inform our understanding of the health implications of the
natural occurrence of these elements.

1.1 The Foundations of Medical Geology

1.1.1 Ancient Reports

Many ancient cultures made reference to the relationship
between environment and health. Often health problems
were linked to occupational environments but close links
to the natural environment were also noted. Chinese medical
texts dating back to the third century BC contain several
references to relationships between environment and health.
During both the Song Dynasty (1000 BC) and the Ming
Dynasty (Fourteenth to Seventeenth century AD), lung
problems related to rock crushing and symptoms of occupa-
tional lead poisoning were recognized. Similarly, the Tang
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Dynasty alchemist Chen Shao-Wei stated that lead, silver,
copper, antimony, gold and iron were poisonous (see discus-
sion in Nriagu, 1983).

Contemporary archaeologists and medical historians have
provided us with evidence that the poor health often revealed
by the tissues of prehistoric cadavers and mummies can
commonly be linked to detrimental environmental conditions
of the time. Goiter, for example, which is the result of severe
iodine deficiency, was widely prevalent in ancient China,
Greece, and Egypt, as well as in the Inca state of Peru. The
fact that this condition was often treated with seaweed, a good
source of iodine, indicates that these ancient civilizations had
some degree of knowledge with regard to the treatment of
dietary deficiencies with natural supplements.

As early as 1,500 years ago, certain relationships between
water quality and health were known:

Whoever wishes to investigate medicine properly, should

proceed thus....We must also consider the qualities of the waters,

for as they differ from one another in taste and weight, so also do
they differ much in their quality (Hippocrates 460-377 BC).

Hippocrates, a Greek physician of the Classical period,
recognized that health and place are causally related and that
environmental factors affected the distribution of disease
(Lag 1990; Foster 2002). Hippocrates noted in his treatise
On Airs, Waters, and Places (Part 7) that, under certain
circumstances, water “comes from soil which produces
thermal waters, such as those having iron, copper, silver,
gold, sulphur, alum, bitumen, or nitre,” and such water is
“bad for every purpose.” Vitruvius, a Roman architect in the
last century BC, noted the potential health dangers related to
mining when he observed that water and pollution near
mines posed health threats (cited in Nriagu 1983). Later, in
the first century AD, the Greek physician Galen reaffirmed
the potential danger of mining activities when he noticed
that acid mists were often associated with the extraction of
copper (cited in Lindberg 1992).

An early description linking geology and health is
recounted in the travels of Marco Polo and his Uncle
Niccold. Journeying from Italy to the court of the Great
Khan in China in the 1270s they passed to the south and
east of the Great Desert of Lop:

At the end of the ten days he reaches a province called Su-

chau....Travelers passing this way do not venture to go among

these mountains with any beast except those of the country,
because a poisonous herb grows here, which makes beasts that

feed on it lose their hoofs; but beasts born in the country
recognize this herb and avoid it (Latham 1958).

The animal pathology observed by Marco Polo that
resulted from horses eating certain plants was similar to a
condition that today we know is caused by the consumption
of plants in which selenium has accumulated; this explorer’s
account may be the earliest report of selenium toxicity.
Marco Polo also described goiter in the area around the
oasis city of Yarkand (Shache) and ascribed it to a
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peculiarity of the local water. Earlier, near Kerman on the
Iranian eastern frontier, he commented on a lack of bellicos-
ity in the tribesmen that he attributed to the nature of the soil.
In what could be considered the first public health experi-
ment, Marco Polo imported soil to place around the tribe’s
tents in an effort to restore their bellicosity. His approach
proved to be effective (see also Chap. 16).

Health problems resulting from the production of metal
have been identified in many parts of the world. The com-
mon use of metals in ancient societies suggested their toxic-
ity. Although the relationship between lead and a variety of
health risks is now well documented in modern society, the
relationship was less well known in the past. Lead has been
exploited for over six millennia, with significant production
beginning about 5,000 years ago, increasing proportionately
through the Copper, Bronze, and Iron Ages, and finally
peaking about 2,000 years ago (Hong et al. 1994; Nriagu
1998). Several descriptions of lead poisoning found in texts
from past civilizations further corroborate the heavy uses of
lead. Clay tablets from the middle and late Assyrian periods
(1550-600 BC) provide accounts of lead-poisoning
symptoms, as do ancient Egyptian medical papyri and San-
skrit texts dating from over 3,000 years ago (Nriagu 1983).
About 24% of discovered lead reserves were mined in
ancient times (Nriagu 1998).

It has been estimated that during the time of the Roman
Empire the annual production of lead approached 80,000
tonnes (Hong et al. 1994; Nriagu 1998), and copper, zinc
and mercury were also mined extensively (Nriagu 1998).
Lead usage exceeded 550 g per person per year, with the
primary applications being plumbing, architecture, and ship-
building. Lead salts were used to preserve fruits and
vegetables, and lead was also added to wine to stop further
fermentation and to add color or bouquet (Nriagu 1983). The
use of large amounts of lead in the daily life of Roman
aristocracy had a significant impact on their health, includ-
ing epidemics of plumbism, high incidence of sterility and
stillbirths and mental incompetence. Physiological profiles
of Roman emperors who lived between 50 and 250 BC
suggest that the majority of these individuals suffered from
lead poisoning (Nriagu 1983)., It has been claimed that a
contributing factor to the fall of the Roman Empire, in AD
476, may have been the excessive use of lead in pottery,
water pipes and other sources (Hernberg 2000).

Mercury was used during the Roman Empire to ease the
pain of teething infants, as well as to aid in the recovery of
gold and silver. Such applications were also widely found in
Egypt in the twelfth century and in Central and South Amer-
ica in the sixteenth century (Eaton and Robertson 1994;
Silver and Rothman 1995). Mercury was used to treat syphi-
lis during the sixteenth century and in the felting process in
the 1800s (Fergusson 1990).

Copper was first used in its native form approximately
7,000 years ago, with significant production beginning some
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2,000 years later and eventually peaking at a production rate
of about 15,000 tonnes annually during the Roman Empire,
when it was used for both military and civilian purposes,
especially coinage. A significant drop in the production of
copper followed the fall of the Roman Empire, and produc-
tion remained low until about 900 years ago when a dramatic
increase in production occurred in China, reaching a maxi-
mum of 13,000 tonnes annually and causing a number health
problems (Hong et al. 1994).

Arsenic was used for therapeutic purposes by the ancient
Greeks, Romans, Arabs, and Peruvians, because small doses
were thought to improve the complexion; however, it has also
long been used as a poison (Fergusson 1990). In the sixteenth
century, Georgius Agricola (Agricola 1556) described the
symptoms of “Schneeberger” disease among miners working
in the Erzgebirge of Germany to mine silver in association
with uranium. That disease has since been identified as lung
cancer deriving from metal dust and radon inhalation.

1.1.2 More Recent Reports

The industrial revolution in Europe and North America
encouraged people to quit the poverty of subsistence agri-
culture in the countryside to live in increasingly crowded
cities where they found work in factories, chemical plants
and foundries; however, such occupations exposed the
workers to higher levels of chemical elements and
compounds that, as rural dwellers, they would rarely have
encountered. Friedrich Engels wrote graphic descriptions of
the ill health of the new English proletariat in his politically
seminal book, The Conditions of the Working Class in
England, published in 1845. He described the plight of
children forced to work in the potteries of Staffordshire:
“By far the most injurious is the work of those who
dip. . .into a fluid containing great quantities of lead, and
often of arsenic.... The consequence is violent pain, and
serious diseases of the stomach and intestines. . .partial
paralysis of the hand muscles...convulsions” (Engels
1845). Engels further characterized the conditions of
workers in mid-nineteenth century industrial England as
“want and disease, permanent or temporary.”

The sciences of toxicology and industrial medicine arose
in response to the health problems caused by unregulated
industrialization. These sciences have provided the clinical
data that allow us to understand the consequences of excess
exposure to elements in the natural environment, whether it
be due to simple exposure to particular rocks or the exploita-
tion of mineral resources. The emergence of modern geolog-
ical sciences coupled with increasingly powerful analytical
techniques laid the foundation for determining the nature
and occurrence of trace elements in rocks and sediments.
Scientific agriculture has focused attention on inorganic

element deficiencies in plants and animals. Modern medicine
has provided reliable descriptions of diseases and more
accurate diagnoses through internationally recognized
nomenclatures.

Rural people have always recognized that the health of
domesticated animals is influenced by drinking water or diet
and, therefore, soil properties. These observations could not
be explained until the advent of scientific agriculture in the
nineteenth century, when it required only a small step to
suggest that humans may also be caught up in similar
relationships. Diseases now known to be caused by a lack
or excess of elements in soil and plants were given names
that reflected where they occurred, such as Derbyshire neck
in the iodine-deficient areas of the English Midlands or
Bodmin Moor sickness over the granites of southwest
England where cobalt deficiency is endemic in sheep unless
treated. It is interesting to note that in Japan, before the 1868
Meiji Restoration, meat was rarely eaten so there was no
tradition of animal husbandry. Japanese authors have
suggested that this lack of animal indicators largely
contributed to the failure to recognize the significance of
metal pollution until it became catastrophic.

Archaeologists have also noted links between health and
environmental factors. Analysis of bone material has
provided an excellent tool for studying the diet and
nutritional status of prehistoric humans and animals
(Krzysztof and Glab 2001). For example, the transition
from a hunter—gatherer society to an agriculturally based
economy resulted in a major dietary change and an
accompanying iron deficiency. Iron in plants is more diffi-
cult to absorb than iron from a meat source; hence, it has
been proposed that this new reliance on a crop diet may have
resulted in iron deficiency and anemia among the general
population (Roberts and Manchester 2007).

Skeletal remains found in Kentucky have provided prime
examples of the relationship between geology and ancient
human health. Native Americans established permanent
settlements in the area and began normal crop cultivation
practices. As a result of soil micronutrient deficiencies, their
maize contained extremely low levels of zinc and manga-
nese. These deficiencies led to a range of diet-related health
effects that have been clearly documented through the study
of dental and skeletal pathology in human remains
(Moynahan 1979).

Several landmark discoveries in medical geology have
been made in Norway. For a long time, Norwegian farmers
have been aware of the unusually frequent occurrence of
osteomalacia among domestic animals in certain districts,
and to combat the disease they initiated the practice of
adding crushed bones to the feed of the animals. Some
farmers suspected that a particular pasture plant caused
osteomalacia, and a Norwegian official named Jens Bjelke
(1580-1659), who had an interest in botany and a knowledge



of foreign languages, gave the suspected plant the Latin
name Gramen ossifragum (“the grass that breaks bones”).
The name has also been written Gramen Norwagicum
ossifragum.

One hundred years ago, the geologist J. H. L. Vogt
learned of the practice of adding crushed bones to the diets
of farm animals and investigated a region where osteomala-
cia was common. When he found very small amounts of the
mineral apatite in the rocks, he drew the logical and correct
conclusion that a deficiency of phosphorus was the cause of
the osteomalacia. Another Norwegian geologist (Esmark
1823) had previously pointed out that vegetation was
extraordinarily sparse over the bedrock which was found
by Vogt to be very poor in apatite. Once the cause of the
osteomalacia was determined, it became a relatively simple
matter to prevent the damage by adding phosphorus fertilizer
to the soil (Lag 1990) (see also Chap. 15, this volume).

A significant publication was André Voisin’s book, Soil,
Grass and Cancer (1959), especially in light of today’s
interest in the dangers of free radicals in cells and the
protective effects of antioxidant substances and enzymes.
Over 40 years ago, Voisin stressed the protective role of
catalase and observed that copper deficiency was accom-
panied by low cytochrome oxidase activity.

Oddur Eiriksson and Benedikt Pjetursson provided
detailed descriptions of the damage to teeth of domestic
animals that resulted from the eruption of the Icelandic
volcano Hekla in 1693. At that time it was not known that
the cause was fluorosis. The relationship between the inci-
dence of fluorine deficiency and dental caries has been
carefully studied in Scandinavia since World War II, with
attention being particularly centered around the need for
fluoridation of water. Analyses of the fluoride content of
natural waters from various sources and their relationships
to the frequency of caries have been reported from several
districts (see also Chap. 10, this volume).

Geochemical Classification
of the Elements

1.2

The principles of geochemistry and, hence, medical geology
were established at a time when modern analytical
techniques were in their infancy and most scientists relied
on the very laborious classical chemical approaches. Despite
the limitations imposed by a lack of rapid analysis of rocks
and soils, the basic principles of geochemistry were known
by the start of the twentieth century. In 1908, Frank W.
Clarke, of the U.S. Geological Survey, published the original
edition of The Data of Geochemistry, in which he adopted a
systems approach to present his information. Clarke’s book
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Table 1.1 Geochemical classification of elements

Group Elements
Siderophile Fe, Co, Ni, Pt, Au, Mo, Ge, Sn, C, P
Atmophile H, N, O

Chalcophile Cu, Ag, Zn, Cd, Hg, Pb, As, S, Te
Lithophile  Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Al, rare earths (REE)

was the forerunner of several texts published during the first
half of the twentieth century that have helped us understand
how geochemistry is linked to health. Arguably the most
important text of the period was V. Goldschmidt’s Geo-
chemistry (1954), which was based on work by Linus
Pauling; it was completed by Alex Muir in Scotland and
published after Goldschmidt’s death in 1947. Two of
Goldschmidt’s ideas are of special relevance to medical
geology: his geochemical classification of the elements and
his recognition of the importance of ionic radii in explaining
“impurities” in natural crystals.

Goldschmidt’s  geochemical classification  groups
elements into four empirical categories (Table 1.1). The
siderophilic elements are those primarily associated with
the iron—nickel (Fe-Ni) core of the Earth; these elements
may be found elsewhere to some extent, but this classifica-
tion explains why, for example, platinum and associated
metals are normally rare and dispersed in crustal rocks.
This fundamental geochemical observation allowed Alvarez
et al. (1980) to recognize the significance of the high iridium
contents of clays found at the Cretaceous/Tertiary (K/T)
boundary. They proposed the persuasive idea that the impact
of an asteroid (Fe—Ni type) on the surface of the Earth could
explain the massive species extinctions that define the K/T
boundary, including the demise of the dinosaurs. Was this an
example of medical geology on a global scale?

