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For Chloe, Leo, Aaron, and Eilidh

‘Future generations will judge us not by what we say, but what
we do.’

—Ellen Johnson Sirleaf (President of Liberia, 2006 to 2018)



Preface

In writing this book, we hope to catalyse greater engagement of the geo-
logical science (or geoscience) community in implementing the Sustainable
Development Goals (SDGs), as set out in a Resolution adopted by the United
Nations General Assembly on 25 September 2015: Transforming our world:
the 2030 Agenda for Sustainable Development.1 We set out to constructively
engage with this agenda, and to illustrate how geoscientists can facilitate the
ambitions of the SDGs, monitor progress, and ensure the ongoing translation
and integration of geoscience to support sustainable growth, well-being, and
environmental protection in the decades following 2030. Our desire is that
this book will enhance teaching on the societal relevance of geoscience.
Sustainability concepts are notably lacking from the traditional education of
many geoscientists, and in their research communities, limiting their ability
to engage in the SDGs and other global development frameworks. Each
chapter includes educational resources to help those with teaching respon-
sibilities to support students to contextualise and apply the substance of this
book.

While seeking to focus on the role of geoscientists in delivering the SDGs,
we are acutely aware that complex, multifaceted development problems
require interdisciplinary solutions, inclusive engagement, and participation
by diverse groups from across different sectors and disciplines. Setting out
how geoscientists can support these efforts requires an understanding of the
political, economic, social, cultural, technological, and environmental con-
texts in which we seek to engage. Balancing the tension between delving into
aspects of geology and the economic and social drivers underlying the SDGs
has not been easy. We have not attempted to capture every aspect of social,
economic, and environmental science relevant to addressing any given SDG
in this one volume. We hope that our approach helps readers to understand
how geoscience sits within the bigger picture of sustainable development,
and that the suggested further reading in each chapter enables them to con-
tinue exploring relevant themes and build new partnerships. We also hope
that this book enhances understanding outside the geoscience community of
how geoscientists can support sustainable growth and decent jobs, resilient
cities and infrastructure, access to basic services, food and water security, and
effective environmental management.

1www.un.org/en/development/desa/population/migration/generalassembly/docs/
globalcompact/A_RES_70_1_E.pdf.
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Our philosophy in editing this volume has been that ensuring lasting and
positive change not only depends on what we as geoscientists do, but also
how we do this work and engage in sustainable development. For example,
geoscientists’ actions can advance the inclusion of vulnerable and margin-
alised groups, or could exacerbate existing inequalities; geoscientists can
recognise and build on existing expertise when working internationally, or
undermine local leadership and science institutions. This book is, therefore,
about both science and the professional practice of science. We cover themes
linked to ethics, equity, conduct, and partnerships, as well as water, minerals,
engineering geology, and geological hazards. Where possible we have used
examples and images from the Global South to illustrate the themes in this
book, but we recognise that actions towards the SDGs require engagement
from all countries and regions.

What This Book Includes

Following an introduction, this book explores each of the 17 SDGs in 17
corresponding chapters (i.e., SDG 1 is explored in Chap. 1; SDG 2 is
explored in Chap. 2, etc.). We bring together learning, emerging themes, and
recommendations in the conclusions (Chap. 18).

Through each of Chaps. 1‒17, we refer to links with other chapters in
order to demonstrate the SDG interlinkages and how progress in one goal can
drive progress in another. We use the SDG number (e.g., SDG 6, SDG 10)
rather than stating Chap. 6 or Chap. 10 to make things easier for the reader.

In the chapters relating to SDGs 1–17, we include a visual abstract that
sums up the key content of the chapter and illustrates how geoscience can
help deliver its ambitions. In addition to the main text, we also include
(i) key learning concepts, a series of bullet points summarising the chapter,
(ii) educational resources, to support contextualisation of the information in
this book in the classroom (aimed at undergraduates/taught postgraduates),
(iii) further reading, directing you to resources that complement the chapter
theme, and (iv) a full reference list at the end of each chapter.

Forty-two authors have contributed to this book, collectively coming from
every inhabited continent of the world. We started this project desiring that
the final book would have a ‘global voice’. While we recognise that we can
always do more to improve representation, we are delighted to present a book
with authors from diverse countries and sectors. We have diverse gender
representation, and include early career scientists, experienced professionals,
and voices from diverse sectors.

Introduction to Supporting Organisations

The British Geological Survey (BGS), part of UK Research and Innovation
(UKRI) and a research centre under the Natural Environment Research
Council (NERC), is the UK’s principal supplier of objective, impartial, and
up-to-date geological expertise and information for decision-making for
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governmental, commercial, and individual users. The BGS maintains and
develops the nation's understanding of its geology to improve policymaking,
enhance national wealth and reduce risk. It also collaborates with the national
and international scientific community in carrying out research in strategic
areas, including decarbonisation and resource management; environmental
change, adaptation, and resilience; and multi-hazards and resilience. You can
read more about the BGS at www.bgs.ac.uk.

Geology for Global Development (GfGD) is a registered charity, based
in the UK, existing to champion the role of geology in sustainable devel-
opment, mobilising and reshaping the geology community to help deliver the
SDGs. GfGD organise conferences and training, support international pro-
jects working to achieve the SDGs, and advocate for the importance of Earth
science at local, national, and international forums. GfGD is an affiliated
organisation of the International Union of Geological Sciences and a con-
tributing organisation to the UNESCO/IUGS International Geoscience Pro-
gramme Project 685 (Geoscience for Sustainable Futures). You can read
more about GfGD at www.gfgd.org.

Keyworth, UK
Edinburgh, UK

Joel C. Gill
Martin Smith
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Introduction: Geoscience for Sustainable
Futures

Science and the 2030 Agenda for Sustainable
Development

In September 2015, UN member states formally adopted the 2030 Agenda
for Sustainable Development, also known as the Sustainable Development
Goals (SDGs). This set of 17 goals (Fig. 1) and 169 targets aim to eradicate
global poverty, end unsustainable consumption patterns, and facilitate
sustained and inclusive economic growth, social development, and environ-
mental protection by 2030 (United Nations, 2015). The SDGs are comple-
mented by a suite of associated development strategies relating to disaster
risk reduction (Sendai Framework for Disaster Risk Reduction), climate
change (COP21 Paris Climate Change Agreement), and sustainable urban
development (New Urban Agenda). Achieving the SDGs by 2030 will
require a concerted and sustained effort from many communities and sectors
across the globe.

Fig. 1 The 17 Sustainable Development Goals. Each goal has an associated set of targets, means of implementation,
and indicators (United Nations, 2015)
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At the time of publication, the COVID-19 pandemic has had a devastating
impact on families and communities around the world. This includes major
loss of live, but also threats to livelihoods, education, and efforts to ensure
gender equality in all contexts. Alongside conflict and other humanitarian
disasters, COVID-19 is a serious threat to the development gains made in
recent years and our ability to deliver the SDGs by 2030. This pandemic also
highlights the need for delivery of the SDGs if we are to reduce the impact of
future global health emergencies. Tackling poverty (SDG 1) and inequalities
(SDG 10), improving health and wellbeing (SDG 3), increasing access to
clean water (SDG 6), building safer communities (SDG 11), and protecting
and restoring natural capital (SDG 15) all contribute to risk reduction and
more resilient societies.

The SDGs are science intensive, emphasising the need for research,
innovation, capacity building, and technology transfer. Meeting the SDG
targets requires contributions by those scientists focused on understanding,
monitoring, protecting, managing, and restoring the natural environment,
including geoscientists. Geoscience is the study of the Earth’s structure,
processes and resources, and how life (including humans), interacts with
Earth (American Geosciences Institute, 2019). Humans are extending their
three-dimensional footprint on Earth (for example, through agriculture,
infrastructure development, and urban expansion), inducing environmental
change, and consuming greater volumes of natural resources.

In its broadest definition, demonstrated by the range of scientific divisions
of organisation such as the European Geoscience Union, geoscience includes
the study of the oceans, atmosphere, rivers and lakes, ice sheets and glaciers,
soils, complex and dynamic surface, rocky interior, and metallic core

Fig. 2 Geology and the Sustainable Development Goals. From Gill (2017), used with permission
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(American Geosciences Institute, 2019). Geological processes, including
plate tectonics, basin development, and surface geomorphology, control the
formation and distribution of resources, the generation of geological hazards
and the flow of sediment across our landscapes through rivers and erosion,
‘feeding’ our oceans and supporting diverse ecosystems. Geoscience is,
therefore, an essential part of the integrated research needed for development,
and delivery of the SDGs as illustrated in Fig. 2 and expanded on through
this book.

Geoscience engagement in the SDGs will be needed across academia,
industry, government, and civil society, working in close partnership with
other disciplines (e.g., engineering, ecology, social sciences, anthropology,
psychology, health), and ensuring effective translation of knowledge into
tools to inform policy and practice. A challenge for geoscientists is to
demonstrate and communicate the relevance of our studies to policy and
decision-makers now and into the future. For example, this includes ensuring
the subsurface is considered in development discourses on urbanisation (see
SDG 11), considering the availability of critical metal resources when
developing energy, climate, and decarbonisation policies (see SDGs 7, 12,
and 13), and improving public health by understanding links to the natural
environment (see SDG 3). Embedding public relations as a theme in
geoscience education, has long been advocated for (Stow and Laming, 1991)
to strengthen connections between geoscientists and policymakers, but it is
still largely missing in the core training provided to geoscientists around the
world.

Case Study 1: Sustainable Development in Eastern Africa

One region that exemplifies the challenges of and multiple impacts from
climate change, human activities, and development faced by the Global
South is eastern Africa. Kenya, Tanzania, and Ethiopia are all striving for
economic stability and growth, vying to be the regional hub for business and
research and development, each with an ambitious development strategy (i.e.,
Kenya Vision 20302, Tanzania Vision 20253, Ethiopia Growth and
Transformation Plan4).

Development in eastern Africa is envisaged to occur along geographical
corridors, where infrastructure is developed that facilitates the movement of
goods between sites of production (e.g., a copper mine, a gas field),
processing zones, and national and international economic hubs (Enns,
2018). In northern Kenya (Fig. 3), a combination of recent discoveries of
hydrocarbons in buried rift structures (Tullow Oil, 2019) and the construction
of new wind farms (Dahir, 2019), together with existing knowledge of major
aquifers and geothermal power, is driving infrastructure development and

Introduction: Geoscience for Sustainable Futures xv

2http://vision2030.go.ke/.
3http://www.mof.go.tz/mofdocs/overarch/vision2025.htm.
4https://www.greengrowthknowledge.org/national-documents/ethiopia-growth-and-
transformation-plan-ii-gtp-ii.

http://vision2030.go.ke/
http://www.mof.go.tz/mofdocs/overarch/vision2025.htm
https://www.greengrowthknowledge.org/national-documents/ethiopia-growth-and-transformation-plan-ii-gtp-ii
https://www.greengrowthknowledge.org/national-documents/ethiopia-growth-and-transformation-plan-ii-gtp-ii


presents significant potential for economic growth. This development
corridor will extend northwards into Ethiopia, and connect Uganda to the
Indian Ocean with new roads, railways, and projected pipelines to carry oil
and gas to Lamu, on the Kenyan coast.

Much of this region is a semi-desert environment, inhabited by nomadic
pastoralists, with Lake Turkana to the north, the world’s largest permanent
desert lake. Lake Turkana provides a source of much needed protein, and
increased income from tourism. It is a UNESCO World Heritage Site, and

Fig. 3 The Gilgel Gibe III Dam on the Omo River in Ethiopia Credit Mimi Abebayehu (CC-BY-SA 4.0, https://
creativecommons.org/licenses/by-sa/4.0/)
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important anthropological and archaeological sites, with the discovery of
Hominin fossils of some of the earliest human ancestors (e.g., Feibel et al.,
1991; Wood and Leakey, 2011). Lake Turkana is a closed basin and its sole
water supply comes from the Omo River in Ethiopia. Plans for hydropower
schemes and increased use of water from the Omo River for irrigation will
affect the long-term water supply to Lake Turkana. The Gilgel Gibe III Dam
in Ethiopia (Fig. 3), for example, is predicted to have a significant impact
upon the sustainability of the lake (Avery 2012; Ojwang et al., 2017) and
increase trans-boundary tensions.

