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PREFACE

The present volume, Environmental Geochemistry and Health, was
conceived in response to the urgent need for a deeper understanding
of the intricate relationships between geochemical processes and their
implications for ecosystems and human well-being. In recent decades,
the intensification of anthropogenic pressures, including mining activi-
ties, industrial emissions, and the widespread use of agrochemicals, has
led to the mobilisation and redistribution of potentially toxic elements
(PTEs) within the environment, often with poorly understood conse-
quences for health.

Environmental geochemistry, a discipline at the intersection of
Earth sciences, chemistry, toxicology, and environmental health, pro-
vides essential tools to investigate the sources, mobility, and fate of nat-
ural and anthropogenic contaminants. Yet, despite its critical relevance,
a comprehensive, integrative text that bridges geochemical theory with
real-world health outcomes has remained elusive, especially in educa-
tional contexts. This book aims to fill that gap.

Drawing on recent scientific advances and case studies from diverse
environmental settings, the book adopts a multidisciplinary approach
to characterising contaminated sites, tracing pollutants using isotop-
ic and elemental signatures, and understanding biogeochemical cycles
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12 Preface

perturbed by human activities. Particular attention is paid to risk as-
sessment methodologies, remediation strategies, and decision-support
tools, which are vital for evidence-based environmental management
and policy.

The structure of the book is designed to support both didactic pro-
gression and thematic depth. It is suitable for advanced undergradu-
ate and graduate students, environmental scientists, geochemists, engi-
neers, public health professionals, and decision-makers working at the
science-policy interface. The chapters are enriched with conceptual fig-
ures, comparative tables, and real-world datasets to facilitate learning
and application.

Ultimately, this work reflects a vision of geochemistry not mere-
ly as a descriptive science, but as a proactive discipline, capable of con-
tributing to sustainable development, environmental justice, and plan-

etary health.



INTRODUCTION

Environmental geochemistry stands at the convergence of geosciences,
chemistry, and public health, representing a powerful discipline that
deciphers the chemical dynamics of the Earth’s surface and their reper-
cussions on living organisms. It addresses the sources, transformations,
transport mechanisms, and ultimate fate of chemical species-both nat-
urally occurring and anthropogenically introduced-across intercon-
nected environmental compartments: rocks, soils, waters, sediments,
and the biosphere. As societies increasingly grapple with environmen-
tal degradation, pollution, and associated health crises, environmental
geochemistry emerges not only as a diagnostic science but as a critical
predictive and preventative tool.

The roots of geochemistry trace back to the early 20" century, ini-
tially oriented toward understanding the distribution of elements in the
Earth’s crust and their role in petrogenesis. With the advent of modern
analytical techniques and the growth of environmental awareness in the
post-industrial era, geochemistry underwent a paradigm shift. The rise
of environmental geochemistry in the 1970s and 1980s reflected grow-
ing concern about the ecological and health impacts of trace element
pollution, acid mine drainage, radioactive waste disposal, and industri-
al emissions.
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14 Introduction

Today, environmental geochemistry is a fully interdisciplinary sci-
ence. It draws on analytical chemistry, mineralogy, hydrogeology, soil
science, ecology, and toxicology to elucidate how chemical elements
move through the environment and how they can adversely affect hu-
man health, especially in vulnerable populations and ecosystems. Unlike
classical geochemistry, which often focuses on inert or long-term geo-
logical processes, environmental geochemistry emphasizes contempo-
rary dynamics, biogeochemical interactions, and anthropogenic pertur-
bations to natural cycles.

All life is built upon the availability and cycling of chemical ele-
ments. Elements such as carbon (C), nitrogen (N), phosphorus (P),
iron (Fe), and zinc (Zn) are essential for metabolic functions. However,
the boundary between essentiality and toxicity is narrow, concentra-
tion-dependent, and influenced by factors such as chemical speciation,
bioavailability, and environmental context.