The atmophilic elements are those dominating the air
around us, and lithophilic elements are common in crustal
silicates (Alvarez et al. 1980). Of special interest are the
chalcophilic elements, which derive their name from a geo-
chemical grouping of these elements with copper (Greek
yo2k0c). These elements are encountered locally in high
concentrations where recent or ancient reducing conditions
(and hydrothermal conditions) have led to the reduction of
sulfate to sulfide, resulting in the formation of sulfide
minerals such as pyrite (FeS,) and the ores of lead (galena,
PbS) or zinc (sphalerite, ZnS). This same thiophilic tendency
underlies the toxicity of lead, mercury, and cadmium
because they readily link to the —SH groups of enzymes
and thereby deactivate them. Goldschmidt’s empirical
classification of chalcophilic elements is now reinterpreted
in terms of hard and soft acids and bases; soft bases
(e.g., R—SH or R—S") preferentially bind to soft acids
(e.g., Cd** or Hg™).
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Goldschmidt’s (and Pauling’s) second important
concept was the importance of ionic size in explaining
both the three-dimensional structures of silicate crystals
and how other elements can become incorporated in them.
The rules are now generally known as Goldschmidt’s rules
of substitution:

1. The ions of one element can replace another in ionic

crystals if their radii differ by less than about 15%.

2. Ions whose charges differ by one unit can substitute
provided electrical neutrality of the crystal is maintained.

3. For two competing ions in substitution, the one with the
higher ionic potential (charge/radius ratio) is preferred.

4. Substitution is limited when competing ions differ in
electronegativity and form bonds of different ionic
character.

These rules of substitution and the geochemical classifi-
cation of elements are fundamental to our growing under-
standing of medical geology, for they explain many
environmental occurrences of toxic elements and allow
scientists to predict where such occurrences might be found.

1.3  Contributions to Medical Geology
from Public Health and Environmental

Medicine

Although most public health problems involve diseases
caused by pathogens, inorganic elements and their com-
pounds can also affect public health; among these elements
are arsenic, cadmium, and mercury. The effects of mercury
on human health can be traced back several centuries.
For example, in the sixteenth century and later, mercury
and its compounds were widely used to treat syphilis despite
its known toxicity (D’itri and D’itri 1977), and mercuric
nitrate solution was used to soften fur for hat making.
Long-term exposure caused neurological damage in workers
handling mercury and gave rise to expressions such as
“mad as a hatter” or the “Danbury shakes.” In Birmingham,
England, buttons were gilded by exposing them to a
gold—mercury (Au-Hg) amalgam followed by vaporization
of the mercury. By 1891, many tons of mercury had been
dissipated around Birmingham, to the great detriment of that
city’s inhabitants, many of whom suffered from “Gilder’s
palsy”. Neurological damage due to exposure to inorganic
mercury compounds was well understood by the end of the
nineteenth century. In recent decades there has been concern
about environmental levels of mercury in Amazonia, where
the amalgamation of gold by mercury in small-scale mining
operations has caused widespread mercury pollution
Modern concerns are focussed on methyl mercury, a lipid-
soluble organic compound that concentrates up the food
chain. Recognition of such a problem resulted from the

outbreak of methylmercury poisoning in 1956 in Minamata
city in Japan, thus the name used today—Minamata disease
(Harada 1995). Subsequently, methylmercury poisoning
has been observed in, for example, Niigata (Japan), Sweden,
Iraq, and the United States. In the USA mercury emissions
from coal burning have led to restrictions on lake and river
fishing (EPA 2011).

Concern about environmental cadmium can be traced
back to the outbreak of itai itai disease in Japan earlier in
the twentieth century (Chaney et al. 1998). The disease
resulted in severe bone malformations in elderly women,
and a zinc mine in the upper reaches of the Jintsu river was
found to be the source of the cadmium that caused the
disease. Later, cadmium was found to be linked to kidney
damage, and the element was found to build up in soil
following the application of some sewage sludges. Many
countries now control the land application of sludge and
have set limits in terms of permissible cadmium additions
(Friberg et al. 1974).

The coloured compounds of arsenic were used as
pigments as early as the Bronze Age, and knowledge of its
toxicity is just as old. Of concern today are the skin lesions
and cancers observed among the millions of people drinking
arsenic-rich well water, especially in West Bengal and
Bangladesh. As with mercury, links between arsenic and
certain cancers were identified early on. Fowler’s solution,
which contained potassium arsenite, was widely prescribed
as a tonic. Patients who believed that if a little of something
(a few drops) would do them good then a lot of it must do
them a lot of good and tended to overdose on the solution.
By the late eighteenth century, it was recognized that
injudicious use of Fowler’s solution led first to peripheral
neuritis, which was followed by skin lesions and cancer (see
also Chaps. 12 and 25, this volume).

Coal is a sedimentary rock formed by the diagenesis of
buried peats, which, in turn, form from organic debris under
wet, reducing conditions. This process favors the precipi-
tation of the sulfides of chalcophilic metals (especially
pyrite, FeS,). Pyrite can contain significant concentrations
of arsenic as well as mercury, thallium, selenium, nickel,
lead, and cobalt. Incineration of coal releases mercury to the
atmosphere; sulfur gases, which cause acid precipitation,
and arsenic compounds may also be released or remain in
the ash.

In the autumn of 1900, an epidemic of arsenic poisoning
occurred among beer drinkers in Manchester, Salford, and
Liverpool in England. The poisoning was first traced to the
use of sulfuric acid to make the glucose required for the
brewing process; apparently, the breweries had unknowingly
switched from de-arsenicated acid (sulfuric acid is a valu-
able by-product of smelting industries, including those deal-
ing with arsenic ores). Additionally, however, malted barley
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was dried over coal fires, which contributed to the problem.
Even moderate beer drinkers suffered from peripheral neuri-
tis and shingles (herpes zoster), which can be induced by
arsenic exposure. Arsenic poisoning has recently emerged
again in China, where severe arsenic poisoning has been
reported in recent years as a result of consumption of
vegetables dried over coal fires (Finkelman et al. 1999).

1.4 Development of Medical Geology

1.4.1 The Knowledge Gained
from Single-Element Studies

Over the course of the twentieth century, geoscientists
and epidemiologists gained a greater understanding of the
many ways in which the environment of Earth can affect the
health of its inhabitants. Incidents of metal poisoning and
the identification of specific relationships between dietary
constituents and health became representative examples of
more general human reactions to exposures to the geochem-
ical environment. The clearest example of the relationship
between geology and health is when the presence of too
much or too little of a single element in the environment
is found to cause or influence disease as a result of being
transferred into the body through dust in the soil or air or via
water or food.

Iodine remains the classic success story in medical
geology as far as human health is concerned. The most
common health effect associated with an iodine deficiency
is goiter, a swelling of the thyroid gland. Late in the nine-
teenth century, it was determined that iodine concentrates
in the thyroid gland, but the iodine concentrations were
reduced in the thyroids of patients from endemic goitrous
areas. lodine deficiency disorders (IDDs) remain a major
threat to the health and development of populations the
world over. Clinical treatment of IDDs is, of course, the
prerogative of medical doctors; nonetheless, a greater under-
standing of the conditions leading to IDDs has resulted
from the work of geoscientists. (Iodine is described in detail
in Chap. 17.)

The study of arsenic remained the province of toxicology
and forensic medicine until the middle twentieth century.
A paper on arsenic in well water in the Canadian Province
of Ontario stated: “The occurrence of arsenic in well water
is sufficiently rare to merit description” (Wyllie 1937).
Pictures accompanying the text illustrate keratosis on the
feet and the palm of a hand. It was concluded in the article
that the occurrence of arsenic poisoning from well water was
infrequent. Less than 40 years later, however, the scientific
world learned of ‘“blackfoot disease” in the Republic of
China (Taiwan), and skin disorders and cancer due to
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arsenic-polluted well water have been described in Chile,
Mexico, and Argentina. Serious problems are currently
being reported in West Bengal and Bangladesh. In all
cases, the geological link is clear (described in detail in
Chaps. 12 and 25).

Cobalt deficiency provides a good example of the
relationship between animal health and the geological envi-
ronment. In New Zealand, cobalt deficiency was known as
“bush sickness” or Morton Mains disease; in Kenya, as
nakuruitis; in England, as pining; in Denmark, as vosk or
voskhed; and in Germany, as hinsch. The underlying cause
was discovered by Dr. Eric Underwood, an early expert in
the medical geology field (Underwood and Filmer 1935).
His discovery in 1935 of the essentiality of cobalt is an
example of triumph over analytical difficulty. Underwood
and Filmer showed that “enzootic marasmus” could be cured
by treatment with an acid extract of the iron oxide limonite,
from which all but negligible quantities of iron had been
removed using the laborious methods of classical qualitative
analysis. In all cases, the problem can be traced back to a low
cobalt content of the soil parent material. Inadequate cobalt
is passed up the food chain for microflora in the gut of
herbivores to use in the synthesis of the essential cobalt-
containing cobalamin or vitamin Bj,. Only one case of
human cobalt deficiency appears to have been published
(Shuttleworth et al. 1961). A 16 month-old girl on an
isolated Welsh hill farm was a persistent dirt eater and
suffered from anemia and behavioral problems. The cattle
on the farm were being treated for cobalt deficiency, and
the child recovered her health after oral administration of
cobaltous chloride.

Lead poisoning has dominated the environmental agenda
for several decades. It is interesting to note that geologists
were aware of the potential health problems associated with
lead when medical opinion on the subject was still mixed.
In mid-nineteenth century Britain, residents expressed
growing concern about the unregulated disposal of mine
and industrial wastes in rivers. In west Wales, farmers
complained that lead mining was ruining their fields as a
result of the deposition of polluted sediment when rivers
flooded. A Royal Commission in 1874 evaluated their
complaints, and legislation soon followed (River Pollution
Prevention Act, 1878); however, it was too late. Well into
the twentieth century, cattle poisoning in the Ystwyth valley
of west Wales continued to occur due to the earlier contami-
nation by mines in the previous century. As late as 1938,
the recovery of these rivers was monitored, and even in the
1970s evidence of past pollution was still evident (Davies
and Lewin 1974). It was the late Professor Harry Warren in
Vancouver, Canada, who first recognized the important
implications of high levels of environmental lead. He
devoted the last 30 years of his professional life to arguing
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for the significance of lead uptake by garden vegetables and
its possible role in the etiology of multiple sclerosis. Warren
had pioneered the use of tree twigs in prospecting for min-
eral ores in British Columbia, Canada, and he was surprised
to observe that lead contents were often higher in forests
bordering roads and concluded that “industrial salting” was a
widespread and serious problem. Nonetheless, until the
1960s, environmental lead remained a mere -curiosity.
Health problems were thought to occur only from industrial
exposure or due to domestic poisoning from lead dissolved
by soft water from lead pipes.

Over the past 20 years, the removal of lead from gasoline,
food cans, and paint has reduced US population blood lead
levels by over 80%. Milestones along the way included
evidence that dust on hands and direct soil consumption
(pica) by children represented a major pathway of lead
exposure (Gallacher et al. 1984). The phasing out of lead
in gasoline in the United States was accompanied by a
general reduction in blood lead levels (Mahaffey et al.
1982). Adding to the debate was the contention that even
relatively low levels of lead exposure could harm the devel-
opment of a child’s brain (Davies and Thornton 1989;
Nriagu 1983; Ratcliffe 1981; Warren and Delavault 1971).

The medical geology of selenium provides a good
example of the interaction between geology and medicine.
In the late 1960s, selenium was shown to be essential for
animals and to be an integral part of glutathione oxidase, an
enzyme that catalyzes the breakdown of hydrogen peroxide
in cells (Prasad 1978). In sheep and cattle, a deficiency in
selenium accounted for “white muscle disease” (especially
degeneration of the heart muscle), and glutathione peroxi-
dase activity was found to be a good measure of selenium
status. The problem was particularly widespread among
farm animals in Great Britain (Anderson et al. 1979).
Humans have also been shown to suffer from selenium
deficiency, and in China this condition is referred to as
Keshan disease (Rosenfeld and Beath 1964; Frankenberger
and Benson 1994; Frankenberger and Engberg 1998).
The disease has occurred in those areas of China where
dietary intakes of selenium are less than 0.03 mg/day
because the selenium content of the soils is low. The condi-
tion is characterized by heart enlargement and congestive
heart failure. The disease has been primarily seen in rural
areas and predominantly among peasants and their families.
Those most susceptible have been children from 2 to
15 years of age and women of child-bearing age (Chen
et al. 1980; Jianan 1985). Also, it has been suggested that
adequate selenium intake may be protective for cancers
(Diplock 1984), and self-medication with selenium supple-
ments has become widespread with the belief that a lack of
selenium is a risk factor in heart diseases. (Selenium is
described in greater detail in Chap. 16.)

1.4.2 The Importance of Element Interactions
is Recognized

The number of productive single-element studies has
obscured two fundamental geochemical principles: First,
from a geochemistry perspective, elements tend to group
together, and, second, the study of physiology recognizes
that elements can be synergistic or antagonistic. Cadmium is
a good example of both principles. In some environments,
soil cadmium levels are high because of rock type (such as
black shales) or from mining contamination. A highly
publicized polluted environment is that of the village of
Shipham, which in the eighteenth century was a thriving
zinc mining village in the west of England.

A study in 1979 suggested that 22 out of 31 residents
showed signs of ill health that could be traced to cadmium
(Carruthers and Smith 1979). As aresult, the health of over 500
residents was subsequently assessed and compared with that of
a matching control population from a nearby non-mining
village, but “there was no evidence of adverse health effects
in the members of the population studied in Shipham”
(Morgan and Simms 1988, Thornton et al. 1980). Chaney
et al. (1998) have commented on the disparity between the
reports of ill health in Japan and no-effect observations from
other parts of the world: “research has shown that Cd transfer
in the subsistence-rice food-chain is unique, and that other
food-chains do not comprise such high risk per unit soil Cd”
and “Evidence indicates that combined Fe and Zn deficiencies
can increase Cd retention by 15-fold compared to Fe and
Zn adequate diets. . .it is now understood that rice grain is
seriously deficient in Fe, Zn, and Ca for human needs”.