The collective and diverse impacts of corridor development will bring
significant change to this region of Kenya. It can be regarded as a microcosm,
one of many around the world, exemplifying the challenges of sustainable
development. In seeking to implement the SDGs, it is fundamental to
understand their impact on each other at the local level (i.e., the ways actions
to support one goal could catalyse or hinder progress in another goal), and
both planned and unintended consequences on people, wildlife, and the wider
natural environment (Fig. 4).

Geoscience research into the evolution of the East African Rift, an active
continental rift zone where tectonic plates are gradually diverging, can
support a wide array of development ambitions. It can inform our
understanding and the development of groundwater resources (SDG 6),
with the cascading impacts of improved health through reductions in
diarrhoeal diseases (SDG 3), improved agriculture through greater means of
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Fig. 4 Braided river in the Suguta Valley, Northern Kenya Rift, draining into Lake Logipi. Credit Martin Trauth
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irrigation (SDG 2), and improved economic growth through reducing the
time spent collecting water (SDG 8). The geology of the East African Rift
also determines the availability of energy resource in the region, including
both geothermal and hydrocarbon discoveries (SDG 7). The management of
both water and energy resource, together with the metals and minerals
required for construction, manufacturing, and infrastructure development
requires careful planning to ensure responsible consumption and production
(SDG 12), action on climate change (SDG 13), and strengthened diplomatic
relations between neighbouring countries with trans-boundary resources
(SDG 16). The hazards associated with the East African Rift include volcanic
eruptions, earthquakes, and landslides on steep topographical features.
Characterising this multi-hazard landscape, integrating seismology, vol-
canology, and engineering geology, can inform the actions required to reduce
risk, helping to develop resilient infrastructure (SDG 9), sustainable
communities (SDG 11), and reduce poverty (SDG 1). Geoscience commu-
nities of eastern Africa, spanning all countries and specialisms, should
therefore be integrated into the groups and processes shaping development
planning and implementation, but also equipped to contribute to supporting
and facilitating sustainability in a full and effective way.

Resourcing Geoscientists to Support Sustainable Futures

This book is not thefirst publication tomake claim that geoscientists should be a
major partner in the endeavour to transition to a sustainable way of inhabiting
Earth. Since the birth of geoscience as a scientific discipline, sustainable
development has been part of its DNA, with James Hutton noting in the 1788
volume ‘Theory of the Earth’ that ‘this globe of the earth is a habitable world,
and on its fitness for this purpose, our sense of wisdom in its formation must
depend’ (Stewart and Gill, 2017). Geoscientists possess skills and understand-
ing that make us well-suited to support development initiatives, with geology
being fundamentally important to improving lives and supporting sustainabil-
ity (Stow and Laming, 1991; Cordani, 2000; Mora, 2013).

After UN member states agreed to the SDGs in 2015, Gill (2017)
completed an initial mapping of their dependence on geoscience, Gill and
Bullough (2017) provided a broader discussion of how geoscientists can
engage in the SDGs and other global development frameworks, and Schrodt
et al. (2019) have mapped the SDGs to eight essential geodiversity variables.
The UN Development Programme, World Economic Forum, and Columbia
Center on Sustainable Investment have set out the links between mining and
the SDGs (Sonesson et al., 2016). IPIECA, the global oil and gas industry
association for advancing environmental and social performance, the
International Finance Corporation and UN Development Programme have
done the same for the oil and gas industry (2017). The International
Association of Hydrogeologists (IAH) have published a note showing how
groundwater links to the SDGs (IAH, 2017).
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These analyses all show significant linkages between the targets of the
SDGs and geoscience. In this book, we have collated perspectives from the
authors who live and have worked around the world to expand on these
works and set out why achieving all of the SDGs requires the study and
practice of geoscience, and what steps the geoscience sector can take to
accelerate progress towards these goals. While structured around the 17
interdependent SDGs, we recognise that their ambitions not only require
concerted action in the months and years to 2030, but an ongoing
commitment to pursue knowledge and adhere to frameworks that enable
humankind to live sustainably well beyond 2030. We, therefore, aim to

1. Raise awareness among both geoscientists and the development com-
munity of the role of geoscience in realising sustainable development,
framed in the context of the 17 SDG priorities. We do this by describing
direct contributions geoscientists can make to the SDGs (e.g., in SDG 6
we describe how the characterisation of groundwater resources helps to
ensure universal access to safe and reliable water supplies), and links
between development challenges and the wider natural environment,
which geoscience helps to characterise (e.g., in SDG 10 we outline how
environmental degradation can exacerbate inequalities).

2. Explore how the geoscience community needs to reform to help deliver
the SDGs. We recognise that issues of quality education (SDG 4), gender
equality (SDG 5), equitable access to knowledge (SDG 10), safe and
secure work environments (SDG 8), and effective science partnerships
(SDG 17) require individual disciplines and sectors to take responsibility,
identify weaknesses, and put into place the measures required to deliver
these aspects of sustainable development. While government policies
(local, regional, or national) are necessary to drive these agendas forward,
disciplines and sectors (through professional bodies, scientific unions, and
individual organisational policies) also have an ability to influence and
contribute to their delivery.

3. Set out critical aspects of socio-economic context that help broaden
geoscientists’ understanding of development challenges, the actions
needed to address these, and how geoscience sits in that bigger picture.
We do not set out every aspect of economics or social reform relevant to
each SDG, but we do introduce concepts that help to contextualise the
input of geoscientists. For example, SDG 1 (end poverty) describes the
causes and catalysts of poverty relating to conflict, governance, eco-
nomics, history, and the environment. The latter is set out in much more
detail (covering spatial poverty traps, natural resources, environmental
change, pollution, and natural hazards), but we believe it aids the reader to
see how these sit alongside other themes.

In helping to deliver on these three ambitions (awareness, reform, context),
we hope to accelerate engagement of geoscientists in implementing Agenda
2030, and encourage the embedding of geoscientists into sustainable
development initiatives. Throughout this book, we highlight three key

Introduction: Geoscience for Sustainable Futures xix



themes (equity, knowledge exchange, and interdisciplinarity), which the
Agenda 2030 and SDGs also emphasise.

Equity. Leaving no one behind is emphasised throughout the SDGs,
acknowledging the importance of supporting the least developed and
low-income countries, landlocked developing countries, and small island
developing states. We have integrated perspectives from scientists in many
of these settings into this book, and selected case studies that demonstrate
challenges and opportunities associated with sustainable development. For
example, SDG 14 (life below water) has a focus on small-island developing
states in the Pacific Ocean, SDG 9 (industry, innovation and infrastructure)
includes an example from Nepal, a landlocked developing country, and SDG
17 (partnerships) includes a science-for-development programme in
Afghanistan, one of the world’s least developed countries. Equity is also
needed within countries. There are individuals, groups, and communities that
do not currently have equitable access to services, infrastructure, or
resources. Across many chapters, we highlight initiatives that are widening
access to geoscience. SDG5 (gender equality) includes details of inspiring
engagement and mentorship activities such as the African Association of
Women Geoscientists and Girls into Geoscience (Fig. 5), SDG 8 (decent
work and economic growth) outlines how ‘geoparks’ are increasing public
understanding of geoscience and creating livelihood opportunities for
marginalised groups. SDG 16 (peace, justice, and strong institutions)

xx Introduction: Geoscience for Sustainable Futures

Fig. 5 Girls into Geoscience Fieldtrip to Dartmoor, UK. © Sarah Boulton (University of Plymouth/Girls into
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describes the role of scientific unions and professional societies in tackling
harassment and discrimination.

Knowledge Exchange. The creation and exchange of knowledge, skills,
and technologies can accelerate progress towards the SDGs. We have
previously highlighted the emphasis on research, capacity building, and
technology transfer within the 2030 Agenda. This book includes examples of
knowledge exchange across countries. SDG 4 (quality education) profiles
projects to strengthen understanding of seismic hazards in Central Asia, and
SDG 9 (industry, innovation and infrastructure) describes how geoscientists
in the United States collaborates with scientists around the world to improve
understanding of and response to volcanic hazards. SDG 17 (partnerships)
includes examples of how geoscientists can engage in the UN Technology
Facilitation Mechanism, with the specific objective of increasing access to
and understanding of science, technology and innovation.

Interdisciplinary and Multisectoral Partnerships. While this book
demonstrates why geoscience matters when addressing sustainable develop-
ment challenges, it also recognises that we will increasingly be working in
partnership with other disciplines and across sectors. Many geoscientists
already work with engineers, ecologists, and chemists, but we will
increasingly need to collaborate with economists, human geographers,
anthropologists, psychologists, and public affairs professionals. These
partnerships take time to develop, but are necessary to develop responses
to the complex challenges that communities around the world are facing. We
highlight in this book how networks and organisations fostering collabora-
tions between geoscientists and other disciplines can help deliver improved
health and well-being (SDG 3), restoration of biodiversity (SDG 15), and
strengthened ocean management (SDG 14).

Stewart (2016) notes that geologists possess a valuable synoptic and
temporal conceptual framework for evaluating Earth’s sustained viability for
life. This, together with thematic knowledge of Earth systems, natural
resources, Earth hazards, and environmental management places geoscien-
tists in a strong position to be key partners in sustainable development and
champions of change. To leverage this opportunity, geoscientists should
evaluate our contribution, our systems, and our role. As you read the
following 17 chapters, one for each of the SDGs, we invite you to reflect on
your own contribution to sustainable development, and how you can
influence other geoscientists to fulfil our shared responsibility to support
society in achieving a sustainable future.

Joel C. Gill
Martin Smith
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Poverty is the lack of resources needed to ensure dignity and survival
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1.1 Introduction

As of 2015, an estimated 736 million people
were living in extreme poverty, earning less than
$1.90 a day, with almost half the world’s popu-
lation (3.4 billion people) living on less than
$5.50 a day/$2000 a year (World Bank 2018).
Poverty, however, is multidimensional and
extends beyond simply having an adequate
income. It encompasses the ability to meet
human needs for food, water, sanitation, energy,
education, sustainable livelihoods, and empow-
erment to engage in decision-making (Green
2008; Sachs 2015). Poverty is the ‘lack of
resources’ needed to ensure dignity and survival,
be they economic, social, political, or cultural
resources.

Poverty hinders individuals and communities
from reaching their full potential, reduces life
expectancy, and increases vulnerability to epi-
demics, economic depression, environmental

change, and natural hazards. Poverty undermines
human rights, threatening the right to work,
access to health care and education, freedom of
thought and expression, and the right to maintain
a cultural identity (Sané 2001; UNESCO 2017).
While poverty can drive innovation, pushing
people to think beyond the status quo to develop
new routes to access financial services or energy
resources, it is associated with deeply entrenched
deprivation and hardship. Lifting people out of
poverty transforms ‘the lives and expectations of
a nation’s inhabitants’ to ensure good health,
physical safety, meaningful work, and connec-
tion to community (Green 2008). While this
requires sufficient economic resources, it also
needs social, political, natural, and cultural
capital.

While extreme poverty is concentrated in sub-
Saharan Africa and South Asia (Fig. 1.1), pov-
erty affects every country. In some contexts,
people lack sufficient resources to support a

Fig. 1.1 Total population living in extreme poverty, by world region. Credit Roser and Ortiz-Ospina (2017), using data
from the World Bank (PovcalNet). Reproduced under a CC BY license (https://creativecommons.org/licenses/by/4.0/)
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recognised standard of living (relative poverty).
In other contexts, including many of the world’s
least developed countries, those living in poverty
face a daily challenge to access the resources
they need to meet immediate and basic needs
(extreme poverty). The effects of such poverty
are widespread, potentially degrading health,
hindering education, perpetuating gender
inequalities, and reducing political suffrage.