Some elements, arsenic (As), cadmium (Cd), mercury (Hg), and
lead (Pb), have no known biological role and are toxic even at trace lev-
els. Others, like chromium (Cr), manganese (Mn), and selenium (Se),
can be both essential and harmful depending on dose and oxidation
state. The geochemical behavior of these elements-how they are mobi-
lized, transported, adsorbed, and transformed-is central to understand-
ing exposure risk and toxicological outcomes.

A key challenge in environmental geochemistry is distinguishing be-
tween geogenic and anthropogenic sources of contamination. Geogenic
processes, such as weathering of metalliferous rocks, hydrothermal ac-
tivity, and volcanic emissions, can release significant amounts of toxic
elements into the environment. Naturally elevated arsenic concentra-
tions in groundwater aquifers of South Asia, fluoride in volcanic re-
gions, or uranium in sedimentary basins are examples of purely natural
but hazardous geochemical contexts.

Conversely, human activities have drastically amplified elemental
fluxes in the environment. Industrial discharges, mining operations,
fossil fuel combustion, agricultural practices, and waste mismanage-
ment have led to the accumulation of toxic substances in soils, sedi-
ments, and aquatic systems. In many cases, anthropogenic mobiliza-
tion exceeds natural geochemical baselines by orders of magnitude.
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Moreover, climate change and land-use alteration further complicate
contaminant transport by modifying redox conditions, hydrological re-
gimes, and sediment dynamics.

Environmental geochemistry plays a pivotal role in elucidating the
pathways by which toxic substances reach human populations.

These pathways include:

— Direct ingestion of contaminated water (e.g., arsenic-laden
groundwater);

— Consumption of polluted food (e.g., cadmium in rice, mercury in
fish);

— Inhalation of airborne particles (e.g., lead in urban dust);

— Dermal contact with contaminated soils or industrial residues.

Each exposure route is governed by the complex interplay between
geochemical speciation, environmental media properties (e.g., pH, re-
dox potential, organic matter), and human behavior. Critically, not
all chemical species of a given element are equally toxic. For instance,
Cr(VI) is far more hazardous than Cr(III), and the methylated form of
mercury (MeHg) is far more bioavailable than its inorganic counterpart.

Geochemical methods are indispensable in environmental risk as-
sessment. They enable the determination of background values, the
mapping of contamination plumes, the identification of pollutant
sources (e.g., through isotopic or statistical fingerprinting), and the es-
timation of contaminant mobility and bioaccessibility.

Advanced tools such as sequential extraction, geochemical model-
ling (e.g., PHREEQC, Visual MINTEQ), and speciation analysis pro-
vide insights into the partitioning of elements among solid, liquid, and
gaseous phases. Coupled with epidemiological and toxicological data,
these insights allow for more accurate assessments of human health risk
and the design of appropriate mitigation strategies.

Importantly, the integration of geochemical and biomedical knowl-
edge facilitates the transition from mere contamination studies to pro-
active environmental health science, identifying not just the presence
of a contaminant, but its potential to cause disease under realistic ex-
posure scenarios.
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This book draws on a wide range of international case studies to il-
lustrate the application of environmental geochemistry to real-world
problems. From the acidification of mining regions in the Andes, to ar-
senic contamination in Bangladesh and India, from lead exposure in
urban environments to mercury accumulation in Amazonian aquat-
ic food webs-each case highlights unique combinations of geochemical
conditions, socio-economic pressures, and health outcomes.

These case studies also serve to underline the disparities in moni-
toring capabilities, remediation technologies, and public health infra-
structures across the globe. The burden of exposure is disproportionate-
ly borne by populations in low-income regions, often without access to
safe water, effective regulation, or technical expertise.

Environmental geochemistry cannot operate in isolation. To effec-
tively tackle complex environmental health challenges, it must inter-
sect with disciplines such as medical geology, toxicology, epidemiology,
environmental policy, and risk communication. A successful environ-
mental geochemist must be as comfortable discussing sorption iso-
therms and redox buffering as understanding regulatory frameworks
and public engagement.