Copper and molybdenum taken individually and
together demonstrate the importance of not relying upon
simple single-cause relationships. In Somerset (England)
there is an area in which pasture causes scouring in cattle.
The land is known locally as “teart” and was first reported
in the scientific literature in 1862 (Gimingham 1914), but
the cause of the disorder (molybdenum) was not
ascertained until 1943 (Ferguson et al. 1943), when it was
shown that the grass contained 20-200 mg molybdenum
per kg (d.m.) and that the disorder could be cured by adding
cupric sulfate to the feed. The origin of the excess molyb-
denum was the local black shales (Lower Lias) (Lewis
1943). Over 20 years later, geochemical reconnaissance
of the Lower Lias throughout the British Isles showed
that elevated molybdenum contents in soils and herbage
were a widespread problem over black shale, regardless of
geological age, and that this excess molybdenum was the
cause of bovine hypocuprosis (Thornton et al. 1966, 1969;
Thomson et al. 1972). A moose disease in Sweden provides
another example of the effects of molybdenum, in this case
resulting from the interaction of molybdenum with copper.
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This disease is covered in detail in Chap. 21 (see also
Kabata-Pendias and Pendias 1992; Kabata-Pendias 2001;
Adriano 2001).

1.4.3 Mapping Diseases as a Tool
in Medical Geology

Medical geology benefits from the work of medical
geographers who have mapped diseases in different
countries. For some important groups of diseases (e.g.,
cancers, diseases of the central nervous system, and cardio-
vascular disease), the causes are by and large uncertain.
When the incidence or prevalence of these diseases has
been mapped, especially in countries of western Europe,
significant differences from place to place have been
reported that are not easily explained by genetic traits or
social or dietary differences. Howe (1963) pioneered the use
of standardized epidemiological data in his ‘National Atlas
of Disease Mortality in the United Kingdom’. His stomach
cancer maps clearly identified very high rates in Wales.
Environmental influences appear to be involved in the
etiologies, and a role for geology has been suggested by
many authors (see, for example, Chap. 14). An early study
of gastrointestinal cancer in north Montgomeryshire, Wales
(Millar 1961) seemed to show an association with environ-
mental radioactivity because local black shales were rich in
uranium. There was no direct evidence to support the
hypothesis, and the study was marked by a problem of earlier
work—namely, an indiscriminate use of statistics. Work in
1960 in the Tamar valley of the west of England appeared to
show that mortality from cancer was unusually low in cer-
tain villages and unusually high in others (Davies 1971).
Within the village of Horrabridge, mortality was linked to
the origin of different water supplies: The lowest mortality
was associated with reservoir water from Dartmoor, whereas
the highest mortality was associated with well or spring
water derived from mineralized rock strata. Although this
study was again statistically suspect, it stimulated a resur-
gence of interest in the link between cancer and the
environment.

Stocks and Davies (1964) sought direct associations
between garden soil composition and the frequency of stom-
ach cancer in north Wales, Cheshire, and two localities in
Devon. Soil organic matter, zinc, and cobalt were related
positively with stomach cancer incidence but not with other
intestinal cancer. Chromium was connected with the inci-
dence of both. The average logarithm of the ratio of zinc/
copper in garden soils was always higher where a person had
just died of stomach cancer after 10 or more years of resi-
dence than it was at houses where a person had died similarly
of a nonmalignant cause. The effect was more pronounced
and consistent in soils taken from vegetable gardens, and it
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was not found where the duration of residence was less
than 10 years.

Association is not necessarily evidence for cause and
effect. For mapping approaches to be reliable, two
conditions must be satisfied. First, it is essential to be able
to show a clear pathway from source (e.g., soil) to exposure
(e.g., dirt on hands) to assimilation (e.g., gastric absorption)
to a target organ or physiological mechanism (e.g., enzyme
system). The second condition, rarely satisfied, is that the
hypothetical association must be predictive: If the associa-
tion is positive in one area, then it should also be positive in a
geologically similar area; if not, why not? This condition is
well illustrated by fluoride and dental caries—environments
where fluoride is naturally higher in drinking water have
consistently proved to have lower caries rates.

A possible link between the quality of water supply,
especially its hardness, was the focus of much research in
the 1970s and 1980s. This was noticed, for example, in Japan
in 1957. A statistical relationship was found between deaths
from cerebral hemorrhage and the sulfate/carbonate ratio in
river water which, in turn, reflected the geochemical nature
of the catchment area. In Britain, calcium in water was found
to correlate inversely with cardiovascular disease, but the
presence of magnesium did not; thus, hard water may exer-
cise some protective effect. Attention has also been paid to a
possible role for magnesium, because diseased heart muscle
tissue is seen to contain less magnesium than healthy tissue.
Still, it has to be pointed out that hard waters do not neces-
sarily contain raised concentrations of magnesium; this
occurs only when the limestones through which aquifer
water passes are dolomitized, and most English limestones
are not. More details can be found in Chap. 14.

Mapping diseases has also been a valuable tool for a long
time in China, where pioneering work has been done by Tan
Jianan (1989). Modern mapping techniques are now widely
used in medical geology; mapping and analytical approaches
to epidemiological data are covered in Cliff and Haggett
(1988), while discussions on using GIS and remote sensing,
as well as several examples, are offered in Chaps. 28 and 29.

1.4.4 Dental Health Provides an Example
of the Significance of Element
Substitutions in Crystals

Dental epidemiology has provided some of the most
convincing evidence that trace elements can affect the health
of communities (Davies and Anderson 1987). Dental caries
is endemic and epidemic in many countries, so a large
population is always available for study. Because diagnosis
relies upon a noninvasive visual inspection that minimizes
ethical restrictions, a high proportion of a target population
can be surveyed. Where the survey population is comprised
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of children (typically 12 year olds), the time interval
between supposed cause and effect is short, and it is possible
to make direct associations between environmental quality
and disease prevalence. In the case of fluoride, a direct link
was established over 50 years ago that led to the successful
fluoridation of public water supplies. This is an example of
medical geology influencing public health policy. The rela-
tionship between dental caries and environmental fluoride,
especially in drinking water, is probably one of the best
known examples of medical geology. So strong is the rela-
tionship that the addition of 1 mg of fluoride per liter to
public water supplies has been undertaken regularly by
many water utilities as a public health measure.

The history of the fluoride connection is worth
recounting. In 1901, Dr. Frederick McKay opened a dental
practice in Colorado Springs, Colorado, and encountered a
mottling and staining of teeth that was known locally as
“Colorado stain.” The condition was so prevalent that it
was regarded as commonplace but no reference to it could
be found in the available literature. A survey of school-
children in 1909 revealed that 87.5% of those born and
reared locally had mottled teeth. Inquiries established that
an identical pattern of mottling in teeth had been observed in
some other American areas and among immigrants coming
from the volcanic areas of Naples, Italy. Field work in South
Dakota and reports from Italy and the Bahamas convinced
McKay that the quality of the water supply was somehow
involved in the etiology of the condition. He found direct
evidence for this in Oakley, Idaho, where, in 1908, a new
piped water supply was installed from a nearby thermal
spring and, within a few years, it was noticed that the teeth
of local children were becoming mottled. In 1925, McKay
persuaded his local community to change their water supply
to a different spring, after which stained teeth became rare.

A second similar case was identified in Bauxite,
Arkansas, where the water supply was analyzed for trace
constituents, as were samples from other areas. The results
revealed that all the waters associated with mottled teeth had
in common a high fluoride content 2—-13 mg of fluoride per
liter. In the 1930s, it was suggested that the possibility of
controlling dental caries through the domestic water supply
warranted thorough epidemiological-chemical investigation.
The U.S. Public Health Service concluded that a concentra-
tion of 1 mg fluoride per liter drinking water would be
beneficial for dental health but would not be in any way
injurious to general health. Fluoride was first added to
public water supplies in 1945 in Grand Rapids, Michigan.
Fluoridation schemes were subsequently introduced in
Brantford, Ontario (1945); Tiel, The Netherlands (1953);
Hastings, New Zealand (1954); and Watford, Anglesey,
and Kilmarnock in Great Britain (1955). There is no doubt
that whenever fluorides have been used a reduction in the
prevalence of dental caries follows (Davies and Anderson
1987; Leverett 1982) (see also Chap. 13, this volume).

1.5 An Emerging Profession

The field of medical geology (or geomedicine) has developed
around the world over the last few decades. The development
of activities and the organizational structure of medical
geology in a number of regions will be discussed in this
section, including the United States, Great Britain,
Scandinavia, some African countries, and China.

As research interest in medical geology grew during
the 1960s, the desire emerged for conference sessions or
even entire conferences dedicated to the subject. The late
Dr. Delbert D. Hemphill of the University of Missouri
organized the first Annual Conference on Trace Substances
in Environmental Health in 1967, and these meetings
continued for a quarter of a century. Early in the 1970s,
several countries took the initiative to organize activities
within the field of medical geology, and a symposium was
held in Heidelberg, West Germany, in October 1972. In the
United States, Canada, and Great Britain, research on
relationships between geochemistry and health were carried
out, and the Society for Environmental Geochemistry and
Health (SEGH) was established. Geochemistry has for a
long time maintained a strong position in the former Soviet
Union, and basic knowledge of this science is routinely
applied to medical investigations. Medical geology has a
long tradition in northern Europe, and the development of
this emerging discipline in Scandinavia has been strong.
In Norway, too, geochemical research has been regarded as
important for quite some time.

In North America in the 1960s and 1970s, a number
of researchers made important contributions to our under-
standing of the role of trace elements in the environment
and their health effects; among these are Helen Cannon and
Howard Hopps (1972), H. T. Shacklette et al. (1972), and
Harry V. Warren (1964). A meeting on environmental geo-
chemistry and health was held and sponsored by the British
Royal Society in 1978 (Bowie and Webb 1980). Another
landmark date was 1979, when the Council of the Royal
Society (London) appointed a working party to investigate
the role in national policy for studies linking environ-
mental geochemistry to health. This was chaired by Professor
S. H. U. Bowie of the British Geological Survey (Bowie and
Thornton 1985). In 1985, the International Association of
Geochemistry and Cosmochemistry (IAGC) co-sponsored
with the Society for Environmental Geochemistry and Health
(SEGH) and Imperial College, London, the first International
Symposium on Geochemistry and Health (Thornton 1985).
In 1985 Professor B E Davies became editor of a journal
then titled ‘Minerals and the Environment’, rebranded it as
‘Environmental Geochemistry and Health’ (Davies 1985) and
formally linked it with SEGH. The journal is now published
by Springer under the editorship of Professor Wong Ming
Hung and is in its 34th volume.
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In 1987, a meeting on geochemistry and health was held
at the Royal Society in London, and in 1993 a meeting on
environmental geochemistry and health in developing
countries was conducted at the Geological Society in
London (Appleton et al. 1996).

Traditionally, the terms geomedicine and environmental
geochemistry and health have been used. Formal recognition
of the field of geomedicine is attributed to Ziess, who first
introduced the term in 1931 and at the time considered it
synonymous with geographic medicine, which was defined
as “a branch of medicine where geographical and carto-
graphical methods are used to present medical research
results.” Little changed until the 1970s, when Dr. J. Lag, of
Norway, redefined the term as the “science dealing with the
influence of ordinary environmental factors on the geo-
graphic distribution of health problems in man and animals”
(Lag 1990).

The Norwegian Academy of Science and Letters has been
very active in the field of medical geology and has arranged
many medical geology symposia, some of them in coopera-
tion with other organizations. The proceedings of 13 of these
symposia have been published. Since 1986, these symposia
have been arranged in collaboration with the working group
Soil Science and Geomedicine of the International Union of
Soil Science. The initiator of this series of meetings was the
late Dr. Lag, who was Professor of Soil Science at the
Agricultural University of Norway from 1949 to 1985 and
who was among the most prominent soil scientists of his
generation, having made significant contributions to several
scientific disciplines. During his later years, much of
Dr. Lag’s work was devoted to medical geology, which he
promoted internationally through his book (Lag 1990).

The countries of Africa have also experienced growth in
the field of medical geology. The relationships between the
geological environment and regional and local variations in
diseases such as IDDs, fluorosis, and various human cancers
have been observed for many years in Africa. Such research
grew rapidly from the late 1960s, at about the same time that
the principles of geochemical exploration began to be
incorporated in mineral exploration programs on the conti-
nent. In Africa, evidence suggesting associations between
the geological environment and the occurrence of disease
continues to accumulate (see, for example, Davies 2003,
2008; Davies and Mundalamo 2010), but in many cases the
real significance of these findings remains to be fully
appreciated. The reasons are threefold: (1) the paucity of
reliable epidemiological data regarding incidence, preva-
lence, and trends in disease occurrence; (2) the lack of
geochemists on teams investigating disease epidemiology
and etiology; and (3) a shortage of analytical facilities for
measuring the contents of nutritional and toxic elements at
very low concentration levels in environmental samples
(Davies 1996). Confronting these challenges, however,
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could prove to be exceedingly rewarding, for it is thought
that the strongest potential significance of such correlations
exists in Africa and other developing regions of the world.
Unlike the developed world, where most people no longer
eat food grown only in their own area, most of the people in
Africa live close to the land and are exposed in their daily
lives, through food and water intake, to whatever trace
elements have become concentrated (or depleted) in crops
from their farms (Appleton et al. 1996; Davies 2000).

The first real attempt to coordinate research aimed at
clarifying these relationships took place in Nairobi in 1999,
when the first East and Southern Africa Regional Workshop
was convened, bringing together over 60 interdisciplinary
scientists from the region (Davies and Schliiter 2002). One
outcome of this workshop was the constitution of the East
and Southern Africa Association of Medical Geology
(ESAAMEQG), establishing it as a chapter of the International
Medical Geology Association (IMGA). The Geomed 2001
workshop held in Zambia testified to the burst of interest and
research activities generated by that first workshop (Ceruti
et al. 2001). As a result of this increasing awareness of
medical geology problems around the continent, member-
ship and activities of the ESAAMEG have continued to
grow. This is a welcome sign on both sides of what has
hitherto been an unbridged chasm between geology and
health in Africa.