Poverty is not inevitable. The world has made
good progress in tackling extreme poverty over
the past 25 years (Fig. 1.1). Extreme poverty
(those living on *$1.90 a day) fell by more than
half between 1990 and 2015, going from
1.9 billion people to 736 million people living in
extreme poverty (World Bank 2018). Progress
has slowed however; the UN indicate that 6% of
the global population will still live in extreme
poverty by 2030 (United Nations 2019), and the
Covid-19 pandemic will likely exacerbate pov-
erty further. Progress has also been geographi-
cally uneven. Reductions in poverty since 1990
have been concentrated in East and South Asia
(United Nations 2015). More than half of those

still living in extreme poverty live in sub-Saharan
Africa, where estimates suggest the total number
of people living in extreme poverty is increasing
rather than decreasing (World Bank 2018). In
sub-Saharan Africa, 84.5% of the population still
live on less than $5.50 a day or $2000 a year
(World Bank 2018). These communities can
struggle to meet basic needs, and find themselves
particularly vulnerable to falling back into
extreme poverty. We must, therefore, take a
balanced approach to how we define, measure
and interpret the poverty narrative.

When considering actions to address global
poverty, we, therefore, have reasons to be positive
and reasons to be cautious. Sustainable Devel-
opment Goal (SDG) 1—Zero Poverty—aims to
build on this progress and ensure we leave nobody
behind, ending poverty in all its forms everywhere
by 2030. Specific targets (Table 1.1) include
ambitions to eradicate extreme poverty, reduce
relative poverty, ensure equal rights to basic ser-
vices and natural resources, and reduce exposure
and vulnerability to economic, social, and envi-
ronmental shocks and disasters.

Table 1.1 SDG 1 targets and means of implementation

Target Description of Target (1.1 to 1.5) or Means of Implementation (1.A to 1.B)

1.1 By 2030, eradicate extreme poverty for all people everywhere, currently measured as people living on less
than $1.25 a day

1.2 By 2030, reduce at least by half the proportion of men, women and children of all ages living in poverty in
all its dimensions according to national definitions

1.3 Implement nationally appropriate social protection systems and measures for all, including floors, and by
2030 achieve substantial coverage of the poor and the vulnerable

1.4 By 2030, ensure that all men and women, in particular the poor and the vulnerable, have equal rights to
economic resources, as well as access to basic services, ownership and control over land and other forms
of property, inheritance, natural resources, appropriate new technology and financial services, including
microfinance

1.5 By 2030, build the resilience of the poor and those in vulnerable situations and reduce their exposure and
vulnerability to climate-related extreme events and other economic, social and environmental shocks and
disasters

1.A Ensure significant mobilization of resources from a variety of sources, including through enhanced
development cooperation, in order to provide adequate and predictable means for developing countries, in
particular least developed countries, to implement programmes and policies to end poverty in all its
dimensions

1.B Create sound policy frameworks at the national, regional and international levels, based on pro-poor and
gender-sensitive development strategies, to support accelerated investment in poverty eradication actions

4 J. C. Gill et al.



The causes of and solutions to poverty have
environmental, social, and governance compo-
nents. Geoscientists have a role to play in all of
these, but particularly around the environmental
component, the focus of this chapter. Poverty can
be influenced by the physical geography or the
underlying geology of a region. Environmental
change, degradation, and shocks can threaten
development gains and push communities below
the poverty line. Poverty cycles can be broken
through interventions that enable access and equal
rights to clean water, natural resources, and
appropriate technologies. Poverty can be a driver
of environmental degradation, although it iswidely
accepted that individuals in wealthier countries
typically have the highest ecological footprint. The
poorest and other marginalised groups (e.g.,
indigenous communities) are often the strongest
advocates of environmental protection and sus-
tainable consumption, being themost vulnerable to
environmental stresses (Broad 1994).

This chapter explores these themes and
describes the role of geoscientists, outlining why
the geoscience community matters when tackling
poverty, and why tackling poverty matters to
global security, development and environmental
integrity. We characterise poverty and outline its
effects (Sect. 1.2), proceeding to describe the
progress made in tackling poverty (Sect. 1.3).
We discuss the diverse causes of poverty and
their relationship to geoscience (Sect. 1.4), and
highlight ways that geoscience education,
research, and innovation can reduce poverty and
help society to end poverty (Sect. 1.5).

1.2 What Is Poverty, and What Are
the Effects of Poverty?

1.2.1 Types of Poverty

Two primary definitions of poverty are reflected
in the SDG 1 targets:

• Absolute or Extreme Poverty: This looks at
humanity as one unit and sets a standard (in-
come level) below which humans are

considered to be living in extreme poverty.
The World Bank currently defines interna-
tional absolute poverty as living on an income
of less than $1.90 a day (although the SDG 1
target includes the measure of ‘less than $1.25
a day’). Those living in absolute poverty
typically struggle to access immediate needs
such as food, safe drinking water, sanitation,
health services, shelter, education, and
information.

• Relative Poverty: This considers differing
social contexts, defining a poverty level
according to recognised national or regional
standards. Relative poverty is, therefore, a
measure of income inequality in a given
region. In the United Kingdom, for example,
relative poverty is currently defined as having
an income below 60% of the median house-
hold income (UK DWP 2018).

Common to both absolute (extreme) and rel-
ative poverty is the idea that there is a lack of
sufficient resources required to meet everyday
needs, although resilience actually requires an
ability to not only meet daily needs, but also
meet future needs in the event of changing situ-
ations. While poverty is traditionally defined in
terms of economic resources (e.g., income) or
consumption, necessary resources go beyond
money. We all need food, water, and shelter to
survive. We greatly benefit from access to safe
energy, health care, and education if we are to
enjoy a reasonable quality of life, and build the
skills required to generate an income. The desire
to participate in decision-making is shared
through diverse societies. Poverty is therefore
lack of access to

• Economic resources, the financial capacity to
purchase essential items.

• Social resources, access to basic needs such
as food, sanitation, energy, shelter, health
care, and education.

• Natural resources, access to a healthy natural
environment, ecosystem services, and natural
assets including geology, soil, water, and
biodiversity.
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• Political resources, a political voice or
suffrage.

• Cultural resources, cultural opportunities,
including access to information and
communications.

There are interconnections and reinforcements
between these resources. For example, a family
lacking economic resources in a context where
primary education is not free may be unable to send
all of their children to school, and thus limit future
opportunities for some of them. A lack of economic
resources may also hinder people from exercising
political suffrage, as they are unable to take time out
of income-generating activities to travel to the
nearest polling booth. Lack of economic resources
may prevent a family from purchasing a radio and
benefitting from weather information that improves
their agricultural productivity.

Multidimensional poverty indices attempt to
capture this holistic understanding of poverty and
ensure actions do not focus solely on relieving
economic deprivation (Alkire and Jaha 2018).
For example, the 2018 Multidimensional Poverty
Index (Table 1.2) incorporates health, education,
and standard of living, with 10 indicators
weighted to determine an overall poverty index
(Alkire and Jahan 2018). The Multidimensional
Poverty Index suggests that the percentage of the
population living in multidimensional poverty in
South Sudan is 91.9%, in Niger is 90.6%, and in
Chad is 85.9% (UNDP 2018). These figures are
significantly higher than the percentages given
when solely focusing on economic deprivation,
with the 2006–2016 average percentages of the
population living in extreme poverty using the
$1.90 definition being 42.7%, 44.5%, and 38.4%,
respectively (UNDP 2018).

Table 1.2 2018 multidimensional poverty Index (dimensions, indicators, deprivation cutoffs and weights). Adapted
from Alkire and Jahan (2018)

Poverty
dimension

Indicator Deprived if living in the household where… Weight

Health Nutrition An adult under 70 years of age or a child is undernourished 1/6

Child
mortality

Any child has died in the family in the 5-year period preceding the survey 1/6

Education Years of
schooling

No household member aged 10 years or older has completed six years of
schooling

1/6

School
attendance

Any school-aged child is not attending school up to the age at which
he/she would complete class 8

1/6

Standard
of Living

Cooking
fuel

The household cooks with dung, wood, charcoal, or coal 1/18

Sanitation The household’s sanitation facility is not improved (according to SDG
guidelines) or it is improved but shared with other households

1/18

Drinking
water

The household does not have access to improved drinking water
(according to SDG guidelines) or safe drinking water is at least a 30-
minute walk from home, round trip

1/18

Electricity The household has no electricity 1/18

Housing Housing materials for at least one of roof, walls, and floor are inadequate:
the floor is of natural materials and/or the roof and/or walls are of natural
or rudimentary materials

1/18

Assets The household does not own more than one of these assets: radio, TV,
telephone, computer, animal cart, bicycle, motorbike, or refrigerator, and
does not own a car or truck

1/18
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The Social Progress Index (SPI) is another
complimentary metric to Gross Domestic Pro-
duct (GDP), characerising how countries provide
for the social and environmental needs of their
citizens (Social Progress Imperative 2018). Some
countries (e.g., Bhutan) are experimenting with
various forms of Gross National Happiness
(GNH) as a measure of national progress beyond
simple GDP increases.

1.2.2 Contrasting Poverty Across
Settings

The precise financial resources required to meet
daily needs will differ from one context to
another, as the amount of local currency needed
to purchase goods or services may vary. If a
household in one country has an income of
$500/month but is required to spend an average
of $400/month on rent, they will be more vul-
nerable than a household in another country with
an income of $500/month and an average rent of
$100/month. Differences in cost of living and
inflation affect the purchasing power of a
household’s income.

Purchasing Power Parity (PPP) enables us to
consider these differences and adjust income
measures accordingly. We experience this when
visiting other countries and find that commodity
prices are different to prices at home, once
adjusted for currency exchange rates. For
example, Table 1.3 shows the nominal Gross
Domestic Product (GDP) Per Capita of three
countries (Tanzania, Guatemala, and the United
Kingdom), and contrasts these with the GDP Per

Capita (adjusted for Purchasing Power Parity). In
Tanzania, for example, GDP per capita reflecting
PPP is 3.2 times the nominal GDP. This reflects
the reduced cost of living in Tanzania.

PPP is embedded into international definitionsof
extreme poverty. The World Bank’s International
Poverty Line ($1.90 a day) was determined by
contrasting national poverty measures in some of
the world’s poorest countries, expressed in a com-
mon currency using PPP. This means that $1.90
would purchase the exact same basket of goods
regardless of the country it is purchased in, which
enables a global comparison of absolute poverty.

1.2.3 Poverty Cycles and Traps

The complex and multidimensional nature of
poverty can result in poverty cycles or traps,
where poverty transmits through multiple gener-
ations and continues until there is an adequate
intervention. For example, consider the situation
of a family who cannot afford to send their chil-
dren to school, limiting future income-generating
opportunities and resulting in future families who
cannot afford to send children to school. Cultural
factors may also mean that the outcomes of such
poverty are discriminatory, with male children
getting preferential access to education over
female children. Another poverty cycle can exist
when pregnant women lack access to good
nutrition during foetal development. This can
result in babies being born with impaired growth,
susceptible to infant mortality, and likely to face
challenges of sickness and poverty themselves,
throughout their life (Green 2008).

Table 1.3 Contrast between GDP (nominal) per capita and GDP (PPP) per capita in select countries (Data from
International Monetary Fund DataMapper 2018)

Country GDP (Nominal) Per Capita (US$) GDP (PPP) Per Capita (Int$a) Ratio

Tanzania 1160 3680 1 to 3.2

Guatemala 4700 8710 1 to 1.9

United Kingdom 42040 47040 1 to 1.1
aInternational Dollars (Int$) are a hypothetical currency unit that would buy a comparable amount of goods and services
in the cited country that a U.S. dollar would buy in the United States at a given point in time
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Certain marginalised groups may be more
likely to be stuck in cycles of poverty than others
may, showing the links between poverty and
inequalities (discussed in SDG 10). The poverty
rates for indigenous peoples in Latin America, for
example, are estimated to be twice as high as for
others (Calvo-González 2016). Some of this pov-
erty gap can be accounted for by differences in
educational levels, sizes of households, access to
types of work, and the rural focus of indigenous
communities (Calvo-González 2016). The full
extent of the poverty gap, however, is likely to be
explained by inequality and discrimination (World
Bank 2015), with indigenous people earning less
than non-indigenous people when they have the
same level of education (Calvo-González 2016).