The emergence of “One Health” paradigms and planetary health
frameworks further strengthens the relevance of geochemistry in
transdisciplinary dialogues. These approaches recognize the intercon-
nectedness of human, animal, and environmental health, and posi-
tion geochemistry as a foundational science in understanding shared
vulnerabilities.

This volume is designed to guide readers-from students to research-
ers, consultants, and policymakers-through the theoretical principles
and practical applications of environmental geochemistry in the con-
text of health.

The health of our planet and its inhabitants is increasingly shaped by
chemical interactions at the Earth’s surface. Environmental geochemis-
try offers not only a lens through which to diagnose problems but also
the tools to anticipate and mitigate them. As we move deeper into the
Anthropocene, where natural systems are reconfigured by human ac-
tivity, the integration of geochemistry and health science becomes not
merely important, but imperative.
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By bridging the knowledge gap between Earth science and life sci-
ence, this book aspires to contribute to that mission-fostering a scien-
tifically informed and health-conscious approach to managing the geo-
chemical challenges of our time.






FOUNDATIONS OF ENVIRONMENTAL GEOCHEMISTRY

Definition and Relevance of Environmental Geochemistry

Environmental geochemistry is the scientific discipline that investigates
the abundance, distribution, mobility, and chemical transformations
of elements and compounds within the Earth’s surficial environments,
namely soils, sediments, surface and groundwater, biota, and the at-
mosphere. It encompasses both natural (geogenic) and anthropogen-
ic (human-induced) processes that shape the chemical composition of
these compartments and the complex interactions occurring at their in-
terfaces. By tracing these processes, environmental geochemistry serves
as a powerful interpretive framework for understanding the environ-
mental behaviour of chemical species and their implications for ecosys-
tem functioning and human health.

At its core, environmental geochemistry derives from classical ge-
ochemistry, but it transcends disciplinary boundaries by integrating
concepts and methodologies from environmental science, analytical
chemistry, geology, hydrology, soil science, mineralogy, microbiolo-
gy, toxicology, and public health. This interdisciplinarity is essential to
comprehensively assess the sources, transport pathways, transformation
mechanisms, and sinks of chemical elements, particularly potentially
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20 Environmental Geochemistry and Health

toxic elements (PTEs) and emerging contaminants, within dynamic
environmental systems.

The relevance of environmental geochemistry has grown marked-
ly in recent decades in response to intensifying anthropogenic pres-
sures such as mining, industrialisation, urban sprawl, waste misman-
agement, fossil fuel combustion, and agricultural intensification. These
activities have disrupted the natural geochemical balance, leading to the
remobilisation and bioaccumulation of trace elements and compounds
that can be harmful even at low concentrations. Arsenic contamination
in groundwater, mercury accumulation in aquatic food webs, cadmi-
um enrichment in agricultural soils, and the proliferation of acid mine
drainage in post-mining landscapes are just a few emblematic exam-
ples of geochemical issues with serious environmental and public health
consequences.

Beyond describing spatial and temporal patterns of elemental dis-
tribution, environmental geochemistry focuses on key mechanistic as-
pects such as speciation (i.e. the chemical forms of elements), reactivity
(including redox and sorption processes), bioavailability (the extent to
which contaminants are accessible to organisms), and toxicity thresh-
olds. These factors determine the environmental fate and ecological
risks of contaminants far more than total concentrations alone.

From a practical standpoint, environmental geochemistry under-
pins many applied domains, including:

— Risk assessment and the delineation of contaminated sites;

— Remediation planning, through geochemical modeling and moni-
toring of natural attenuation;

— DPublic health protection, by identifying exposure pathways (e.g.
drinking water, crops, inhalation of dust);

— Environmental forensics, aimed at source identification and pollut-
ant fingerprinting;

— DPolicy development, offering scientifically sound data to inform en-
vironmental regulations and sustainable land use.

The discipline also plays a central role in advancing concepts such
as geochemical baselines, environmental standards, and critical loads,