China has a long history of medical geology. Chinese
medical texts dating back to the third century BC contain
several references to relationships between geology and
health. During both the Song Dynasty (1000 BC) and the
Ming Dynasty (fourteenth to seventeenth century), lung
ailments related to rock crushing and symptoms of occupa-
tional lead poisoning were recognized. Similarly, as noted
earlier, the Tang Dynasty alchemist Chen Shao-Wei stated
that lead, silver, copper, antimony, gold, and iron were
poisonous.

In the twentieth century, much research has been carried
out in China (for example, on the selenium-responsive
Keshan and Kashin Beck diseases) that has resulted in
clarification of the causes of a number of diseases, including
endemic goiter and endemic fluorosis. One of the centers
for this research has been the Department of Chemical
Geography at the Chinese Academy of Sciences. At this
institute, several publications have been produced, such as
The Atlas of Endemic Diseases and Their Environments in
the People’s Republic of China (Jianan 1985). Also the
Institute of Geochemistry in Guiyang in Southern China is
known for its studies in the field that is now referred to as
medical geology.

International Medical Geology Association, IMGA,
(Fig. 1.1) (www.medicalgeology.com) in its present form
was founded in January 2006, but began as an idea 10 years
before in 1996 when a working group on Medical Geology
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Fig. 1.1 International Medical Geology Association, IMGA

was established by International Union of Geological Sciences
(Skinner and Berger 2003). Its primary aim was to increase
awareness among scientists, medical specialists and the gen-
eral public on the importance of geological factors for health
and wellbeing. It was recognised that the limited extent of
cooperation and communication among these groups
restricted the ability of scientists and public health workers
to solve a range of complex environmental health problems.
The term “Medical Geology” was adopted in 1997.

A first short course on Medical Geology was carried out
in Lusaka, Zambia and at the University of Zambia. It was
decided that the short course would be brought to developing
countries which faced critical Medical Geology problems.
This proposal was supported by the International Commis-
sion on Scientific Unions (ICSU) and later on UNESCO in
support of short courses in Medical Geology to be held in
2002-2003. Since 2001 short courses in medical geology
have been held in more than 50 countries.

A first Hemispheric Conference on Medical Geology
was organized in Puerto Rico in 2005. The International
Medical Geology Association, IMGA, was established
2006. This year also a special symposium on Medical
Geology was held at the Royal Academy of Sciences in
Stockholm. The 2nd Hemispheric Conference on Medical
Geology was held in Atibaya, Brazil in 2007. United Nations
announced in 2008 Medical Geology as one of the themes of
the International Year of Planet Earth. IMGA also had sev-
eral sessions and a short course at the 33 International
Geological Conference in Oslo with 7,000 participants. In
2009 IMGA was involved in ‘Mapping GeoUnions to the
ICSU Framework for Sustainable Health and Wellbeing’ as
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full members. The 3rd Hemispheric Conference on Medical
Geology was held in Montevideo, Uruguay and in 2011 the
4th International conference in medical geology was
organised in Italy with more than 400 participants.

The development of medical geology has been tremen-
dous and education has started at several universities and
medical geology is on the agenda all over the world with
many active local chapters spread in all continents (Selinus
et al. 2010).

1.6 Prospects

As we progress into the early years of the twenty-first century,
it can be safely claimed that medical geology has emerged as
a serious professional discipline. If respect for medical geol-
ogy as a discipline is to continue to grow, then future studies
must go well beyond simplistic comparisons of geochemical
and epidemiological data. Dietary or other pathways must be
traced and quantified and causative roles must be identified
with regard to target organs or body processes. Moreover,
studies must become predictive. Occasionally, simple direct
links between geochemistry and health may be identified, but
even in these instances confounding factors may be present
(for example, the possible role of humic acids in arsenic
exposure or the established role of goitrogenic substance in
goiter). Ordinarily, geochemistry will provide at best only a
risk factor: Unusual exposures, trace element deficiencies, or
elemental imbalances will contribute toward the disturbance
of cellular processes or activation of genes that will result in
clinical disease. The problem of geographical variability in
disease incidence will remain.

Rapid growth in the field of medical geology is predicted,
as it is a discipline that will continue to make valuable
contributions to the study of epidemiology and public health,
providing hyperbole is avoided and a dialogue is maintained
among geochemists, epidemiologists, clinicians, and
veterinarians.

The structure of all living organisms, including humans
and animals, is based on major, minor, and trace elements—
given by nature and supplied by geology. The occurrence
of these gifts in nature, however, is distributed unevenly.
The type and quantity of elements vary from location to
location—sometimes too much, sometimes too little. It is
our privilege and duty to study and gain knowledge about
natural conditions (e.g., the bioavailability of elements
essential to a healthy life), and the field of medical geology
offers us the potential to reveal the secrets of nature.

See Also the Following Chapters. Chapter 10 (Volcanic
Emissions and Health) « Chapter 12 (Arsenic in Groundwa-
ter and the Environment) ¢ Chapter 13 (Fluoride in Natural
Waters) ¢ Chapter 14 (Water Hardness and Health Effects)
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* Chapter 15 (Bioavailability of Elements in Soil) « Chapter
16 (Selenium Deficiency and Toxicity in the Environment) ¢
Chapter 17 (Soils and Iodine Deficiency) « Chapter 21
(Animals and Medical Geology) ¢ Chapter 25 (Environmen-
tal Pathology) « Chapter 28 (GIS in Human Health Studies) ¢
Chapter 29 (Investigating Vector-Borne and Zoonotic
Diseases with Remote Sensing and GIS).
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Public Health Definitions
and Approaches

2.1

The health of human populations is highly dependent on a
range of environmental determinants, including those relat-
ing to geologic materials and processes on our planet
(Fig. 2.1). There is a clear continuum of geochemical cycles
and pathways for uptake of elements into plants, animals and
humans. Indeed, the optimal functioning of the human body
itself is reliant upon the maintenance of an appropriate bal-
ance of elements and minerals. The discipline of medical
geology can assist in the elucidation and management of
many public health issues, ranging from the effects of expo-
sure to or deficiencies of trace elements and minerals in the
diet, to the transportation, modification and concentration of
natural compounds in the soil, atmosphere and water sources.

The activity known as public health has been subject to a
range of interpretations. In fundamental terms, however, its
focus is to provide population-based solutions to
collectively-defined health problems. The emphasis on the
incidence, distribution, and control of diseases within a
population is often contrasted with the focus of clinical
medicine, which is directed towards how illness affects an
individual patient.

One widely cited definition is from the Acheson
Report on Public Health (1988), in which public health is
described as:

The science and art of preventing disease, prolonging life, and
promoting health through organised efforts of society.

(Great Britain. Dept. of Health and Social
Security. Committee of Inquiry into the Future
Development of the Public Health Function.
and Great Britain. Dept. of Health and Social
Security. 1988)

Another, more extensive definition, was provided by John
Last in the Dictionary of Epidemiology (1995):
Public health is one of the efforts organised by society to protect,

promote, and restore the people’s health. It is the combination of
sciences, skills, and beliefs that is directed to the maintenance

DOI 10.1007/978-94-007-4375-5_2, © Springer Science+Business Media Dordrecht 2013
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Fig. 2.1 A community exposed to occupational and environmental geogenic material: an iron-ore mining town located in the arid Pilbara region,
Western Australia (Picture courtesy of Fiona Maley)

and improvement of the health of all the people through collec-
tive or social actions. The programs, services, and institutions
involved emphasize the prevention of disease and the health
needs of the population as a whole. Public health activities
change with changing technology and social values, but the
goals remain the same: to reduce the amount of disease, prema-
ture death, and disease-produced discomfort and disability in the
population. Public health is thus a social institution, a discipline,
and a practice.

(Last and International Epidemiological Asso-
ciation 1995)

There are two core components needed for the operation
of a successful public health system: an “analysis/investiga-
tion” function and an “action/intervention” function. The
first set of activities includes monitoring and surveillance of
communicable (infectious) and non-communicable — often
more chronic — diseases. In response to the information
gathered from these sources, an intervention — or group of
interventions — is then implemented. These may range across
a wide spectrum of activities, including health legislation
(such as those relating to tobacco control or driving under
the influence of alcohol or drugs), regulations to control

occupational or environmental hazards, the provision of
specific public health services (such as screening programs),
or the implementation of health promotion measures (such
support of health lifestyles and behaviours) (World Health
Organization 1998). The public health measures may be
directed towards the entire population or they may,
depending on the health issue of interest, target vulnerable
and high-risk populations.

This chapter will explore a number of these public health
approaches in greater detail, where possible using examples
to illustrate how medical geology can and has contributed to
the elucidation and mitigation of public health problems.

2.2  Historical Background

Although many of the features of modern public health
systems arose in the nineteenth and twentieth centuries,
there were a number of precedents in earlier periods. The
Classical Romans constructed systems to supply clean water
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to their cities — including impressive networks of aqueducts,
cisterns and domestic pipes — although these were often
lined with a malleable metal (plumbum, or lead) whose
toxic effects were not fully appreciated. The public health
implications of fuel use became apparent in the early 1300s,
with the banning of coal burning in London because it lead
“to the annoyance of the magistrates, citizens, and others
there dwelling and to the injury of their bodily health”
(Nef 1966). In the expanding cities of late medieval Europe,
there were attempts to regulate urban waste and to limit the
movements of infected people (such as those with leprosy).
The Italian city-states were notable in their achievements,
with the foundation of civic hospitals (including specialised
plague hospitals), establishment of public Boards of Health
(such as the Milan Sanita, 1424), and the strict enforcement
of quarantine regulations. In the 1600s, the field of medical
demography and analysis of population data advanced with
the publication of John Graunt’s Natural and Political
Observations ... upon the Bills of Mortality (1662), in
which it was noted that more boys were born than girls and
that urban mortality exceeds that of rural areas (Porter 1998).

However, it was the Industrial Revolution and subsequent
societal shifts in the nineteenth century that created a new
series of health challenges. Increasing numbers of people
migrated from the countryside to the cities, where many
were forced to take on dangerous, arduous work for near-
subsistence wages. The population was growing rapidly
without a concurrent expansion in new housing, and
overcrowding contributed to the relatively fast spread of
disease in many urban centres.

One of the leading reformers of this period was Sir Edwin
Chadwick (1800-1890), a lawyer from Manchester who
took an active part in the modifications to the Poor Law
and in factory legislation. Public health became a political
issue in 1842 with the publication of Chadwick’s Report
on the Sanitary Condition of the Labouring Population
of Great Britain (Chadwick and Great Britain. Poor Law
Commissioners. 1842). Chadwick had collated vast quan-
tities of vital statistics, information from town maps, and
descriptions of dwellings and problems with living condi-
tions (such as inadequate drainage and foul odours).
Chadwick viewed the problems of destitution, slums,
smoke, water supply and sewerage as matters for public
action, as opposed to simply being the responsibility of
individuals or local authorities (Porter 1998). Chadwick’s
advocacy and influence contributed to the first Public Health
Act in 1848, which established a General Board of Health.
This central authority was empowered to set up local boards
with the task of ensuring that new homes had proper drain-
age and that local water supplies were dependable. Further-
more, the first Medical Officer of Health for Great Britain
was appointed. By 1872, local boards of health were

compelled to employ medical officers of health who were
responsible for sanitary inspection and improvement, and
isolation and tracing of persons with infections. Other public
health legislation, covering factory management, child
welfare, care of the elderly and those with physical or mental
disabilities, and many other initiatives in social reform were
introduced.

In the United States, boards of health were created in the
eastern seaboard cities in the 1830s, but they were largely
concerned with quarantine regulations. A national awareness
of epidemic disease arose from the trauma of the Civil War
(1861-1865), in which a large proportion of deaths arose
from infections (especially dysentery). Louisiana formed the
first state board of health in 1855 and most other states
followed by the 1870s. Social conditions deteriorated in the
large cities between 1860 and 1890 as a result of increased
industrialisation and immigration, leading to a range of social
reforms, including those relating to public health. In 1872,
the American Public Health Association was formed as a
multidisciplinary consortium of engineers, physicians and
public-spirited citizens, especially members of the women’s
movement who spoke of sanitary reform as ‘municipal
housekeeping’ (Rosen 1993).

New discoveries in the field of microbiology also fired a
series of new public initiatives and a greater degree of
community awareness about infectious disease. Improved
methods for water and food sanitation and safety emerged.
Rodent and pest control grew in importance. Individual
hygiene practices were encouraged. In 1920, Charles
Winslow, an American authority on public health and pro-
fessor at Yale University, emphasised the importance of
“organised community efforts for the sanitation of the
environment”, “the control of community infections” and,
more broadly, “the development of the social machinery
which will ensure to every individual in the community a
standard of living adequate for the maintenance of health”
(Winslow 1920).

Despite these improvements in public health in the early
years of the twentieth century, there were a number of
unwanted effects of increasing industrialisation, population
growth and urbanisation. The environmental and health
impacts of widespread mining, metallurgical activities
(such as smelting and refining) and fuel extraction (such as
coal) also became increasingly apparent (Krech et al. 2004).
High levels of pollutants were released into the atmosphere,
waterways and soils. The Industrial Revolution was also
associated with a growing incidence of occupational
diseases, such as lung disorders (examples include coal
workers pneumoconiosis, silicosis, and asbestosis), occupa-
tional cancers, and poisoning from various toxic compounds
(including lead, white phosphorous, mercury, cadmium,
arsenic and radioactive agents).
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Fig. 2.2 Risk transition in public

health. The diagram indicates the

magnitude of the shift from

“traditional” risks (such as from

inadequate nutrition and poor

water supply) to “modern” risks

over time. The scale of the time

variable varies depending on the

particular community (Source:

World Health Organisation 2009: Risk
http://www.who.int/healthinfo/ size
global_burden_disease/
global_health_risks/en/index.

html)
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Current and Future Trends and Priorities
in Public Health

2.3

In general terms, industrialised, high-income nations have
undergone a significant shift in disease patterns in the past
century (Mathers et al. 2009). The increasing average wealth
of a nation broadly corresponds to improvements in hygiene
and nutrition, substantial declines in the frequency of infec-
tious diseases, and improved population health indicators
(such as life expectancy). In many respects, high-income
nations have many of the previous “external” or “environ-
mental” causes of disease under control through prevention
or management of infectious disease, removal of many water
and food contaminants, and improved safety standards and
regulations (Fig. 2.2). However, affluence has also been
accompanied by increased levels of sedentary behaviour
and overnutrition, contributing to such problems as obesity,
metabolic disorders and cardiovascular disease. The causes
of death in industrialised society primarily relate to chronic
diseases — such as cancer, cardiovascular disease, some respi-
ratory diseases — and to a lesser degree, injury and accidents
(e.g. in workplaces or from motor vehicle accidents). Many
of these current health problems relate — at least partly — to
attitudes and behaviours relating to smoking, diet, exercise
levels and alcohol intake. As leading researchers have noted
with respect to one of the major “lifestyle” diseases, type 11
diabetes mellitus: “overall, a healthy diet, together with
regular physical activity, maintenance of a healthy weight,
moderate alcohol consumption, and avoidance of sedentary
activities and smoking, could nearly eliminate [this
disorder]” (Schulze and Hu 2005).