Box 1.1: Examples of Poverty Traps:
Artisanal and Small-Scale Mining and
Informal Settlements

Artisanal and Small-scale Mining
(ASM) is often a more viable economic
activity than, for example, subsistence
agriculture. The sector is believed to
employ over 40 million people globally,
and over 150 million indirectly (IGF,
2017) making it a major rural livelihood
next to agriculture. It has the potential for
higher rewards, and thus artisanal and
small-scale miners may determine that
there is no economic incentive for them to
relocate to agriculture or other types of
work or use it as a seasonal substitute to
agriculture to augment their incomes (Hil-
son 2016). Where unemployment is wide-
spread, those working in the ASM sector
may be driven to work there with few
viable alternatives. This activity is driven
by downstream demand and consumption
of high-value commodities such as tanta-
lum, gemstones (such as sapphires), and
gold. However, artisanal miners often lack
access to markets or mainstream finance.

As a result, they may become trapped in
debt by taking finance from unscrupulous
lenders or, in the case of artisanal gold
mining, become indebted to a sole supplier
of mercury who dictates their terms of
access (Hilson and Pardie 2006) creating
financial dependency. Capital on poor
terms is compounded by below-market
rates for their commodities, and therefore
exacerbating rather than relieving poverty.
This can hinder their ability to make a
sustained, income from ASM or harness
natural resources as a catalyst for economic
diversification beyond mining dependency.

Informal urban settlements (or slums)
can be a form of urban spatial poverty trap
(Fig. 1.2), with a lack of natural capital
(e.g., clean water) and political capital
(e.g., land rights). Informality can result in
poor investment and representation, exac-
erbating issues of poverty and degradation.
Slums have defining spatial and social
dimensions, with interactions between
these, characterised by high population and
housing densities, low standards of ser-
vices and structures, and significant
‘squalor’ (Grant 2010). The lack of politi-
cal capital, investment, and policy interest
results in ongoing exclusion and the
development of an urban spatial poverty
trap. Housing density may result in inade-
quate distances between latrines and water
resources (e.g., wells), resulting in con-
tamination and disease (Kimani-Murage
and Ngindu 2007). Increased exposure to
water-borne diseases could limit income-
generating activities and the economic
opportunity to move secure environments.
Informal settlements are often of substan-
dard building quality, and it is these
buildings that are most affected during
natural hazards such as earthquakes (e.g.,
Ahmed 2014).
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Once individuals are considered to be living
above international poverty measures, sudden or
slow-onset changes can occur that push them
back into extreme poverty. Interventions to sup-
port those living below a poverty line are nec-
essary, but it is important to also consider the
vulnerability of those living just above the pov-
erty line. People may be meeting their daily
needs, but unable to set aside resources or access
an adequate social security system. When chan-
ges in personal circumstances occur (e.g., illness
or disability), or environmental shocks (e.-
g., earthquakes) and environmental stresses (e.g.,
climate change), these can impede an individual
or community’s ability to meet their needs.
Tackling poverty and ending cycles of poverty is,
therefore, more than ensuring sufficiency for day-
to-day needs. It also needs to ensure access to
social security, insurances, and an ability to set
aside resources to meet future demands.

1.3 Progress in Tackling Poverty

1.3.1 Poverty from 1820 to Today

While recognising that poverty is multi-
dimensional, with both monetised and non-
monetised approaches to improving well-being,
changing income provides an approach to track
progress in tackling poverty over time. Bour-
guignon and Morrisson (2002) estimate that in
1820, 94% of the global population lived in
extreme poverty. In 1990, 1.96 billion people
were living in extreme poverty, equivalent to
36% of the global population at the time (World
Bank 2018). By 2015, the number of people
living in extreme poverty had reduced to 736
million (World Bank 2018), or approximately
10% of the global population. Figure 1.3 illus-
trates this progress in addressing extreme pov-
erty, showing a particularly rapid decrease in the

Fig. 1.2 Informal settlement in Jakarta Indonesia. Credit Jonathan McIntosh, reproduced under a CC BY 2.0
license (https://creativecommons.org/licenses/by/2.0/)
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past 50 years. More recently this progress is
decelerating (United Nations 2019), with esti-
mates that by 2030 6% of the global population
will remain in extreme poverty. This does not
take into account the effects of the Covid-19
pandemic. Aiming to achieve SDG 1 is therefore
ambitious and requires the right support,
including a sustained international commitment
to eradicating poverty, policies that support

inclusive economic growth, and a focus on rural
regions (Chandy and Penciakova 2013).

While the progress in tackling extreme pov-
erty as measured by $1.90 income a day is
encouraging, the rate of improvement as mea-
sured by $5.50 a day is more subdued
(Table 1.4). Between 1990 and 2015, there was a
21% reduction in the number of people living on
$5.50 a day, compared to the 26% reduction seen

Fig. 1.3 World population living in extreme poverty, 1820–2015. The line shows the percentage of people in extreme
poverty (an income of less than $1.90 per day) while the red portion shows the absolute numbers. Credit Roser and
Ortiz-Ospina (2017). Reproduced under a CC BY license (https://creativecommons.org/licenses/by/4.0/)

Table 1.4 Poverty rate by region at $5.50 per day. Adapted from World Bank (2018)

Region 1990 (%) 2015 (%) Percentage Change (1990–2015)

East Asia and Pacific 95.2 34.9 −60.3

Europe and Central Asia 25.3 14.0 −11.3

Latin America and the Caribbean 48.6 26.4 −22.2

Middle East and North Africa 58.8 42.5 −16.3

South Asia 95.3 81.4 −14.0

Sub-Saharan Africa 88.5 84.5 −4.1

World 67.0 46.0 −21.0
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for $1.90 a day. This progress has been spatially
heterogeneous with dramatic improvements in
East Asia and Pacific but relatively little
improvement in sub-Saharan Africa (a 4% drop
between 1990 and 2015).

1.3.2 Geographic Distribution
of Extreme Poverty

The rate of poverty reduction is extremely vari-
able between countries. Today most wealthy
nations in Europe, North America, Australia, and
Japan have no people living below the World
Bank’s extreme poverty line. Most of the coun-
tries with the highest population share living in
extreme poverty are in sub-Saharan Africa
(Fig. 1.4). The Democratic Republic of Congo
and Madagascar, for example, have more than
70% of their populations living below the

poverty line. When it comes to the absolute
number of people living in extreme poverty,
India hosts more extremely poor people than any
other country, about 29% (210 million people) of
the world’s total (PovcalNet, 2016). There is also
considerable variation in poverty within any
individual country. Extreme poverty may be
concentrated in spatial pockets relating to soil
conditions, conflict, or accessibility (see
Sect. 1.4.2). While the relationship between ur-
banisation and poverty reduction is much deba-
ted (e.g., Cali and Menon 2013; Imai et al. 2017),
it is clear that in most cases the majority of
extremely poor people live in rural agricultural
environments and most of a country’s wealthier
individuals live in cities. As cities continue to
grow, ensuring low poverty rates in urban envi-
ronments is dependent on addressing inequalities
(see SDG 10), and ensuring sustainable and
resilient urban environments (see SDG 11).

Fig. 1.4 Share of population living in extreme poverty , 2014 (in 2011 PPP, Int$). Credit Roser and Ortiz-Ospina
(2017), using data from the World Bank. Reproduced under a CC BY license (https://creativecommons.org/licenses/by/
4.0/)
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1.4 What Causes Poverty and How
Does This Relate to Geoscience?

1.4.1 The Causes and Catalysts
of Poverty Are Diverse

In any given location and context, a different
combination of factors, with both natural and
anthropogenic origins, may contribute to the
generation or propagation of poverty. Examples
include the following:

• Access to Financial Services and Products.
A lack of access to the economic capital
required to start or grow a business, purchase
land, or take innovations to market can exac-
erbate the poverty of individuals, and stagnate
economic growth (see SDG 8). Traditional
lenders, such as banks, may not be a feasible
source of economic resources for many.
Innovations (e.g., microfinance and mobile
money agents) are helping to address this
challenge, however it persists for many.

• Access to Markets. Lack of physical access
to markets, for example, due to insufficient
infrastructure, can sustain poverty (see SDG
9). Poor transport infrastructure adds 30–40%
to the costs of goods traded among African
countries (Ayemba 2018). Approximately
two-thirds of the population living in rural
Africa are more than 2 km from the nearest
road (Ayemba 2018), hindering access to
markets.

• Geography. The geographical position of a
nation shapes its climate, landscapes, hydrol-
ogy, and exposure to geological and meteo-
rological hazards. These factors can all affect
development. Lack of direct access to oceans
hinders the ability of many landlocked
developing countries to benefit from trading
routes, and maximise opportunities from glo-
bal integration (Arvis et al. 2010).

• Natural Resources. Natural resources,
including water, soils, and mineral/rock
materials underpin social and economic
development. Poverty can be triggered by a
lack of, or differential access to, natural

resources, or degradation of natural resources.
For example, the underlying geology is one
critical factor (alongside organic matter, cli-
mate, and time) that determines soil type in a
given region. Different soil types are suitable
for different purposes, with high inputs
(therefore potentially high costs) required in
some soils to sustain subsistence or commer-
cial agriculture (e.g., grow cash crops). Dif-
ferential access to natural resources may be a
result of poor governance or the legacy of
historical decisions (e.g., settlement of com-
munities following conflict), as well as natural
variability in the distribution of resources.
Travelling long distances to collect water can
take time away from education and income
generation activities.

• History. Poverty today may result from past
policy decisions within or beyond the country
of interest, including imperialism and colo-
nialism. For example, the decision to exploit
hydrological resources for energy generation
in Canada resulted in the degradation of fish-
eries resources for indigenous communities in
the province of Manitoba (Hoffman 2008).
This contributed to greater poverty in this
community, with high welfare dependence
and changes to traditional social practices
(Hoffman 2008).

• Culture. Poverty can be catalysed by cultural
norms, practices, and beliefs. For example,
cultural practices or biases may determine the
division of labour in a household, resulting in
women and girls spending a greater propor-
tion of their time on household chores (e.g.,
fetching water) than men (Blackden and
Wodon 2006). This can limit their ability to
take part in income-generating opportunities
and exacerbate both poverty and inequalities.

• Governance. Weak governance, corruption,
and poverty are all linked. Chetwynd (2003)
found that ‘corruption has direct conse-
quences on economic and governance factors,
intermediaries that in turn produce poverty’.
The prevalence of corruption and inhibition of
democracy has been linked to an abundance
of natural resources, particularly
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hydrocarbons and minerals due to the high
rents and export income they are associated
with (Pegg 2006). This theme is discussed in
detail in SDG 16.

• Conflict. Armed conflict can catalyse poverty
and decimate economically productive sec-
tors. For example, Burundi has been affected
by chronic violence, contributing to poverty
(Brachet and Wolpe 2005).

Each of these factors can act at diverse scales
(e.g., national, community, household), with
interactions between different factors and the
different scales at which each factor could act.
For example, the lack of individual access to
financial products and services can stagnate
national economic growth, and result in lower tax
revenues as businesses struggle to develop and
flourish. A possible consequence of this is lim-
ited ability to invest in the public infrastructure
needed to overcome challenges of access,

strengthen governance, or ensure achievement of
the maximum social benefits of natural resources.
Nations may rely on loans, with unfavourable
repayment terms. It is beyond the scope of this
chapter to explore all factors contributing to
poverty in detail (see the Further Reading at the
end of this chapter). Through the remainder of
this chapter, we focus on those factors that pri-
marily relate to geoscience and the sectors in
which geoscientists operate. Tackling poverty,
however, requires dialogue across disciplines,
and coherent and integrated solutions, a theme
we return to in Sect. 1.5.