Time

There remains a significant contrast in health status
between those in lower- and higher-income countries.
A comparison of causes of death (in millions) for low-,
middle- and high-income countries (2004) is provided in
Table 2.1. Traditionally, as we noted above, affluence has
been linked to those diseases arising from tobacco use,
consumption of alcohol and energy-rich foods, and a seden-
tary lifestyle. In contrast, those living in poverty have usu-
ally been perceived as being at risk of inadequate health
infrastructure and limited access to care, with the prospect
of famine, recurrent infections and a limited life span.

However, this overly simplified description does not cap-
ture the current and evolving profile of global health (Lopez
and Disease Control Priorities Project 2006). In recent
decades, there have been profound changes in many “devel-
oping” countries (especially across Asia and Latin America)
with accelerating industrialisation and economic develop-
ment, urbanisation of populations, and globalisation of food
systems. Life expectancy is increasing in many parts of Latin
America, North Africa, the Middle East and Central and East
Asia, although there remain significant variations within and
between communities. This rise in average life expectancy
primarily relates to a decrease in infant/childhood deaths.

An additional shift has been the “nutrition transition”:
that is, a shift away from traditional diets to “Westernised”
diets (highly processed, high energy, low fibre) and towards
lower levels of physical activity. This has led to the co-
existence of under- and over-nutrition in many middle-
income countries. Rates of cardiovascular disease and
diabetes are now dramatically escalating (Yach et al. 2006).

At the same time, major health problems in lower-income
countries continue to be associated with poor sanitation,
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Table 2.1 Comparison of causes of death (in millions) between low-, middle- and high-income countries (2004)

Deaths Percent of total
Disease or injury (millions) deaths
World
1 Ischaemic heart disease 7.2 12.2
2 Cerebrovascular disease 5.7 9.7
3 Lower respiratory infections 4.2 7.1
4 COPD 3.0 5.1
5 Diarrhoeal diseases 2.2 3.7
6 HIV/AIDS 2 3.5
7  Tuberculosis 1.5 2.5
8  Trachea, bronchus, lung 1.3 2.3
cancers
9 Road traffic accidents 1.3 2.2
10 Prematurity and low birth 1.2 2
weight
Middle-income countries
1 Cerebrovascular disease 35 14.2
2 Ischaemic heart disease 34 13.9
3 COPD 1.8 7.4
4 Lower respiratory infections 0.9 38
5 Trachea, bronchus, lung 0.7 2.9
cancels
6  Road traffic accidents 0.7 2.8
7 Hypertensive heart disease 0.6 2.5
8  Stomach cancer 0.5 2.2
9  Tuberculosis 0.5 2.2
10 Diabetes mellitus 0.5 2.1

Deaths Percent of total

Disease or injury (millions) deaths
Low-income countries
1 Lower respiratory infections 2.9 11.2
2 Ischaemic heart disease 2.5 9.4
3 Diarrhoeal diseases 1.8 6.9
4  HIV/AIDS 1.5 5.7
5 Cerebrovascular disease 1.5 5.6
6 COPD 0.9 3.6
7  Tuberculosis 0.9 3.5
8 Neonatal infections 0.9 34
9 Malaria 0.9 3.3
10 Prematurity and low birth 0.8 32

weight
High-income countries
1 Ischaemic heart disease 1.3 16.3
2 Cerebrovascular disease 0.8 9.3
3 Trachea, bronchus, lung 0.5 59

cancers

Lower respiratory infections 0.3 3.8
5 COPD 0.3 3.5
6  Alzheimer and other 0.3 34

dementias
7 Colon and rectum cancers 0.3 3.3
8 Diabetes mellitus 0.2 2.8
9 Breast cancer 0.2 2
10 Stomach cancer 0.1 1.8

Source: http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.html

COPD chronic obstructive pulmonary disease

inadequate hygiene standards, low vaccination coverage,
poor access to health services, and malnutrition. Most
preventable deaths in these nations occur in children: glob-
ally, around 11 million per year die before the age of 5 years,
and it is estimated that half of these could be averted through
simple, low-cost solutions (Black et al. 2006). The main
causes of premature mortality in lower income nations are
infections i.e. respiratory tract infections (such as pneu-
monia), vaccine-preventable disease (including measles,
whooping cough, poliomyelitis, tetanus) and diarrhoeal
illnesses, many of which are superimposed on a background
of poverty and malnutrition. Malaria and HIV/AIDS are also
important contributors to mortality (World Health Organiza-
tion 2003). These health concerns have prompted a range of
responses at the local and international level, including the
development of the United Nations Millennium Develop-
ment Goals (MDGs), which seek to alleviate extreme pov-
erty, hunger, illiteracy and disease (UN Millennium Project
et al. 2005; World Health Organization 2005).

It is critical to consider the wider social, economic and
political context when addressing public health issues. There
is ample historical evidence that public health efforts have

been most successful when the socio-cultural context has
been changed. For example, the separation of sewage from
drinking water is arguably the greatest of all public health
achievements, although it remains to be achieved in many
societies.

Social deprivation and inequality are strong predictors of
health status within and between populations, and of trends
over time, and consequently much public health effort is
directed towards the alleviation of these imbalances (e.g.,
the World Health Organisation’s Health for All by the Year
2000 (World Health Organization 1981)). Social inequalities
lead to differentials across a range of health measures,
including: (i) overall mortality rates and life expectancies;
(ii) morbidity and disability from a range of specific
conditions (e.g., infectious diseases, cardiovascular diseases,
adverse perinatal outcomes, injury and poisoning); (iii) risk
behaviours/factors (e.g., smoking, physical inactivity; lipid/
cholesterol profiles; higher consumption of refined sugars
and fats; less fruit and vegetable intake); (iv) physical envi-
ronmental factors (e.g., residence in flood-prone regions;
proximity to contaminated sites, such as those with elevated
lead levels from old housing, leaded fuels, and industry);


http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.html

20

(v) utilisation of health services (disadvantaged groups tend
to have reduced utilisation of preventive services, such as
screening). The patterns and underlying causes of such
health disparities have been explored in detail in a number
of reports and publications (Berkman and Kawachi 2000;
Great Britain Working Group on Inequalities in Health and
Great Britain Department of Health and Social Security
1980; Marmot and Feeney 1997; Marmot 2005). However
the relationship today between health and average income in
developing countries is not a simple correlation. Regions
with significant improvements in health despite low per
person wealth are Sri Lanka, Costa Rica, Kerala in India
and parts of China. Mass education and political commit-
ment to primary care are considered to have played an
important part in such improvements (Black et al. 2006).

A related issue in public health is the nature and structure
of the health system itself. This encompasses not only the
specific health facilities (such as clinics and hospitals), but
the entire set of related social structures and processes that
impinge on the well-being of the community (Scutchfield
and Keck 2009). Attributes of the health system that affect
health status and the success of disease control include: (i)
overall allocation of resources at the governmental level,
such as how much of the national budget is to be spent on
health as opposed to other areas (such as defence); (ii) the
range and effectiveness of preventive, treatment, rehabilita-
tive and continuing care programs available; (iii) access to
services (e.g. universality of health care; systems of pricing
health services); (iv) the provision of special services to
disadvantaged groups.

In 1981, the World Health Assembly endorsed a resolution
that health was to be one of the major social goals of govern-
ment, thereby initiating the “Health for All by the Year 2000”
(HFA2000) movement (World Health Organization 1981).
In this period, health policy shifted progressively towards
emphasising community-based interventions as the main vehi-
cle for improving health. This has been accompanied by a
general shift away from an overly “medicalised” model of
health care. This transition was taken further by the Ottawa
Charter (1986), which advanced the view that it is people
themselves that hold power in health matters, not just
institutions, officials, professionals or those who develop
and control technology (Green and Kreuter 1990; Green and
Tones 1999). The Charter stressed the importance of health
promotion, defined as follows:

Health promotion is the process of enabling people to increase

control over, and to improve, their health. . . Health is a positive

concept emphasizing social and personal resources, as well as
physical capacities. Therefore, health promotion is not just the

responsibility of the health sector, but goes beyond healthy life-
styles to well-being.

Ottawa Charter (1986) (World Health Organi-
zation. Division of Health Promotion. 1986)

A. Cook

A number of key areas of activity were identified to
achieve the health promotion model. These include the
creation of supportive environments, with provision of living
and working conditions that are safe, stimulating, satisfying,
enjoyable and conducive to health-enhancing behaviours.
This emphasises the need to identify and manage environ-
mental barriers that might prohibit or inhibit optimal health.
Another element of promoting health is through streng-
thening of community actions, with an emphasis on using
and supporting community resources to promote health.
This approach encourages community “ownership” of health
and empowerment, in which individuals act collectively to
manage the determinants of their health and the quality of
life in their community.

24  Measuring Health and Disease

in Populations

Health and health status is a complex and abstract concept:
there is no single satisfactory definition which encompasses
all aspects of health. Traditionally, health has been viewed
as the absence of disease. However, the World Health Orga-
nization defined health much more broadly as “a state of
physical, emotional and social well-being, and not merely
the absence of disease or infirmity.” Although there has been
considerable debate about the merits of this definition, it has
provided a focus for the measurement of a broad range of
indicators of health beyond just the presence or absence of
some clinical or pathological entity.

In attempting to capture a population’s overall “state of
health,” there is a wide array of measures from which to
choose. However, most of the commonly used measures
have a shared goal: to meaningfully quantify and summarise
some dimension of health or disease in a population. An
example is the mortality rate (or death rate). These take
different forms: the crude mortality rate is the number of
deaths in an entire population over a set period (usually a
year), expressed per unit of population at risk of dying,
whereas specific mortality rates are the number of deaths
occurring within a subgroup of the population, such as by
gender or across particular age strata or ethnic groups.
A common measure used for international comparisons is
the infant mortality rate (IMR): the ratio of the number of
deaths of children under 1 year of age (in a given year)
divided by the number of live births (in that year).

A related population-based measure is life expectancy:
the average number of years yet to be lived for individuals at
a specified age (commonly taken from birth). It is based on a
set of age-specific death rates, and usually draws on the
mortality conditions prevailing at the time of the estimate.
In low-income countries with high infant mortality, most
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of the gains in life expectancy occur by improving the
likelihood of survival of infants. In contrast, for high-income
countries with low infant mortality, most of the gains in
life expectancy occur in the oldest members of the population.

However, measures such as mortality rates and life
expectancy only capture part of a community’s experience
of health and disease. For example, mental illness, visual
loss and osteoarthritis are all major sources of ill-health in
the population, but the extent of such conditions is not
reliably captured by examining death rates. Examples from
the field of medical geology include the iodine deficiency
disorders (IDDs), which are estimated to affect hundreds of
millions of people worldwide. A considerable community
burden arises from serious neurological deficits (including
cretinism and hearing impairments) arising from inadequate
iodine during foetal and early childhood development
(De Benoist et al. 2004; Mason et al. 2001). However,
IDDs in children and adults are not commonly a direct
cause of death, and therefore will not usually be detected
solely by examining mortality records.

Other measures are required to capture the frequency of a
condition or disease in a population, also known as morbid-
ity. One of the most important measures of disease frequency
is the incidence. Incidence reflects the frequency of new
health- or disease- related events (such as the first onset of
a particular disease). These may be expressed as rates, such
as new cases per person-year, per person-month, or per
person-day. These values may be converted to a rate per
1,000 or 100,000 person-years (for example, cancers are
often reported in terms of an incidence rate of X cases
“per 100,000 person-years”.) Prevalence is another common
measure of morbidity. This encompasses the frequency of
existing (whether new or pre-existing) health- or disease-
related events. In other words, prevalence focuses on disease
status, or the current “burden of disease” , in a community,
as opposed to the number of new events (which is captured
using incidence). Common sources of morbidity data
include: disease registries (e.g. for cancers); notification
systems for infectious diseases, industrial diseases and
accidents, discharge information from hospitals and registers
in general practice (family medicine clinics).

In terms of assessing the frequency of events, morbidity
differs from mortality in some crucial respects. Death is a
well-documented and final state, and is relatively easily
enumerated. When counting and summarising other
(non-fatal) “disease states” across the community, however,
there are a far wider range of measures available. At the
biological level, morbidity may for example be assessed
using biochemical markers (e.g. blood glucose), physiologi-
cal markers (e.g. blood pressure), and pathological markers
(e.g. tumour size; evidence of dental or skeletal fluorosis).
Alternatively, functional measures of morbidity reflect how
a disease or condition results in impairment (reduction in

physical or mental capacities at an organ or bodily system
level), disability (restriction in a person’s ability to perform a
particular task or function, such as walking) and handicap
(limitations in a person’s ability to fulfil a normal social
role, such as their usual job).

Morbidity may also be assessed using self-reported
measures, which are used to assess factors associated
with quality of life, such as “wellness,” psychological and
emotional wellbeing, or social functioning. These aspects of
poor health and disability are of great importance to patients
but are often difficult to measure.