1.4.2 Geoscience and the Causes
of Poverty

Many of the factors contributing to poverty
outlined in the previous section have an envi-
ronmental dimension. Here we discuss

Fig. 1.5 Living in Topographical Extremes, Ladakh. In the Himalaya, Ladakh is a region of environmental extremes,
with access often limited during the winter season. Communities have adapted to the environmental extremes, but
remain vulnerable due to the difficult geography. Credit Joel. C Gill
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(a) physiography and spatial poverty traps,
(b) natural resources, (c) climate and environ-
mental change, and (d) environmental degrada-
tion and shocks.

(a) Physiography and Spatial Poverty
Traps. Many of those in poverty live in ‘spatial
poverty traps’, specific regions where physical,
natural, social, political, and/or human capital are
low, with this resulting in isolation, disadvan-
tage, and marginalisation (Bird et al. 2010). In
his book ‘Prisoners of Geography’, Tim Mar-
shall outlines how the physical geography (or
physiographical) context of nations shapes their
political choices and decisions (Marshall 2016).
For example, mountains, climate, rivers, and seas
can all influence how easy it is to trade, the
spread of disease, or the security of a population
from external threats. Physiography is, therefore,
a form of ‘spatial poverty trap’, where particular
aspects of the physical geography of a region
suppress development efforts and make it harder
to overcome poverty. Examples include the
following:

• Landlocked nations, where lack of access to
some types of physical capital (e.g., ports)
result in isolation and disadvantage (Gallup
et al. 1999). Examples of landlocked devel-
oping countries include Afghanistan, Burundi,
Central African Republic, Malawi, Mali,
Mongolia, Nepal, South Sudan, and Uzbek-
istan. Transporting goods via land is more
than seven times as expensive as via the sea
(Venables and Limão 2001). These extra
costs, and lack of viable trading routes, can
hinder economic growth.

• Remote communities in mountainous regions
(Fig. 1.5), where there is also a lack of in-
frastructure or connectivity. Steep topography
and a dynamic environment hinder accessi-
bility and infrastructure development. SDG 9
highlights the challenge of engineering in
contexts such as Nepal, where mass move-
ments triggered by earthquakes and heavy rain
can result in a difficult construction environ-
ment. Remote communities will find it harder
to trade and access services, and they are
further from economic and political hubs.

Landscapes are an expression of the geologi-
cal history of a region, shaped by the interplay of
tectonics and climate (Allen 2008). The conver-
gence of tectonic plates is responsible for
mountain building. Some rock types (e.g.,
quartzite) are more resistant to erosion than softer
rocks and therefore form steep, upland topogra-
phy that can be difficult to transect. Spatial
poverty traps cannot solely be explained in terms
of geoscience, but this is a contributing and
important factor.

(b) Natural Resources. Differential access to
and benefit from natural resources can drive
poverty and hinder social and economic devel-
opment. For example, on a national scale,
countries that lack natural resources may struggle
to ensure food security or catalyse economic
development. At a local scale, access to natural
resources drives progress in education, gender
equality, decent employment, and health, all of
which can help to break poverty cycles. Where
resources are prevalent, but wealth from these is
not translated into pro-poor sustainable devel-
opment outcomes or shared equally, poverty can
continue or be exacerbated. Key natural resour-
ces that have a role in improving the lives and
livelihoods in communities or nations facing
poverty include soil, mineral, water, and energy:

• Soil Resources. Soils are derived from the
chemical and physical weathering of rocks,
with the chemical composition of these
determined by geological processes. For
example, the quartzite ridges of the Kagera
region of Tanzania are challenging environ-
ments to grow crops on, being poor in
nutrient-releasing minerals (FAO 2018).
Geoscientists, therefore, have a role to play in
supporting governments to understand soil
geochemistry and the potential health and
agricultural implications. Soil quality is par-
ticularly important as those living in poverty
are often dependent on agriculture, particu-
larly in a rural livelihood context, but also for
their nutrient intake (see SDGs 2 and 3).
Access to land with good quality soil may be
competitive. The growth of large, commercial
agro-industrial holdings in Romania is linked
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to low socio-economic development and
reduced rural livelihoods opportunities
(Popovici et al. 2018). Governments must
decide how to balance the need for land for
larger scale commercial activities (potentially
providing employment opportunities and
economic growth, but associated with mono-
culture or intensive farming practices, which
can reduce soil quality) and preserving land to
meet the needs of subsistence or
small/medium-sized enterprises and future
generations. A lack of natural capital (e.g.,
poor quality soils) may, therefore, also be a
form of spatial poverty trap. Subsistence
farmers who only have access to poor quality
soils may regularly struggle to have a suc-
cessful harvest and any surplus to trade.
A 10% increase in soil quality can lead to a
roughly two-percentage point decrease in
poverty rates in rural areas, and in sub-
Saharan Africa, a nine-percentage point
reduction in poverty rates (Heger et al. 2018).

• Mineral Resources. A lack of domestic
resources can cause a country to rely on
imports of raw materials, including basic
industrial minerals for construction or fer-
tilisers. This can drive up the cost of infras-
tructure and agricultural produce. While the
presence of mineral resources (e.g., salt, gold,
cobalt) is a potential catalyst for economic
development, their absence does not neces-
sarily determine poverty. In Costa Rica, a lack
of mineral resource definition during the
colonial period and a subsequent and contin-
uing ban on mining has led to the develop-
ment of renewable energy resources,
agriculture, human capital, eco-tourism, and
high-technology-manufacturing industries. In
terms of GDP and social progress, Costa Rica
ranks as a high performing outlier (Social
Progress Imperative 2018).

• Water Resources. A lack of access to clean
water can be linked to poverty in many ways,
primarily creating health challenges and hin-
dering agricultural productivity which then
has implications for education outcomes and
economic productivity. Improved irrigation
can unlock agricultural productivity and

poverty alleviation through increased labour
demands, higher crop yields, market-
orientated production, creation of growth
multipliers through the stimulation of other
economic activities, reduced seasonal vari-
ability, and improved nutritional outcomes
(Hanjra et al. 2009). Resolving access to water
can also unlock opportunities by enhancing
household and community relationships, thus
stimulating economic growth in impoverished
communities (Zolnikov and Blodgett-Salafia
2016). Access to clean water and safe sanita-
tion (SDG 6) can help to reduce poverty
(SDG 1) by improving health (SDG 3),
access to education (SDG 4), and gender
equality (SDG 5).

• Energy Resources. The International Energy
Agency (IEA) estimates that approximately
1.3 billion people lack access to electricity and
2.7 billion people lack access to clean cooking
facilities (IEA 2018). Dependence on solid-
fuel (e.g., charcoal) for cooking can result in
negative environmental and health implica-
tions (Smith 2006). Dependence on charcoal
is linked to deforestation and loss of habitat
Chidumayo and Gumbo (2012) and in addi-
tion charcoal collection absorbs valuable time
from other productive activities such as work
or education (Hammond et al. 2007). There
are an estimated 4 million deaths annually
attributed to air pollution (Bruce et al. 2002).
Access to clean and affordable energy (SDG
7) is, therefore, essential in reducing poverty
by improving health (SDG 3) and protecting
life on land (SDG 15).

The relationship between poverty and
resources is not necessarily a causal one or
inevitable (Lewin 2011). The approaches used to
manage soil, mineral, water, and energy resour-
ces can influence outcomes either alleviating or
exacerbating poverty. A country that is well
endowed with natural resources can be subject to
what is commonly termed the ‘natural resource
curse’ where there is a failure to capture and
retain value either locally or nationally. It is a
global phenomenon, but not inevitable, with
many contrasting case studies (McKinley and
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Kyrili 2008). For example, while Chile and
Zambia are both copper-dependent countries,
McKinley and Kyrili (2008) found that Zambia
has been less successful in capturing its resource
revenues due to poor fiscal policy, and opaque
tax systems, royalties, and ownership. In con-
trast, Chile’s state-owned mining company
(CODELCO), effective fiscal policy, and Eco-
nomic and Social Fund and Pensions Reserve
Fund have strengthened their ability to avoid the
resource curse. There is not one single factor that
determines a country’s ability to benefit from its
resource potential. Rather, it is a complex com-
bination of factors from economics, historical
context, fiscal policy, effective governance and
institutions, and commodity price shocks.

The social, environmental, and economic
challenges surrounding natural resources are
diverse and often context specific. While the
impacts of poor access to and unequal benefit
from natural resources may be most acutely felt

at a local and national scale, the actions needed
to address resource governance are a global
responsibility.

(c) Climate and Environmental Change.
Geographic variations in climate can explain
differences in crop growth, disease prevalence,
and water scarcity and availability (Sachs 2015).
Figure 1.6 shows an updated world map of the
Köppen-Geiger climate classification (Peel et al.
2007), with tropical, arid, temperate, cold, and
polar regions all highlighted. Vector-borne dis-
eases such as malaria and dengue thrive in areas
that are typically warm throughout the year (i.-
e., tropical climates), and therefore some places
are more susceptible to the diseases that exacer-
bate poverty than others. Sub-Saharan African
countries bear the heaviest burden of malaria,
with 90% of the global cases, and 92% of global
malaria deaths occurring there (World Health
Organisation 2016). Poverty results in greater
exposure to disease, and disease perpetuates this

Fig. 1.6 World Map of Köppen-Geiger Climate Classification, with A-Tropical, B-Arid, C-Temperate, D-Cold, and E-
Polar. Created by Peel et al. (2016), and used under a CC BY SA 4.0 International license (https://creativecommons.
org/licenses/by-sa/4.0/)
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poverty in a reinforcing cycle (Teklehaimanot
and Mejia 2008). The costs of malaria fall more
heavily on the very poor. In Malawi, for exam-
ple, the total direct and indirect cost of malaria
consumed 32% of the annual household income
for very‐low‐income households, compared with
4.2% of households in low‐to‐high income cat-
egories (Ettling et al. 1994). Climate also affects
water availability, influencing precipitation and
evaporation. Arid regions (in contrast to tem-
perate regions) need more investment in irriga-
tion and water transport to fulfil domestic and
agricultural needs.

Environmental change, for example, due to
anthropogenic carbon emissions, may result in
new climate patterns and therefore change the
spatial viability of disease, crop growth, or water
availability. In regions already susceptible, it
could exacerbate this. For example, Rangecroft
et al. (2013) note the negative effect of climate
change on water supplies in the arid mountains of
the Bolivian Andes, where poverty means there
is limited capacity to adapt. Bolivian glaciers are
estimated to have lost 50% of their ice mass over
the past 50 years, resulting in concerns regarding
the future availability of water resources
(Rangecroft et al. 2013).

(d) Environmental Degradation. A com-
mon, but misguided narrative is that poverty is a
major cause of environmental degradation
(Durning 1989; Boyce 1994), such as biodiver-
sity loss and reductions in the quality of air,
water, and soil. It is asserted that those in poverty
degrade resources and the environment in order
to ensure their day-to-day survival. This analysis
is both simplistic and unjust (Duraiappah 1998;
Ravnborg 2003), with degradation largely
resulting from the actions of non-poor individu-
als (Ravnborg 2003), industry and the policies
and practices of developed economies. Non-poor
actors generally have greater access to land and
forest resources, agricultural chemicals, and irri-
gation (Ravnborg 2003). In contrast, environ-
mental degradation disproportionately affects the
poorest in society, exacerbates existing poverty,
and increases the proportion of the population
living in poverty. Examples include the
following:

• Duraiappah (1998) examines select impacts of
deforestation (e.g., loss of watershed protec-
tion, soil erosion, productivity drop, fuelwood
shortage), and notes that each of these will
affect low-income groups the most. This is
due, in part, to the resultant increase in
household expenditure and their lack of
resources to meet these needs.

• Broad (1994) describes the onset of com-
mercial logging in the immediate vicinity of
agricultural plots of subsistence farmers in the
Philippines. This logging changed the avail-
ability and quality of water and the vulnera-
bility of soils to erosion, reducing the ability
of subsistence farmers to meet their needs.

• Onwuka (2006) highlight environmental
challenges associated with hydrocarbon
extraction in the Niger Delta (Nigeria). The
toxicity of hydrocarbons damages soil fertil-
ity, watercourses, and biodiversity in the
region, exacerbating poverty due to the elim-
ination of livelihoods (Onwuka 2006; Saliu
et al. 2007).

(e) Natural (Environmental) Hazards.
Disaster risk reduction is embedded into the
SDGs. SDG Target 1.5 highlights the need to
build the resilience of those in poverty, helping
to reduce the impacts of natural hazards (e.g.,
earthquakes, tsunamis, landslides, volcanic
eruptions, avalanches, floods, droughts, tropical
storms, and wildfires) on them. A hazard is a
‘process, phenomenon or human activity that
may cause loss of life, injury or other health
impacts, property damage, social and economic
disruption or environmental degradation’
(UNDRR 2017). Hazards are a key component of
the risk equation (Fig. 1.7). The risk posed by a
hazard is determined by who or what it affects
(the exposure), and how susceptible they are to
damage or loss because of the hazard (vulnera-
bility). Poverty and inequality both contribute to
disaster risk by increasing the vulnerability. In

Risk Hazard Exposure Vulnerability

Fig. 1.7 A common representaton of the risk equation
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turn, the occurrence of a hazard will dispropor-
tionately affect those in poverty and other mar-
ginalised groups. In regions where hazards
regularly occur, they can lead to poverty traps
and threaten national social and economic
development progress. As the economic, social,
and physical impacts of hazards can transcend
national borders, vulnerable communities in one
country can be impacted by a hazard many miles
away. For example, the eruption of the Icelandic
volcano Eyjafjallajökull in 2010 had a significant
economic impact in Kenya, due to the inability of
horticulturalists to transport their cut flowers to
Europe (Waihenya 2010).

Whilewealthier nations bear the largest fraction
of the total economic burden of disasters, the rel-
ative impact on poorer nations is much greater
(Table 1.5). By contrasting total losses from 1998
to 2017 (billions US$) with average annual eco-
nomic losses (billionsUS$) as apercentageofGDP
over the same timeframe, we note the significant
variation in the top 10 countries listed. Eight out of
the ten highest ranking nations, when considering
the average percentage of GDP lost between 1998
and 2017, are lower income countries.

Poorer nations generally have fewer resources
to cope with disasters and often rely on interna-
tional financial assistance to recover. The

diversion of time, resources, and personnel
towards rebuilding efforts, and the loss of lives
and livelihoods slows or hinders economic and
human development progress, threatening efforts
to alleviate poverty and promote sustainable
development. For example, in January 2010, a
Mw = 7 earthquake struck Haiti, damaging
nearly half of all infrastructure in the epicentral
region, resulting in 100,000–300,000 fatalities,
and displacing more than a million people
(DesRoches et al. 2011). The earthquake is esti-
mated to have resulted in direct economic losses
of US$8–14 billion (Cavallo et al. 2010). For a
country with a 2009 GDP of US$15 billion, the
ability to cope with such losses without interna-
tional financial assistance is severely limited.
Contrast this with the most expensive earthquake
in the United States, the 1994 Mw = 6.7 North-
ridge earthquake, which costed up to US$40
billion (Petak and Elahi 2000), with GDP in the
United States being approximately US$10.4
trillion at the time. So the Northridge earthquake,
although much costlier, had minimal impact on
the overall US economy. In Haiti, even with
international financial assistance, the impact on
the economy was significant. The 2010 earth-
quake pushed the country into a recession similar
in magnitude to the 2004 coup d’état.

Table 1.5 Absolute losses versus average annual losses due to natural hazards (1998–2017)a

Total losses Average annual loss relative to GDP

Country Loss (billions
US$)

OECD classification
(2018)

Country Percentage
(%)

OECD classification
(2018)

USA 944.8 High Income Haiti 17.5 Least Developed

China 492.2 Upper Middle Income Puerto Rico 12.2 High Income

Japan 376.3 High Income Korea D.
P. R.

7.4 Other Low-Income
Countries

India 79.5 Lower Middle
Income

Honduras 7.0 Lower Middle Income

Puerto
Rico

71.7 High Income Cuba 4.6 Upper Middle Income

Germany 57.9 High income El Salvador 4.2 Lower Middle Income

Italy 56.6 High Income Nicaragua 3.6 Lower Middle Income

Thailand 52.4 Upper Middle Income Georgia 3.5 Lower Middle Income

France 43.3 High Income Mongolia 2.8 Lower Middle Income
a losses adjusted to 2017 US$. Adapted from Wallemacq and House (2018)
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1.5 Geoscience Education,
Research, and Innovation
to Reduce Poverty

Understanding the causes of poverty can help
inform the interventions required to reduce and
eliminate existing poverty, and prevent future
generations from suffering this injustice. Inter-
ventions may require research, policy develop-
ment and implementation, and innovation. Many
interventions go beyond the scope of the geo-
science community, but there are important ways
that geoscientists can contribute to ending poverty
and meeting the targets of SDG 1 (Table 1.1). The
actions required to end poverty are inextricably
linked to the actions required to make progress on
other SDGs, such as water and sanitation (see
SDG 6), reducing inequality (see SDG 10), and
tackling climate change (see SDG 13).

1.5.1 Improving Access to Basic
Services, Natural
Resources,
and Appropriate
Technologies

Target 1.4 highlights the need to address differ-
ential access to basic services, natural resources
and appropriate technologies, recognising their
potential to be a catalyst for social and economic
development. These three themes are interlinked
(e.g., education needs access to energy in evenings
to do homework, requiring raw materials to make
solar panels). Access to basic services is a neces-
sary step towards true poverty alleviation; ensur-
ing communities are not limited from reaching
their full potential. Examples include education
(SDG 4), health care (SDG 3), social welfare,
transport infrastructure (SDG 9), affordable en-
ergy access (SDG 7), potable water and improved
sanitation (SDG 6), and waste management (SDG
12). Many of these services are underpinned by
access to natural resources (e.g., food, water, en-
ergy, minerals, and bio-resources). Given good
governance, an ability to access natural resources,
and the capture and retention of their full value,
there is significant potential for communities or

nations to use these to tackle poverty (e.g., through
Sovereign Wealth Funds). Appropriate technolo-
gies, such as mobile phones, can help to improve
access to basic services and management of nat-
ural resources. For example, d.light1 andM-Kopa2

increase access to solar energy.
Ensuring universal access to these services,

resources and technologies are dependent on
(i) understanding where resources can be found,
(ii) accessing and making use of these resources,
and (iii) sustainable management of these resour-
ces, understanding and mitigating any negative
impacts on lives, livelihoods, and the natural envi-
ronment (see SDG 12). One example is the East
Africa Geothermal Energy Facility (EAGER3),
which was established in 2015 to support govern-
ments to address barriers to the advancement of
geothermal energy, recognising that this is a frontier
market for traditional geothermal energy investors
or private investment. It is estimated that geother-
mal energy could unlock the potential for 10GWof
baseload power across East Africa, a clean energy
source for millions (EAGER 2019). In order to
develop this sector, however, it must be de-risked,
economically viable, and competitive compared to
other energy sources (EAGER 2019). Part of
EAGER’s role is to provide a knowledge hub
covering topics such as international best practice
business models, exploration of geothermal
reserves, and regulatory mandates.

Improving responsible production and con-
sumption of natural resources (SDG 12) can
contribute to poverty reduction, and ensure con-
tinued access to, and availability of, resources to
meet the needs of future generations (Fig. 1.8). Is
it possible however to promote social and eco-
nomic development while remaining within the
biophysical limits of the planet? As noted by
Hickel (2018) and O’Neill et al. (2018), it is
typical to observe countries in the Global South
living within biophysical boundaries but failing
to deliver on social indicators, meanwhile more
developed countries typically exhibit

1www.dlight.com/about/.
2www.m-kopa.com/.
3https://adamsmithinternational.com/projects/enabling-
investment-in-geothermal-power-in-east-africa-2/.
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unsustainable levels of consumption while
delivering on social indicators. Redistributing
resource consumption can provide flexibility for
emerging economies to benefit from their natural
resources and stimulate the economic growth
required to address social indicators, such as
access to affordable energy. Certification
schemes are one approach that could help catal-
yse responsible production, but have the poten-
tial to exclude marginalised producers unable to
participate in these schemes. While recognising
limitations to such approaches, there is an
opportunity for geoscientists, working alongside
other disciplines, to inform schemes encouraging
responsible consumption and production.

1.5.2 Effective and Equitable Disaster
Risk Reduction

Historically, international efforts to combat dis-
asters have focused on financing disaster response

and post-disaster recovery. However, in recent
years the emphasis has changed to disaster pre-
paredness and reduction (see Smith and Petley
(2009) for a helpful review of different disaster
paradigms). Recognising the complex reasons
why disasters occur, the Sendai Framework for
Disaster Risk Reduction (Box 1.2) is an interna-
tionally agreed framework aiming to reduce los-
ses from natural hazards. Agreed at the 3rd UN
World Conference on Disaster Risk Reduction in
March 2015, it builds on and extends the scope of
the Hyogo Framework for Action (2005–2015) to
2030. The Sendai Framework has 4 priorities for
action, 7 strategic targets, and 38 indicators for
measuring progress on reducing disaster losses
(Box 1.2). These indicators align the implemen-
tation of the Sendai Framework with the SDGs
and the Paris Agreement on climate change. The
pursuit of targets in one framework can support
the delivery of another.

Geoscientists, with their knowledge of the
processes underpinning natural hazards and their

Fig. 1.8 Agriculture in Tanzania. Understanding the underlying geology and the geochemistry of the soil can inform
measures to strengthen food security (SDG 2). Geoscience also informs water management for irrigation, ecosystem
protection, drinking water, and other domestic services. Image by skeeze from Pixabay
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impacts on society, have a critical role to play in
implementing and monitoring these frameworks
(Gill and Bullough 2017). Specifically:

• Research. Geoscientists are engaged in
research underpinning policies and practice to
reduce disaster risk and improve disaster
management. Research can include individual
PhD projects and large-scale, complex pro-
grammes with international consortia.
Research can also be within one discipline to
increase our understanding of a specific haz-
ard process or landscape evolution, or cross-
disciplinary research that integrates advances
in the natural and social sciences to under-
stand drivers of risk or the impact of hazards
on people (Fig. 1.9). An emerging priority and
research focus is understanding the impacts
and complex disaster scenarios that can result

from relationships between multiple hazards
in a given region (e.g., Kappes et al. 2012;
Gill and Malamud 2014; Duncan et al. 2016;
AghaKouchak et al. 2018).

• Global Networks and Cooperation. Chal-
lenges remain in translating new research
developments in our understanding of hazards
to tools that inform our understanding of
potential risk. Cross-disciplinary and interna-
tional collaborations can aid this innovation.
Furthermore, global networks that bring
together the international earthquake or vol-
canic hazard community to support Sendai
Framework principles of building effective,
meaningful, and strong partnerships. The
Global Earthquake Model (GEM4), for
example, is an organisation of geoscientists

Fig. 1.9 Multi-Hazard Risk in Guatemala City, Guatemala. Multiple natural hazards (e.g., earthquakes, volcanic
eruptions, landslides, tropical storms, flooding) affect many of Guatemala’s most vulnerable communities. Improved
data and research, community engagement, and cooperation across sectors, disciplines and regions can all help to
reduce disaster risk. Credit Joel C. Gill

4https://www.globalquakemodel.org/.
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and engineers translating scientific knowledge
of active tectonics into an understanding of
potential seismic hazards. In 2018, GEM
released the first global seismic risk map,
which combines seismic hazard with exposure
and vulnerability data. Most regional hazard
and risk models made by GEM are created in
collaboration with local scientists and practi-
tioners who generally have a better under-
standing of the local distribution of active
faults and their relative hazard. Unlike many
commercial hazard and risk calculators, the
system is open source, which enables better
training and in-country capacity building for
the long-term sustainability of the maps. Other
international, multidisciplinary endeavours are
underway to assess and monitor global land-
slide and volcanic hazards (the Global Land-
slide Model5 and the Global Volcano
Model6).