‘Composite’ measures of health status combine the
aspects of those described above, such as life expectancy
and morbidity indicators. One example is the Disability
Adjusted Life Year, or DALY . This metric takes into account
both the fatal and non-fatal outcomes of disease. One DALY
can be thought of as one lost year of “healthy” life due to
death, disease or disability. It quantifies the health burden in
terms of years of life lost (due to premature death) and years
“lost” to disability, with different “weights” assigned to
medical conditions depending on their severity. One of the
most important functions of DALY is to assess the national
(or global) burdens of disease and injury associated with
certain diseases or groups of diseases. In higher-income
countries, significant DALYs are associated with cardio-
vascular diseases, mental illness, dementia, cancers, diabetes
and injury (e.g. road traffic accidents). In middle- and low-
income countries, cardiovascular diseases, and mental
illnesses are also important, but infectious diseases and
perinatal conditions also account for a significant burden
(Lopez and Disease Control Priorities Project 2006).
The use of DALYs can be extended to assess the global
burden of disease and injury associated with particular risk
factors, such as DALYs “lost” from malnutrition (including
iron and/or iodine deficiencies), unsafe water supplies
(including those containing excess fluoride or arsenic),
tobacco and alcohol use.

In general, the uses of these various sources of health
data are diverse. Information on the frequency of diseases
causing death and disability provide a general framework for
health policy. Morbidity statistics are of particular relevance
to health services planning. Statistics on utilisation patterns
and the diseases and illnesses presenting to hospitals and
other health care institutions are essential to a rational policy
for the organisation of health care.

2.5 Assessing Risk in the Community

The term “risk” has multiple interpretations, and is used in
different contexts in the field of public health. A risk factor,
for example, denotes a factor or characteristic associated
with (but not necessarily always the direct cause of) a
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particular disease or outcome. A risk factor can be an aspect
of behaviour or lifestyle, an environmental exposure, or an
inborn or inherited characteristic, that is associated with an
increased occurrence of disease or other health-related event
or condition.

Another usage of the term “risk” is within the framework
of a risk assessment. In general, this process involves
estimating the potential impact of chemical, biological or
physical agents on a specified human population over a
given time. In a medical geology setting, such assessments
can be considered in terms of: (i) defining exposure
pathways: such as the nature of the geological hazard,
including its physicochemical properties and bioavailability;
whether there are multiple and/or interacting hazards (e.g.
from various sources); the routes of exposure; and projected

patterns of exposure in at-risk populations; coupled with: (ii)
defining the progression to health end-points: that is, the
probability that the geological processes or agents are likely
to produce any adverse health effects. This may involve
defining the relationship between toxicant “dose’ and occur-
rence of a particular disease, and calculation of the potential
rates of disease in the given population.

This process of evaluation has been separated into a
number of discrete stages (Brownson and Petitti 1998;
National Research Council (U.S.). Committee on the Insti-
tutional Means for Assessment of Risks to Public Health
1983). These are summarised in Fig. 2.3 (enHealth Council
and Australian Department of Health and Ageing 2002).

The first component of the risk assessment is Issue iden-
tification. This involves identifying and confirming a role of
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the risk assessment approach for a particular issue: that is,
Why is this issue of particular concern? Is the issue urgent?
How do all the stakeholders (often including the community)
perceive the issue? At this early stage, it is essential to
consider whether the issue is amendable to the risk assess-
ment approach and to determine the social context (for many
environmental issues, there may be a high level of anger,
anxiety, and impatience).

Evaluation of risk from complex industrial processes or
contaminated sites is often a challenging task because of the
diversity of compounds produced and multiplicity of potential
exposure contexts and health impacts. In mine tailings, for
example, a mixture of pollutants may be present, including:
trace elements such as arsenic, mercury, lead, and cadmium;
radioactive materials; acid-producing sulphide compounds;
fine-grained minerals such as asbestos and quartz;
hydrocarbons, often introduced by mining and processing
equipment; as well as additives such as cyanide (including
leaching agents, sodium cyanide and hydrogen cyanide)
(Nriagu 2011).

The next stage is Hazard assessment, which — as applied
to a medical geology context — often involves investigating a
hazardous process or the inherent properties of hazardous
agents. This process of assessment requires two major
activities: (i) Hazard identification: Are the agents of con-
cern presumed or known to cause adverse health effects?
The disciplines of toxicology (including animal or in vitro
studies) and epidemiology (studies of human populations)
are used to help address this question. For hazardous
chemicals, it is often necessary to collect and compare
relevant data on physical state, volatility and mobility as
well as potential for degradation, bioaccumulation and tox-
icity; (ii) Dose-response assessment: What is the relation-
ship between the dose and occurrence of the adverse health
effects? At what dose does this health effect occur?
Estimations of human health risks from exposure to specific
chemicals are generally based on extrapolations of the
results of toxicological experiments on animals. These
extrapolations provide standard human “dose-response”
relationships for the chemicals. The validity of the data and
the weight-of-evidence of various toxicity data must be
assessed.

For example, the International Agency for Research on
Cancer (IARC) grades hazards according to whether they are
likely to be carcinogenic. One common contaminant, arse-
nic, is classed as a Group 1 carcinogen based on evidence of
its association with a spectrum of cancers (including those of
the skin and liver, lung, kidney, and bladder) arising in
human populations exposed to this contaminant (such as
smelter workers, arsenical pesticide workers, patients treated
with arsenic-containing medicinals, and communities who
have ingested arsenic in drinking water across many
geographical regions (Tchounwou et al. 2003)). However,

arsenic is a widely distributed metalloid and occurs in
different oxidation states and forms, including elemental
arsenic, arsenides, sulphides, oxides, arsenates and arsenites
(Centeno et al. 2006; Tchounwou et al. 2004). Therefore,
speciation of arsenic (and many other compounds) is critical
for accurate toxicological evaluation. The particular chemi-
cal form (i.e. oxidation/valency states) and physical
attributes (morphological state) of the element often deter-
mine its toxicity, mobility of an element in the environment,
and bioavailability (Refer to Chaps. 27 and 12)

The next component of the risk assessment process is
Exposure assessment, which seeks to define the exposure
pathways that are currently experienced or anticipated under
different conditions: that is, Under what circumstances or
conditions could people be exposed to the hazard? What
forms of assessment or estimation will be used to determine
whether exposure had occurred? This requires assessment of
the following parameters: the frequency, extent, and duration
of the exposure; the locations in which the exposure is likely to
occur; the exposed populations; the pathways of exposure and
actual or predicted intake of contaminants. Depending on the
agent and exposure context, intake usually occurs through
ingestion (such as incidental ingestion of contaminated soil
or dust, or via contaminated food or drinking water), inhala-
tion, or dermal absorption. It must be noted, however, that
compounds (such as metals) detected in the environment are
not necessarily biologically available to humans because of
large particle size, low solubility, limited release from soil, or
entrainment in surrounding rocks and soils. Exposure can be
estimated directly (such as with biological testing or personal
monitoring of each individual, including urine, blood, hair
and nail samples) and/or indirectly through environmental
monitoring, questionnaires and diaries.

Risk characterisation [also called risk estimation]
integrates the preceding analyses of hazard and exposure
measurements in order to decide: What is the estimated
probability that adverse outcomes will occur in this particu-
lar population at the specific level of exposure? This assess-
ment on the likelihood of harm is then used to guide the
process of decision-making (Stern et al. 1996).

Throughout the risk assessment process, it is important
to conduct ongoing evaluation of limitations and
uncertainties. There are always likely to be elements of
uncertainty in the analyses and these need to be explicitly
acknowledged. These include: gaps in information about
the profile of the hazards at a particular site; inadequate
exposure information, including problems defining the pop-
ulation affected or the geographical area involved; limits in
the availability and consistency of toxicology data, including
extrapolations of findings (e.g. from animal studies) to
human populations; limitations in the use of point estimates
in the present day when trying to infer past exposures over
a long duration. For many toxic agents, there may be
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no specific models to define the relationship between
contaminant levels or durations of exposure and the proba-
bility of disease outcomes.

The conclusions from the risk assessment process are
then used to inform the final stage: Risk management.
This involves evaluating possible actions and alternatives
to minimise risk, taking into account all the relevant factors:
the risk assessment, as well as the practicality (cost and
technological constraints), social and political implications
of the available options. A “zero risk” option is usually not
achievable, given that almost any action potentially entails
some degree of risk. The strategies are then implemented
and monitored to ensure that they have been effective.
Risk management also involves deciding upon the process
and form of engagement and communication with relevant
stakeholders, including the community. This process is often
influenced by the degree of outrage experienced by public,
the intensity of media attention, and attribution of blame
(e.g. whether the problem was caused by a natural event or
by human error) (Covello et al. 1989).

2.6 Monitoring and Surveillance of Disease
Many communities and countries have a formal set of
arrangements to prevent, monitor and respond to communi-
cable and non-communicable diseases. These “surveillance
systems” aim to provide “a continuous and systematic pro-
cess of collection, analysis, interpretation, and dissemina-
tion of descriptive information for monitoring health
problems” (Rothman et al. 2008). Usually the surveillance
systems are operated by public health officials to assist in
disease prevention and to guide control.

In active surveillance, the health agency actively initiates
information gathering, such as by regular calls or visits to
doctors or hospitals. In contrast, for passive surveillance, the
health agency does not actively contact reporters — it leaves
the contact to others (such as treating doctors). Often both
active and passive options exist in the same system. For
example, the surveillance organisation may actively contact
large representative hospitals while leaving smaller centres
to passively participate.

In the process of notifiable disease reporting, health
workers are (often legally) required to contact a central
public health agency when a particular disease is identified.
Examples include infectious diseases with serious health
implications, such as whooping cough, cholera or rabies.
The time requirements vary: some diseases require rapid
notification; with others, there is less urgency. Other systems
for obtaining health data include: laboratory-based surveil-
lance, in which summaries (e.g. of microbiological samples)
are provided by a laboratory; registries, which are designed
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to capture all occurrences of a disease or group of diseases
(such as cancers) in a specified area; and surveys, which
involves direct contact with a community, or a sample pop-
ulation, to define an outcome of interest, such as the presence
of disease, levels of risk behaviour, or use of health services
(Silva and International Agency for Research on Cancer
1999). Diagnostic tests form an important basis for
identifying those with the disease or outcome of interest.
It is imperative to consider the accuracy and availability of
the tests, how they are used, and whether they are being
reliably interpreted.

The populations to which surveillance is applied may be
defined in narrow terms (such as a hospital) or in broad terms
(e.g. the global population, as conducted by the World
Health Organisation in tracking the emergence of new influ-
enza strains). Surveillance systems need to maximise confi-
dentiality: it is an ethical requirement and is required to
engender community trust in the system. Usually security
measures are put in place to ensure that no violations of
privacy can occur.

Surveillance systems have different objectives. They may
be to provide rapid feedback (e.g. in infectious disease
outbreaks) or may be used for longer term health care
planning or monitoring of prevention programs. For exam-
ple, surveillance data can be used to identify whether
changes in disease incidence are occurring, such as by com-
paring them to historical records. Declining trends can fol-
low the pattern of disease or the effectiveness of control
measures (e.g. infection incidence after the introduction of
an immunisation campaign).

Examples of surveillance systems with particular
applications to medical geology include those designed to
assess the health consequences of lead exposure. The pres-
ence of lead in the environment was, and in many locations
remains, a major environmental hazard, with sources includ-
ing leaded gasoline, lead-based paint, other household items
containing lead (e.g. ceramics, toys), and contamination
from mining, smelting and other industrial processes (e.g.
battery manufacture). The presence of lead and its capacity
for ingestion by children — such as in paint, dust or
contaminated soils — has major implications for health, par-
ticularly in relation to neurodevelopmental effects. Elevated
lead has been linked to behavioural disturbances, delayed
learning, and diminished intellectual capacity in children.
Other effects of lead exposure in children and adults include
renal damage, anaemia and a range of other toxic effects on
the reproductive, neurological and cardiovascular systems.

In the United States, population-based programs have
been established to evaluate young children for signs of
lead poisoning, primarily through blood tests and clinical
evaluations (United States. Dept. of Health and Human
Services. Committee to Coordinate Environmental Health
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and Related Programs. Subcommittee on Risk Management
and Centers for Disease Control (U.S.) 1991). This public
health issue has been addressed through various forms of
surveillance, including: (i) at the State level: reviews of
blood lead level (BLL) analyses from laboratories, which
may also incorporate information gathered directly by public
health officials or clinicians (e.g. evidence of lead toxicity —
such as developmental and behavioural disorders — and/or
risk factors for lead exposure in screened children); (ii) at a
national level: the Centres for Disease Control’s National
Center for Environmental Health is responsible for develop-
ing and maintaining the national surveillance system for
childhood lead levels. In practical terms, this task involves
centralising the data (mainly laboratory blood lead tests,
with personal details removed to ensure confidentiality)
from participating agencies across the United States. This
aggregated information is then collated and analysed to
identify those regions and communities at highest risk, to
target interventions, and to track the progress of programs
that aim to reduce lead exposure (Centers for Disease Con-
trol and Prevention CDC’s National Surveillance Data
(1997-2008)).

2.7 Disease Prevention and Control
Preventive health care is a term used to describe a range of
both technical and educative strategies applied by doctors,
nurses, allied health professionals and public health workers
in community and clinical settings. These interventions are
designed to prevent the onset of disease or to slow or stop the
progress of illness, and may be applied at different stages in
the natural history of disease.

These strategies are commonly categorised in terms of
primary, secondary and tertiary prevention. Primary pre-
vention seeks to prevent the occurrence of disease altogether
(that is, it aims to reduce disease incidence). It often focuses
on strategies to control hazards (e.g. infectious agents;
chemicals) and to modify risk factors in the population
through health promotion and health education (such as by
reducing smoking or encouraging greater participation in
aerobic exercise).

With respect to minimising exposure to hazardous
chemicals, primary prevention usually involves a combina-
tion of education and legislation. For example, exposure to
asbestos and natural asbestiform compounds has major
implications for health, including asbestosis (diffuse fibrosis
of the lung), pleural lesions and various cancers. Contact
with asbestos and asbestiform compounds may be controlled
through the following strategies (United States Environ-
mental Protection Agency 2012):

» Government legislation to prevent extraction and use of
asbestos in building or for other industrial purposes
+ Public and worker education

 Establishment of exposure limits (e.g. maximum allow-
able concentrations)

 Strict controls on removal and replacement of existing
asbestos materials (e.g. insulation)

» Use of protective equipment and warning signs

Many other geological materials are also monitored and
regulated in order to limit the degree of public and occupa-
tional exposure. These include metals and metalloids (such
as arsenic, lead, mercury, cadmium, chromium, and beryl-
lium), silica dusts, and radionuclides.