• Capacity Strengthening and Community
Engagement. Geoscientists can strengthen
capacity and improve community resilience.
Through collaboration and cooperation across
sectors, local geohazard problems can be
addressed and targeted solutions provided. For
example, the Great ShakeOut7 earthquake drill
originally started as a means to engage with
local schools and businesses on the earthquake
hazard posed by the San Andreas Fault in
California. However, since its inception, the
event has expanded globally and many local
ShakeOut drills are conducted around the
world to inform, educate, and prepare people
for potential future seismic events in their
region. In 2018, over 63 million participants
took part in ShakeOut drills worldwide,
including in many low and lower-
middle income countries, including Afghani-
stan, Iran, the Philippines, and Pakistan.

• Data. The explosion of readily available satellite
data in near-real time now means that geosci-
entists can assess rapidly the degree and extent

of damage in a disaster. In 2000, the major
global space agencies signed up to the Interna-
tional Charter: Space and Major Disasters8, a
non-binding agreement that ensures satellite data
is freely provided in the event of a disaster or
humanitarian emergency. As of December 2018,
there have been 593 activations of the Charter
for emergencies including earthquake-triggered
landslides in Nepal, the Ebola outbreak in West
Africa, oil spills in the South China Sea, and
wildfires in California.

Box 1.2 Sendai Framework for Disaster
Risk Reduction and Paris Agreement
on Climate Change The seven global
targets of the Sendai Framework are:

(a) Substantially reduce global disaster
mortality by 2030, aiming to lower average
per 100,000 global mortality rate in the
decade 2020-2030 compared to the period
2005–2015.

(b) Substantially reduce the number of
affected people globally by 2030, aiming to
lower average global figure per 100,000 in
the decade 2020-2030 compared to the
period 2005-2015.

(c) Reduce direct disaster economic loss
in relation to GDP by 2030.

(d) Substantially reduce disaster damage
to critical infrastructure and disruption of
basic services, among them health and
educational facilities, including through
developing their resilience by 2030.

(e) Substantially increase the number of
countries with national and local disaster
risk reduction strategies by 2020.

(f) Substantially enhance international
cooperation to developing countries
through adequate and sustainable support
to complement their national actions for
implementation of this Framework by
2030.

(g) Substantially increase the availabil-
ity of and access to multi-hazard early

5https://pmm.nasa.gov/applications/global-landslide-
model.
6https://globalvolcanomodel.org/.
7https://www.shakeout.org/. 8https://disasterscharter.org/.
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warning systems and disaster risk infor-
mation and assessments to the people by
2030.

In order to meet these targets, the
Sendai Framework has four Priorities
for Action:

Priority 1: Understanding disaster risk
Priority 2: Strengthening disaster risk

governance to manage disaster risk
Priority 3: Investing in disaster risk

reduction for resilience
Priority 4: Enhancing disaster pre-

paredness for effective response and to
“Build Back better” in recovery, rehabili-
tation and reconstruction

Read more: https://www.undrr.org/
publication/sendai-framework-disaster-
risk-reduction-2015-2030

Paris Climate Change Agreement
The Paris Agreement, also adopted in

2015, aims to limit global average tem-
perature increases to well below 2 °C,
while pursuing efforts to limit any increase
to 1.5 °C. It also hopes to peak global
emissions as soon as possible, provide
adequate financing for low-income nations
to build a climate-resilient future, develop
adaptation strategies for a warming world,
and mitigate and minimise losses from the
adverse effects of climate change including
extreme weather events (e.g., floods,
storms) and slow onset events (e.g.,
droughts).

Read more: https://unfccc.int/process-
and-meetings/the-paris-agreement/what-is-
the-paris-agreement.

1.5.3 Ensuring the Availability
of Geoscience for Policy,
and Improve Its Uptake

A primary means of implementation of SDG 1 is
the creation of ‘sound policy frameworks at
national, regional and international levels’ that
incorporate ‘pro-poor and gender-sensitive

development strategies to support accelerated
investment in poverty eradication actions’
(Target 1.B). Policy frameworks helping to
alleviate poverty could be focused on access to
resources or training, or reducing exposure and
vulnerability to environmental or economic
shocks. These all benefit from a science input, as
set out in this chapter.

The Institute of Government (2011) identified
seven key characteristics of ‘sound’ policy:
(i) clear goals that are adequately defined,
(ii) informed by high-quality and up-to-date
evidence, including the evaluation of previous
policies, (iii) rigorously tested and determined to
be realistic and resilient to adaptation, (iv) exter-
nal engagement with those affected by the policy,
(v) robust assessment of the options, their cost-
effectiveness and risks, (vi) roles and account-
abilities, and (vii) a realistic plan for obtaining
timely feedback. The integration of these char-
acteristics into policy development will help to
ensure they are robust and have the intended
impact.

In addition, it is essential that different poli-
cies are integrated and coherent. For example, a
water policy should not conflict with a minerals
governance policy, and these should work toge-
ther to reinforce (not undermine) the national
poverty reduction policy. Underlying many
environmental challenges is a segmented policy
and regulatory framework, with cross-sectoral
policies and institutional partnerships required
for effectiveness (UNEP 2015; Getenet and
Tefera 2017). Coherent integrated environmental
policies are needed to maximise impact and
ensure we tackle key causes of poverty, such as
environmental degradation.

Box 1.3 Government Policy versus
Legislation (details may differ by
country)

Government Policy. This is a statement or
document outlining the vision and intended
actions of a government on a specific
theme (e.g., terrorism, education, environ-
mental protection), and how its actions will
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benefit society. It is not legally binding,
with flexibility to evolve in response to
additional evidence or changing needs.

In addition to policy being developed by
government and the civil service (at the
request of government), other stakeholders
may also design, propose, and advocate for a
particular policy. For example, opposition
parties, civil society groups, think tanks,
academics, and private sector lobbyists may
all try to inform policy (e.g., present evi-
dence that shapes the drafting of government
policy) or encourage the uptake of their own
policy recommendations (e.g., encourage an
elected representative to adopt that policy
position as their own, and advocate for it
within the national legislature).

Government Legislation. This is
enforceable law, approved by a national
legislature (e.g., parliament). The neces-
sary legislation to implement a policy is set
out in draft form, typically known as a
‘bill’. The merits of this bill are scrutinised
and debated by the legislature, often with
amendments made to increase its quality
and reduce any unintended negative con-
sequences. The bill is then voted on, and if
approved it goes through a country-specific
process to be added to national legislation,
becoming a law. Regulations may then be
required to ensure this law is adhered to,
and enforced.

Example A national government may
develop a policy to reduce the number of
people killed during earthquakes, focusing
on improvements to building codes and
urban planning. Professional bodies repre-
senting geotechnical specialists, geologists,
urban planners, and the construction
industry may submit evidence to help
inform this policy. Civil servants then
prepare draft legislation, in the form of a
Government Bill (e.g., the Reduction in
Earthquake Impacts Bill), which sets out
new building codes and punishments for
those failing to adhere to these codes. This

Bill is scrutinised and debated by the
national legislature. The opposition party
introduces an amendment to the Bill that
says a chartered engineer must also
approve designs for new buildings. The
national legislature vote on this amend-
ment, and then the Bill as a whole. Both
votes pass by a substantial majority, and
they are then added to the national legis-
lation, becoming enforceable law. The
national government states that the regu-
lation of this law is the responsibility of
city/municipal governments. They then
have the flexibility to develop and imple-
ment their own regulation procedures to
inspect building projects and ensure that
they abide by the new law.

One of the most significant roles that geosci-
entists can have in reducing poverty is ensuring
the availability of geoscience information to
inform policy development. Geoscientists must
first increase their understanding of the policy-
making process, and national and international
priorities in poverty reduction strategies. This
can help to guide research questions, as well as
increase understanding of how scientists can
communicate their science to policymakers. The
public may have access to some meetings in
national parliaments. In the UK, attending Select
Committee meetings provides an opportunity to
observe parliamentarians take evidence from
expert witnesses (including scientists). Under-
standing the role of geoscience in delivering the
SDGs, as set out in this book, helps us to pre-
position ourselves to advocate for geoscience-
informed policies to tackle poverty and other
sustainable development challenges.

Engaging with the policymaking process can
take different forms but is likely to involve
communicating in forms beyond the scientific
paper (e.g., blogs, policy briefs, videos), and with
disciplines outside of our area of study. In some
contexts, opportunities exist for fellowships and
exchanges with parliamentarians and civil ser-
vants, helping to bridge the gap between science
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and policy. For example, the Royal Society
Pairing Scheme brings together research scien-
tists with UK parliamentarians and civil servants.
Governments or cross-party parliamentary com-
mittees may have public consultations, with the
opportunity to submit evidence to inform these.
Professional societies are well placed to collect
the views of the geoscience community and
submit a coordinated response that presents the
social value of geoscience on a given topic.
A further approach could be to develop enhanced
research partnerships with those working in
government agencies. This helps to embed the
outputs of new geoscience research and innova-
tions into government agencies.

Sound policy frameworks also require strong
national scientific institutions and research com-
munities to help inform policy development (see
SDG 16). Improved scientific capacity in poli-
cymaking institutions (e.g., government depart-
ments, national and local legislatures) can also
enrich the policymaking process. Legislators
(e.g., parliamentarians) scrutinise and make
decisions on diverse and complex themes,
including those directly and indirectly relating to
geoscience. Examples include the exploration
and extraction of unconventional hydrocarbon
resources, the expansion of electric vehicles, and
the development of network infrastructure
through environmentally sensitive regions. The
ability of legislators to make wise decisions
and/or hold governments to account will depend
on their ability to access and interpret scientific
information. This information is typically pro-
vided to legislators by their research and support
staff. In contexts where required information is
highly specialised or of a technical nature, it may
be necessary to draw on expertise from specialist
staff with scientific backgrounds.

For example, the UK Parliamentary Office of
Science and Technology (POST9) provides
independent, balanced, and accessible advice to
UK parliamentarians and analysis of public

policy issues related to science and technology.
This includes the publication of POSTnotes10,
short summaries of public policy issues based on
reviews of the research literature and expert
interviews, often co-authored by scientists doing
policy fellowships. Relevant examples include
science diplomacy (POSTnote 568), environ-
mental Earth observation (POSTnote 566),
greenhouse gas removal (549), the water–en-
ergy–food nexus (POSTnote 543), access to
water and sanitation (POSTnote 521), and deep-
sea mining (POSTnote 508). From 2008 to 2012,
POST ran a programme to improve parliamen-
tary scrutiny of scientific and technological
issues in Uganda. This focused on training par-
liamentary staff and improving links between
parliamentarians and scientists in Uganda.

1.5.4 Capacity Strengthening
and Respectful
Partnerships

Underpinning all of the interventions in
Sects. 1.5.1–1.5.3 is the need to mobilise
resources through enhanced development coop-
eration. This can help to strengthen the capacity
of key institutions to implement programmes and
policies to end poverty in all its dimensions as
indicated in Target 1.A. Many national agencies
that are involved in supporting economic growth,
enhancing human welfare, and strengthening
resilience, draw upon the expertise of geoscien-
tists (e.g., geological surveys, water resources,
minerals agencies, and civil protection agencies).
Development cooperation can take many forms
(e.g., public–private partnerships, long-term
academic collaborations), but should be charac-
terised by effective and respectful partnerships
formed to help achieve priorities identified by
Global South stakeholders. See SDG 17 for a full
discussion of this theme.

9https://www.parliament.uk/mps-lords-and-offices/offices/
bicameral/post/. 10https://www.parliament.uk/postnotes.
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1.6 Key Learning Concepts

• Poverty is a lack of resources (economic,
social natural, political, and cultural) to meet
everyday needs. Poverty is, therefore, com-
plex and multifaceted. Poverty hinders indi-
viduals and communities from reaching their
full potential, reduces life expectancy, and
increases vulnerability to epidemics, eco-
nomic depression, environmental change, and
natural hazards. There are different ways to
measure and define poverty. Many focus on
access to economic resources, with others
integrating multiple dimensions of poverty.