Secondary prevention is designed to intervene early in the
course of a disease to halt or slow its progress, and thereby
stop or reduce its clinical manifestations. Secondary preven-
tion of both communicable and non-communicable diseases
is closely related to the concept of disease screening, which
is the identification of preclinical disease (usually by a
relatively simple test). Screening is the evaluation of people
who are apparently healthy (that is, without clinically overt
symptoms) “to detect unrecognized disease [or its early
biological manifestations] in order that measures can be
taken that will prevent or delay the development of disease
or improve the prognosis” (Last and International Epidemi-
ological Association 1995). In practice, secondary preven-
tion involves the interaction of community health measures
(mass screening campaigns, central registers e.g. for cytol-
ogy, mammography) and clinical medicine, such as through
family doctors who provide clinical screening services
(such as cervical smears).

In general, the screening procedure is not in itself
designed to simply diagnose the end-stage illness. It is
assumed that screening will detect a disease at an earlier
stage than would have occurred otherwise, and will thereby
offer the potential for improved prognosis (a greater chance
of survival). However, it is also important to emphasise that
screening alone (that is, simply achieving early detection) is
not enough to constitute prevention. It is the combination of
screening and the subsequent application of an effective
early intervention that comprises secondary prevention.

Tertiary prevention differs from the primary and second-
ary approaches in that it is applied after the diagnosis of the
disease. It aims to intervene later in the course of disease so
as to reduce the number and impact of complications which
add to the patient’s disability and suffering. Tertiary preven-
tion may be difficult to distinguish from treatment because it
forms an integral part of the clinical care plan for patients
with established disease. The basis for the distinction is that
a preventive intervention is one that is applied before a
potential problem occurs, such as debilitating complications
(e.g. eye or kidney damage from diabetes mellitus), whereas
treatment is applied to alleviate a problem that has actually
occurred. The different stages of prevention are summarised
in Fig. 2.4a, with an example provided using exposure to
asbestos-induced cancer (Fig. 2.4b) (Das et al. 2007; Tiitola
et al. 2002; Wagner 1997).
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Fig. 2.4 (a) Overview of preventive strategies in relation to disease progression. (b) Illustration of preventive strategies as applied to an asbestos-

induced cancer

In the field of preventive medicine, a distinction is often
possible between two competing strategies for prevention:
those oriented towards the population versus those oriented
towards high-risk groups or individuals. In other words,
there is debate over whether such initiatives should seek to
address the needs of “sick individuals” or “sick populations”
(Rose 1985)? In population strategies, efforts at prevention
are directed en masse at an entire community (or significant
portions of the community). Examples include the provision
of general nutritional advice to consume more fruit and
vegetables; screening of biochemical disorders at birth;
health checks in women, men or older age groups. In con-
trast, a high risk strategy targets specific diseases or
predisposing conditions in individuals known to be at higher
risk of developing the condition. For example, lung function
tests and imaging may be used to detect lung disease (such as
pneumoconioses) in those who have worked in the industries
with high levels of mineral dusts.

The distinction between population and high risk
strategies is illustrated by considering possible public health

strategies for the control of elevated blood lipids (“high
cholesterol”) (Rose 1993). A general population approach
would tend to use regulatory, educative and structural
strategies across the community (such as through advice on
nutrition and exercise through the media) to reduce the
overall levels of blood lipids in the entire population.
In comparison, a “high-risk” approach might involve screen-
ing for high levels of blood lipids (such as through the
individual’s family doctor) followed by specific dietary or
medication regimes in those identified as being at high-risk.
Depending upon the nature of the risk factor and the disease,
a combination of both population-based and high-risk
strategies may be implemented.

In practical terms, a large number of people exposed to a
small degree of risk (e.g. moderately elevated cholesterol or
moderately excessive bodyweight) may generate many more
cases than a small number of people with high risk (Rose
1993). Therefore it may be necessary to focus on modifying
behaviour in the large mass of people with slightly elevated
risk in order to have a major impact on the overall rate of
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disease. In general, any preventive strategy should seek to
provide the greatest benefit to the largest number of people,
while also attempting to minimise the chance of causing
inadvertent harm to the same population.

2.8 Research Methods in Public Health

Research into public health issues often employs the
approaches and techniques of epidemiology. Epidemiology
is broadly defined as the study of disease patterns in
populations. Epidemiological analyses often seek to dis-
cover the causes, determinants or risk factors of a disease,
usually in order to make prevention possible. The factors
that may impact on disease include: hazardous agents such
as micro-organisms or toxic chemicals, trace elements and
minerals; lifestyle factors; and genetic influences. The term
environmental epidemiology is often used to apply factors in

the environment that impact on disease, ranging from
pollutants to infectious agents. Many of the principles of
environmental epidemiology also have implications for
studies used in the field of medical geology, and are
described in Chap. 23.

There are three underlying questions common to all
epidemiological studies. The first question is: Who is to be
sampled? The study population must contain a proportion of
people who either have the disease of interest or are poten-
tially at risk of developing the disease, and should be repre-
sentative of any broader populations to which the study
results will be applied. The study population must be
of sufficient size — and, by implication, a sufficient number
of the participants must experience the exposure and disease
events of interest — to achieve the required statistical power
in the analysis. For example, an analysis of the relationship
between inhalation of beryllium dust and lung cancer that
drew all its participants from the general population would
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be inefficient, because high levels of exposure to this
compound in the community is relatively uncommon.
Other practical issues that must be considered include the
likely degree of cooperation from the study population,
accessibility of the participants for enrolment, maintenance
of confidentiality of the data, and the overall cost of
recruitment, evaluation and follow-up of the participants.

The next question is: How is data collection to proceed?
This involves considering the optimal approach to capturing
information on the risk factor or exposure of interest and the
subsequent disease events. Many methods may be used to
estimate risk factors and exposure, including the use of
interviews, questionnaires or diaries for each individual
(Nieuwenhuijsen 2003; White et al. 2008). In some
situations, physical or chemical measurements may be used
at the point of contact, such as with personal monitoring
(two well-known examples include dust monitors used by
mining personnel and personal dosimeters used to record
ionising radiation exposure). Bioindicators or biomarkers
are measurements from body tissue, fluid or excretion
products to obtain data on past exposure to chemicals or
other agents. Exposure may also be inferred through use of
physical, chemical and biological measurements of the
environment, including soil, air, food, water and indicator
organisms. For disease events, the process of ascertainment
may include self-reports of illness, medical records, labora-
tory results, or the study itself may involve testing
procedures in the protocol (Silva and International Agency
for Research on Cancer 1999).

Lastly, What sort of analysis and evaluation is planned?
This involves a thorough interrogation of the data: Were the
sampling procedures conducted successfully? How strong
is the evidence of an association between the exposure
and the disease? How much of the relationship between
exposure and disease might be influenced by random varia-
tion, bias (systematic distortion of results) or confounding
(mixing of effects)? How generalisable are our data to other
populations?

Epidemiological results are often presented in terms of
measures of effect. In general, these provide an estimate of
the magnitude of association between the risk factor or
exposure and the disease (or outcome of interest). A com-
monly used measure of effect is the relative risk (RR), which
estimates how many times more likely it is for “exposed”
persons to develop the disease relative to “non-exposed”
persons. An example of how these relative measures are
applied is provided by Baris and Grandjean (2006) in their
prospective study of mesothelioma mortality in Turkish
villages exposed to fibrous zeolite. (In certain villages on
the Anatolian plateau in Turkey, inhabitants are exposed to
erionite, a form of fibrous zeolite, which is present in the
volcanic tuffs that are used as building stone. Mesothelioma
is an aggressive form of cancer linked to exposure to certain
fibrous minerals.) In this study, the residents from a selection
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of villages in the area were followed up for the period
1979-2003, and the mortality rates from mesothelioma
were calculated. For one of the analyses, adults from villages
with high levels of erionite exposure were compared with a
non-exposed “general population”: in this case, the popula-
tion of another country (Denmark) was used as the referent.
The authors reported that the mortality rate from pleural
mesothelioma (which affect the membranous linings the
lungs and chest cavity) of highest-risk villages relative to
the general population was 485 (a measure called the
standardised mortality ratio for pleural mesothelioma).
In other words, the “exposed” population (that is, residents
from the high-risk villages) were 485 times more likely
to develop pleural mesotheliomas than a “non-exposed”
(“general”) population.

Epidemiological studies are often classified into different
groups, depending upon their purpose and design. These
include descriptive studies, analytic studies, and interven-
tion/experimental studies. A brief outline only is provided
here, and readers seeking more detail are encouraged to refer
to Chap. 23 or a general textbook on epidemiological
principles (such as (Farmer and Lawrenson 2004; Gordis
2009; Rothman et al. 2008; Szklo and Nieto 2007)).

Descriptive studies often focus on the “time, place and
person” component of epidemiology. In other words, such
studies seek to determine: Who is at particular risk of this
disease? When did they get the disease? Where are they
located?

The “person” component of the analysis identifies the
characteristics of the group at risk of the disease, such as
their age, gender, ethnicity, occupation, personal habits and
presence of co-existing disease. The “place” component
determines the spatial dimension of the disease events.
Diseases may vary with the biological environment
(e.g. local ecology may influence the presence of disease
vectors, such as mosquitoes carrying malaria), the physical
environment (e.g. climate; geology) and the sociocultural
environment (e.g. sanitation and hygiene practices; cultural
practices; nature of social interactions). The importance
of place and of mapping diseases has been part of epide-
miology since the discipline formally began: John Snow
famously mapped cholera cases around the Broad Street
water pump in London in 1854, thereby helping to confirm
that the disease was water-borne (and not spread by mias-
matic vapours, as had been widely assumed). The spatial
patterns of disease can often provide supporting evidence for
the underlying disease process, such as relating cases of
thyroid cancer to the Chernobyl nuclear accident or the
increased risk of kidney damage in areas with cadmium
contamination in Japan.

The “time” component of descriptive studies defines
how the frequency of the disease varies over a defined
interval (or may seek to determine whether the disease
frequency is different now than in the past). Time series
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studies refer to analyses that follow the rates of disease in a
given community or region through time. Time patterns in
disease may be: short-term: temporary aberrations in the
incidence of disease, such as outbreaks of gastroenteritis;
periodic/cyclical: diseases with a recurring temporal pattern,
such as the seasonal fluctuations in respiratory diseases,
which are often more common in the winter months, or;
long-term/secular: changes in the incidence of disease over
a number of years or decades, such as the rise in HIV/AIDS
incidence since the 1980s.

Different terms are used to capture variations in the
disease pattern. An epidemic refers to a general rise in case
numbers above the background rate of the disease. An out-
break usually refers to a localised epidemic, and is often
applied to infectious diseases. Although a cluster also refers
to a close grouping of disease (or related events) in space
and/or time, it is usually applied to uncommon or specific
diseases, such as birth defects or cancer.

An example of how this descriptive approach may be
applied is provided by the outbreak of coccidioidomycosis
in California in 1994 (Pappagianis et al. 1994). This infec-
tious disease usually results from inhalation of spores of the
dimorphic fungus Coccidioides immitis, which grows in
topsoil. In their report, the study authors define the “time,
place, person” components as follows: “[fJ[rom January 24
through March 15, 1994, 170 persons with laboratory evi-
dence of acute coccidioidomycosis were identified in
Ventura County, California.” This number ‘“substantially”
exceeded the usual number of coccidioidomycosis cases
seen in Ventura County. To account for this change in
incidence, the authors noted that the “increase in cases
follows the January 17 earthquake centered in Northridge
(in adjacent Los Angeles County), which may have exposed
Ventura County residents to increased levels of airborne
dust” (Pappagianis et al. 1994). The temporal and geograph-
ical pattern were supported by subsequent environmental
data indicating that significant volumes of dust been
generated by landslides in the wake of the earthquake and
aftershocks, and that this dust had been dispersed into nearby
valleys by northeast winds (Schneider et al. 1997).

Another group of epidemiological studies are termed
analytic. Traditionally, these address specific hypotheses
using more formalised designs than the descriptive studies,
and incorporate a well-defined comparison (“control”)
group. For example, in case-control studies, the population
is first defined with reference to the presence or absence
of disease (such as lung cancer). The individuals with
the disease, known as the ‘“cases”, are compared to a
non-diseased group (known as the “controls”) with respect
to some exposure history (such as their past employment in
the asbestos industry). In contrast, for cohort studies, a
study population is first defined with reference to their
degree of exposure or presence of the risk factor (such as
the number of years they have been employed in the

asbestos industry). This population is “disease-free” at the
start of the study period. The participants (known collec-
tively as a “cohort”) are then followed over time to deter-
mine who experiences the disease (such as lung cancer) and
who does not.

This analytical approach is demonstrated in the prospec-
tive study of arsenic exposure from drinking water and skin
lesions (skin thickening or changes in pigmentation) in
Bangladesh by Argos et al. (2011). (The skin lesions are
often precursors to later skin cancers.) This cohort study
involved identifying a group of around 10,000 individuals
who were free of skin lesions at the start of the study. The
exposure variable was defined as differential use of wells in
the study area as a source of drinking water. There were a
total of 5,966 wells, encompassing a range of arsenic levels
from the detection limit (0.1 pg/L) to >200 pg/L. The study
participants were followed for the years 2000-2009 (inclu-
sive) and assessed clinically to determine who developed
skin lesions. The authors reported that for every quintile
increase in the concentration of arsenic measured in the
well water, there was a 31 % increase in the risk of develop-
ing skin lesions.

In environmental epidemiology, one of the main
challenges in conducting analytic studies relates to the reli-
able estimation of exposure. Although a range of environ-
mental sampling techniques are available, it may be difficult
to infer personal exposure based on such measurements.
In practical terms, samples are often collected over short
periods of time that may not correspond with the — often
prolonged — process of disease emergence in a population.
The disease may only occur after a significant delay in time,
often decades in the case of cancer. Often, little may be
known about the concentrations of contaminants which
produce epidemiological effects in human populations, or
the time period between the exposure and an expected effect.
Reliance on, or inferences based on, past measurements
may also be problematic because of inaccuracies in the
historical data.

The last group of epidemiological studies use interven-
tion-based (or experimental) designs. Such studies com-
pare a group of subjects who receive an intervention
(the “treatment group”) versus a group who receive another
(or no) intervention (the “control group”). Often there is a
process of random assignment of participants into these
two groups. For example, a new cholesterol-lowering tablet
may be compared to an alternative form of medication to
determine whether there is significant difference on the
rates of a subsequent cardiovascular event (such as a heart
attack). Environmental epidemiological studies often do
not use experimental interventions because it is difficult
to manipulate environmental variables on a large scale, and
the interventions may be unethical if the safety or
wellbeing of either the “treatment” or “control” group is
jeopardised.
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Fig. 2.5 (a) Schema of the main a

elements of a public health
system. (b) Public health in a
medical geology context: Radon
exposure in the home and lung
cancer
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29 Integration and Application

In summary, geological and geochemical dynamics are inte-
gral to most of Earth’s systems, and should be incorporated
into existing descriptions and models of public health. The
discipline of medical geology emphasises the fundamental
degree to which geological processes are interconnected
with the wellbeing of human communities. In many
situations, patterns of disease emergence must directly or
indirectly take account of geologically-driven determinants.
Maintenance of wellbeing in human populations relies upon
effective monitoring and management of the geosphere, espe-
cially given that anthropogenic interventions can accelerate

the nature and pace of change. An integrative framework is
required to evaluate, investigate and manage potential risks to
communities, and must incorporate knowledge from both
earth sciences and health sciences.

The core elements of the public health system can be
conceptualised in Fig. 2.5a.

As noted, there are many applications of medical geology
that have direct relevance to the field of public health. An
integrative example will be provided here, emphasising the
major themes and inter-disciplinary links covered in this
chapter.

A major risk to human populations is the radioactive gas,
radon, which has been linked to lung cancer. Radon-222 is a
naturally occurring decay product of uranium-238 which is
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commonly found in soils and rocks. Radon-222 progeny,
particularly polonium-218, lead-214, and bismuth-214, are
of health importance because they can be inspired and
retained in the lung. Public health agencies rank residential
radon-222 exposure as one of the leading causes of lung
cancer after tobacco smoking. An example of how the
main components of a public health system relate to the
issue of radon exposure in the home and lung cancer is
provided in Fig. 2.5b.

See Also the Following Chapters. Chapter 3 (Natural Dis-
tribution and Abundance of Elements) ¢« Chapter 12 (Arsenic
in Groundwater and the Environment) ¢« Chapter 19 (Natural
Aerosolic Mineral Dusts and Human Health) « Chapter 24
(Environmental Medicine) ¢ Chapter 25 (Environmental
Pathology).
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Introduction

Environmental biology may be characterized by interactions between geological and
anthropogenic sources and life. Geological sources provide biological systems with major,
minor, and trace elements. Elements present in soils are influenced by a variety of geological
processes. If environmental conditions permit the elements to be available to plants, some will
be taken up while others will be rejected. What is taken up becomes available to grazing
animals and humans.

Anthropogenic sources provide both essential and nonessential elements. In some cases,
elements do not have to be biologically available to present health problems. Some elements
or compounds may impact the epithelial cells in the respiratory system merely by mechanical
irritation and cause damage. Often, human activities may lead to the movement of elements
from places where they reside outside of biological systems to places where their inherent
chemical nature is realized.

Chapter 2 provides a comprehensive discussion of what is termed natural background. The
chapter emphasizes and illustrates the importance of the biogeochemical cycle, which is
intimately related to the concept of bioavailability. Numerous interpretations of bioavailability
are presented.

During the past few decades, a number of environmental problems have been attributed,
rightly or wrongly, to anthropogenic activities. A fundamental goal of medical geology is to
provide a foundation for discussion, in which the anthropogenic sources can be distinguished
from natural sources. Chapter 4 describes a variety of anthropogenic sources and reviews the
known and potential hazards associated with them. In addition, current and future issues
surrounding waste disposal are described, as are agricultural practices and transport of
contaminants and the importance of maintaining potable water resources.

Chapter 5 reviews the chemistry of life, beginning with the unique properties of water. The
chemical behavior of various elements within living cells is outlined. This chapter highlights
the role of elements as chemical messengers and the requirements of multicellular organisms,
while introducing two new designations, metallome and metabollome, concerning metals and
nonmetals.

The biological mechanisms of element uptake into living organisms are described in
Chap. 6. Following a review of some fundamental biochemical principles, this chapter
highlights the uptake of iron, zinc, and copper as examples.
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The essentiality of elements and particularly trace elements is often inadequately defined.
Chapter 7 offers a working definition of major, minor, and trace elements. The biological
functions of the major elements are reviewed, followed by an in-depth discussion of the minor
elements (including calcium and magnesium) and an emphasis on the biological functions
of trace elements.

The discussion in Chap. 8 takes a more physiological approach to geological sources of
elements. This chapter reviews sources of essential elements and discusses their bioavailability.

Toxicity is inherent in all elements. For many essential elements, nutritional deficiency
may be the common issue. Chapter 9 discusses the concepts of nutritional deficiency and
toxicity, beginning with an introduction to biological responses. Various aspects of elements
as toxins, and carcinogens are featured in this chapter.

Environmental Biology
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3.1 Natural Background

A widely recognized biological characteristic of a healthy
and sustainable environment is diversity—as with biology,
so with geology. Regions characterized by the presence
of different bedrock units, and different surficial materials
in areas affected by recent (geologically speaking) glacia-
tion, develop varied landscapes that support differing eco-
systems. Examples of varied landscapes range from Alpine
and Cordilleran mountains, through gentler landscapes of
rolling hills, to the glacial plains of Northern Europe and
North America, or similarly from the high Himalayas,
through verdant foothills, across fertile plains to the desert
of Sind. In the parts of the world characterized by stable
geological platforms, where mountain building has not
taken place for many hundreds of millions of years and
there have been long periods of landscape development,
peneplains are the eventual outcome. Their topography is
gentle without mountains. High relief areas are largely
limited to inselbergs or ravines and river valleys where,
due to crustal uplift, modern rivers and streams are cutting
down into and eroding the old land surfaces. Examples are
the Brasilian Shield, central Australia and parts of central
Africa, though in the latter young volcanoes lead to local
mountainous terrain. These are the physical expressions
of the underlying geology, but there is another changing
characteristic that cannot be seen directly—the chemistry
of the underlying rocks and sediments and the soils that lie
upon them.

It is the soils that either directly, or indirectly, sustain the
vast majority of life on terrestrial parts of Planet Earth. The
plants people eat (cereals and vegetables) or use (e.g., wood
for construction, fibers for fabric and line, maize or sugar
cane for ethanol production) grow in the soil. As with peo-
ple, cattle, sheep and goats rely on the plants growing in the
soil, and they, directly or indirectly, support human life
through milk, wool, leather and flesh. Furthermore,
soils interact with precipitation as it moves from surface to
groundwater storage; soils are vital to sustaining life.
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Soils have developed over very different time spans, from
those on the peneplains of Africa, Australia, and South
America that are hundreds of millions of years old, to soils
developed over the last few decades on recent volcanic
material and on freshly deposited silts from rivers that
have overflowed their banks. Soils that have developed on
glacial sediments are somewhat older. As the last ice
retreated, about 8,000—12,000 years ago at the close of the
Wisconsin (North America) and Weischelian or Wiirm
(Northern Europe) Ice Ages, a bare landscape was exposed.
What lay underfoot was poorly sorted glacial till, a mixture
of eroded rock and sometimes previous soil, containing
material from cobbles and large “rocks” down to finely
ground mineral fragments. In places where glacial rivers
had flowed under the ice, sinuous sand ridges called eskers
were deposited. Where the rivers emerged from under the ice
outwash fans were formed, and these became deltas when
they flowed into glacial lakes. Sand dunes often formed near
these glacial river outlets as well as back from lake shores as
there was no vegetative cover to anchor the newly deposited
sediments and save them from wind erosion as they dried.
The soil cover had yet to form.

The soils that sustain life develop as an interaction
between the solid rock or unconsolidated surface materials,
the climate, and biological and other physical processes.
Over time, vertical zonations called profiles develop as a
function of the interaction of these processes (see also Plant
etal. 2001, Figure 6). Many soil profiles are characterized by
an organic, carbon-rich, black upper layer (the L, F, and A
horizons); sometimes a sandy textured light-colored layer
(the A. horizon); commonly a brownish or reddish layer
richer in iron and some other elements, organic matter, and
minerals (the B horizon); and finally, the weathered soil
parent material (the C horizon). Other characteristics
develop where the soils are wet; in arid (desert) regions; or
frozen in high northern and southern latitudes. In extreme
northern and southern latitudes, polar deserts may form, and
where there is sufficient moisture, permafrost may form.
In the tropics, the upper organic-rich A horizons are often
thin due to the rapid degradation of the leaf litter and other
organic materials present; below these, iron-rich B horizons
develop. In very old soils the B horizons may become
cemented with iron oxides to form hard carapaces—variously
named duricrust, ferricrete, or canga. One of the key outcomes
of soil formation is that chemical elements commonly
become vertically redistributed by the pedological (soil-
forming) processes acting in the biogeochemical cycle. Within
this major cycle many smaller cycles exist, such as that from
soil to plant, back to soil, and soil to plant (see Sect. 3.5
for further discussion).

The range of element concentrations in an uncontami-
nated sample material is known as the background, and it is
important to consider background as a range, not a single
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value (Reimann and Garrett 2005). Natural backgrounds
characterize the chemistry of rocks and surface materials,
including soils, river and lake sediments, and biological
tissues. Differences in natural backgrounds arise due to
landscape-forming processes, which in turn are influenced
by diversity in the underlying geology. There is no one
natural background level for any solid material in or on
the Earth as the Earth is far too inhomogeneous (diverse).
For there to be a single natural background for any sub-
stance, it would have to be homogeneously distributed
throughout the planet, and this situation is only approached
in the atmosphere, where the major weather systems of the
Earth keep the atmosphere relatively well mixed in each
hemisphere. Therefore, natural backgrounds are variable,
and this chapter discusses and illustrates that reality.

Natural background concentrations of elements provide
the pool of essential chemical elements required by
biological processes; therefore, they are vitally important.
Life on Planet Earth has developed in the presence of all
the 97 naturally occurring elements of the periodic table.
To varying extents biological processes employ these
elements to fulfill specific biochemical tasks which ensure
the continuation of life. However, in addition to essentiality
there is toxicity (see also Chap. 9, this volume). A few
elements, e.g., mercury, lead, and thallium, have no known
essential role in sustaining life. In fact, at high levels in biota
they may be toxic and cause dysfunction and eventually
death. In this context, the case of mercury in fish is interest-
ing. Although fish appear to be able to bioaccumulate
mercury dominantly as highly toxic methyl-mercury species,
without harm to themselves, the consumption of these fish
by mammals leads to elevated mercury levels that can be
cause for concern. Other elements, such as cadmium, are
toxic at high levels in most animal life, but may be essential
for metabolic processes that support life in some species
(this is an area of current research). Still other elements
appear benign, for example, bismuth and gold; the latter is
even used for dental reconstruction. Finally, a great number
of elements are bioessential at some level. Calcium is
necessary for building bones and shells; and iron is impor-
tant in blood in higher mammals and vanadium and copper
for similar roles in marine biota. Other major and trace
elements, e.g., sodium, potassium, magnesium, copper,
nickel, cobalt, manganese, zinc, molybdenum, sulfur, sele-
nium, iodine, chlorine, fluorine, and phosphorus are also
essential for a variety of biotic processes. For most elements
it is a question of balance, enough to ensure the needs of
essentiality and good health, but not too much to cause
toxicity. As Paracelsus stated 450 years ago and paraphrased
to modern English: “The dose makes the poison.” It is the
imbalance between amounts available naturally and those
needed to sustain a healthy existence that poses the issues of
medical geology.
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3 Natural Distribution and Abundance of Elements
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Fig. 3.1 Copper content (mg kg~ ") of soils in the conterminous United States (After Gustavsson et al. 2001 and Shacklette and Boerngen 1984,

Reproduced with the permission of the United States Geological Survey)

3.2 A Chemically Variable Earth

An impressive way to demonstrate the chemical variability
of the Earth’s surface is with maps. Figure 3.1 displays the
distribution of copper in the soils across the conterminous
United States (7.84 million km?), which is about 5.3% of
the Earth’s land surface. What is important to know when
using such a map and data is how the soil samples were
collected, processed, and analyzed. These are critical facts
that influence the conclusions drawn from geochemical data.
In this instance the soils, characterized as natural supporting
native vegetation or agricultural, were collected from 20 cm
below the surface at sites generally over 100 m from roads.
The soils were dried, disaggregated, and the fraction that
passed a 2 mm stainless steel sieve was pulverized and
directly analyzed by optical emission spectroscopy. This
method of analysis, which does not involve a chemical
dissolution step, measures all of the copper present in the
sample and is referred to as a “total” analysis. The samples
used to prepare the map were collected by the U.S. Geologi-
cal Survey between 1961 and 1975, and although over
25 years old, the map is still an excellent example of
continental-scale variation (Shacklette and Boerngen 1984;
Gustavsson et al. 2001).

One noticeable feature of these data is that they range
from 7 to 63 mg kg~ ', which is almost an order of magni-
tude. However, in reality the individual 1,323 sample
analyses ranged from <1 to 700 mg kg ', almost three
orders of magnitude, yet they were all collected from uncon-
taminated natural background sites. The reduction in range
in the scale from three to one order of magnitude is due to
the smoothing process used to prepare the map (Gustavsson
et al. 2001). Spatially, striking features are the high levels in
the northwest versus the low levels in the southeast, and
Fig. 3.1 is a graphic example of how natural background
levels can vary spatially. The high copper background in the
west is associated with the Columbia River basalts (C on
Fig. 3.1) and basaltic volcanic rocks, e