• Factors contributing to poverty can be either
environmental or social. Landlocked countries
and remote communities may have limited
access to markets. Communities in regions
with poor soils, limited water, or unfavourable
climate extremes may be more susceptible to
food insecurity or diseases. Those living in
regions affected by multiple natural hazards
may lose development gains due to repeat
disasters. Poverty traps and cycles exist, with
poverty transmitted through multiple genera-
tions until there is an adequate intervention.

• Geoscientists have a unique opportunity and
responsibility to contribute to poverty allevia-
tion and have a vital role to play across gov-
ernment, policy, private sector, and NGOs in a
range of disciplines from natural resources,
hazards, governance. Geoscientists can help
improve access to natural resources, while also
promoting responsible consumption and pro-
duction to minimise environmental degrada-
tion. Poverty and inequality contribute to
disaster risk, and disasters disproportionately
affect the poor. Geoscientists working on all
aspects of geological hazards and risk reduc-
tion can support efforts to reduce poverty.

• Engagement with other disciplines and under-
standing of context is critical to inform inter-
ventions. Geoscientists should increase access
to their knowledge and skills, through sup-
porting coherent and comprehensive policies.
Partnerships across sectors, disciplines, and

regions can help to improve knowledge
exchange and technology transfer.

1.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Identify and contrast a physiographical map of
eastern Africa with a map of current poverty
levels. Identify and discuss geographical and
geological features that may influence the
extent of poverty.

• Consider the impact of the arrival of a mineral
exploration company on a local community in
Zambia. Divide into four stakeholder groups
including host government, the company, the
community, and migrant artisanal gold miners
working in the region. Debate the potential
positive or negative outcomes of the explo-
ration company’s presence in the community.
Consider themes such as the natural resource
curse, infrastructure, knowledge and technol-
ogy transfer, access to resources, and local
procurement. How can geoscientists advocate
for positive outcomes?

• Consider you are a senior civil servant in the
national government, tasked with reducing all
forms of poverty. What steps could help to
increase access to science in Government
decision-making, and how may this influence
your strategy for poverty reduction?

• Imagine you are a poor farmer, and your cattle
are your primary assets. You live on the
slopes of a volcano. What might influence
your decision-making process about how to
respond to warnings of volcanic unrest, and

26 J. C. Gill et al.



requests to evacuate? What measures could
support you to protect your life, assets, and
livelihood?
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Abstract

Sold

Hunger drives and impacts upon:

Overview

ZERO
HUNGER2

Hunger is a state of deprivation where an
individual cannot satisfy their basic food
needs

842 million people are food insecure,
root causes are intertwined with poverty
and agricultural production

Most vulnerable are the rural poor in
economically depressed and
ecologically vulnerable areas

Migration and creation of environmental
refugees

Urbanisation Land use – environmental impacts
caused by deforestation,
land clearing and use of
fertiliser

Land rights, justice and
equality

Rising temperatures

Increasing drought

Soil erosion

Declining water

Hunger is impacted by climate change

Current status

Geoscience and hunger

Current food systems are inefficient
and unsustainable accounting for
60% of biodiversity loss and 24%
of global greenhouse gas
emmisions

Managing national to
regional mineral and
soil resources with
input of satellite
technology, geology 
and soil maps

Understanding chemical
products of rock
weathering to develop
local sources of
natural (mineral)
fetilisers

Developing soil data
science and digital
sensor technologies
to monitor soil quality

Improve understanding
of groundwater supply,
catchment studies
and moisture retention
in soils

Input to land use and
distribution of resources —
understanding distribution
and quality to optimise
the use of natural resources
and mitigate
potential
conflict

Most global water 
withdrawal is for 
agriculture

Better policies and 
investment in agriculture
are needed

Agriculture increasingly
competes for land and
water supply with forestry,
mining and urbanisation
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2.1 Introduction

Over the past century, the global population has
quadrupled from about 1.8 billion people in 1915
to about 7.3 billion people, with a projection of
reaching 9.7 billion by 2050 (Elferink and
Schierhorn 2016). This growth, along with rising
incomes in the Global South (which drives
dietary changes resulting in greater consumption
of protein and meat), means food demand is
expected to increase by between 59 and 98% by
2050 (Valin et al. 2013). At the same time as
food demand is increasing, we are already failing
to meet the needs of many of the world’s poorest
communities. In 2017, the number of
undernourished people around the world reached
821 million, including 151 million children
under the age of 5 with stunted growth (GHI
2018). Nearly 45% of deaths of children under
the age of 5 were due to starvation (GHI, 2018).

The absolute number of undernourished people
increased from 2015 to 2017, by approximately
40 million, with this increase attributed to con-
flict, especially in regions experiencing climate
change (FAO et al. 2017, 2018). Collectively
these figures highlight the need for urgent action
to ‘end hunger, achieve food security and
improve nutrition and promote sustainable
agriculture’—as articulated in SDG 2 (United
Nations, 2015). SDG 2 has five targets (2.1 to
2.5) and three means of implementation (2.A to
2.C) as shown in Table 2.1. These span many
dimensions of food security, tackling hunger, and
improving agricultural productivity (Fig. 2.1).

Hunger is a multidimensional and complex
problem (von Grebmer et al. 2015), and is
defined as the distress associated with lack of
food and understood as ‘a state of deprivation
according to which an individual cannot satisfy
his/her basic food needs (quantity and quality),

Table 2.1 SDG 2 targets and means of implementation

Target Description of target (2.1 to 2.5) or means of implementation (2.A to 2.C)

2.1 By 2030, end hunger and ensure access by all people, in particular the poor and people in vulnerable
situations, including infants, to safe, nutritious and sufficient food all year round

2.2 By 2030, end all forms of malnutrition, including achieving, by 2025, the internationally agreed targets on
stunting and wasting in children under 5 years of age, and address the nutritional needs of adolescent girls,
pregnant and lactating women and older persons

2.3 By 2030, double the agricultural productivity and incomes of small-scale food producers, in particular
women, indigenous peoples, family farmers, pastoralists and fishers, including through secure and equal
access to land, other productive resources and inputs, knowledge, financial services, markets and
opportunities for value addition and non-farm employment

2.4 By 2030, ensure sustainable food production systems and implement resilient agricultural practices that
increase productivity and production, that help maintain ecosystems, that strengthen capacity for
adaptation to climate change, extreme weather, drought, flooding and other disasters and that
progressively improve land and soil quality

2.5 By 2020, maintain the genetic diversity of seeds, cultivated plants and farmed and domesticated animals
and their related wild species, including through soundly managed and diversified seed and plant banks at
the national, regional and international levels, and promote access to and fair and equitable sharing of
benefits arising from the utilization of genetic resources and associated traditional knowledge, as
internationally agreed

2.A Increase investment, including through enhanced international cooperation, in rural infrastructure,
agricultural research and extension services, technology development and plant and livestock gene banks
in order to enhance agricultural productive capacity in developing countries, in particular least developed
countries

2.B Correct and prevent trade restrictions and distortions in world agricultural markets, including through the
parallel elimination of all forms of agricultural export subsidies and all export measures with equivalent
effect, in accordance with the mandate of the Doha Development Round

2.C Adopt measures to ensure the proper functioning of food commodity markets and their derivatives and
facilitate timely access to market information, including on food reserves, in order to help limit extreme
food price volatility

2 Zero Hunger 33



required for a healthy and active life’ (IRIS and
AAH 2017, p. 5). For the Food and Agriculture
Organization of the United Nations (FAO),
hunger is synonymous with undernourishment
which can be defined as the deprivation of food
and the consumption of less than 1,8001 kilo-
calories per day, the minimum that most people
require to live a healthy and productive life (FAO
et al. 2014). The ambitions of SDG 2, however,
extend far beyond ensuring enough calories to
also include the complex interactions between
food, nutrition, access to food, and resilience of
food-producing systems. Hunger, therefore,

includes the ‘supply, access, consumption, and
intake of food at levels that are insufficient to
fulfill human requirements’ (FAO 2018a). Rela-
ted to hunger are the terms ‘undernutrition’ and
‘malnutrition’ (Box 2.1) both of which extend
beyond calorie consumption and can result from
both transitional and chronic situations. For
example, acute food shortage leading to famine
may be transitional, while long-term systemic
food shortage causes chronic undernourishment.

Box 2.1. The Concepts of Hunger
(adapted from von Grebmer et al.
2015, and FAO et al. 2017)

Hunger is usually understood to refer to
the distress associated with lack of food.
The FAO defines food deprivation, or

Fig. 2.1 Agriculture in Hainan Province, China. With almost 300 million farmers, China is one of the most
significant agricultural producers. Its population of approximately 1.4 billion people also makes it the largest consumer
of agricultural produce. Credit Anna Frodesiak (used under the Creative Commons CC0 1.0 Universal Public Domain
Dedication, https://creativecommons.org/publicdomain/zero/1.0/)

1This value can range from 1,650 to more than 1,900
kilocalories per person per day for countries in the Global
South. Each country’s average minimum energy require-
ment for low physical activity is used to estimate
undernourishment (FAO et al. 2014).
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undernourishment, as the consumption of
fewer than about 1,800 kilocalories a day
—the minimum that most people require to
live a healthy and productive life.

Undernutrition goes beyond calories and
signifies deficiencies in any or all of the
following: energy, protein, or essential
vitamins and minerals. Undernutrition is
the result of inadequate intake of food—in
terms of either quantity or quality—poor
utilisation of nutrients due to infections or
other illnesses, or a combination of these
factors. These in turn are caused by a range
of factors including household food inse-
curity; inadequate maternal health or
childcare practices; or inadequate access to
health services, safe water, and sanitation.

Malnutrition refers more broadly to both
undernutrition (problems of deficiencies)
and over nutrition (problems of unbalanced
diets, such as consuming too many calories
in relation to requirements with or without
low intake of micronutrient-rich foods).

Food insecurity refers to a lack of ‘secure
access to sufficient amounts of safe and
nutritious food for normal growth and
development and an active and healthy
life’ (FAO et al. 2017).

In this chapter, we reflect on all four
aspects above, and use the term ‘zero hun-
ger’ to mean access to sufficient calories,
adequate intake of food in terms of quality
and quantity, and access to a balanced diet
that meets the specific requirements of the
individual to live an active and healthy life.

SDG 2 (Zero Hunger) recognises the role of
agriculture in alleviating hunger especially for
those rural households who largely depend on
farming for their food provisions. Agriculture is
the main primary activity that produces food but
when demand outstrips supply, people suffer from
starvation and hunger. However, the root causes

of hunger are more complex, as we explore in this
chapter. Hunger is linked to poverty (SDG 1),
gender equality (SDG 5), inequality (SDG 10),
responsible consumption and production (SDG
12), land degradation (SDG 15), and climate
change (SDG 13). Agricultural management may
also be affected by weak marketing policies, pri-
orities for development investment, implementa-
tion of sustainable technologies, and governance,
together with a lack of political will to develop
and implement inclusive policies.

Some key geoscientific inputs to SDG 2
include the following:

• Agrogeology (or agricultural geology). The
use of rock and mineral resources can support
agriculture through improving soil fertility,
water retention, and reducing soil erosion
(Van Straaten 2002). Understanding the
underlying geology of a region can guide
decision-making on what crops may flourish
in a region, and what interventions may be
needed to support them. Agrogeology can
contribute to ending hunger by increasing
access to local fertilisers (e.g., from phos-
phorite), liming materials, and geological
resources that improve water retention and
reduce soil erosion. Agrogeology can also
generate employment in the agro-mineral
mining industry, supporting SDG 8.

• Water Resources Management (including hy-
drogeology). Identifying, characterising the
physical and chemical properties of, and
managing groundwater resources in a sustain-
able manner (see SDG 6) can help to support
agricultural practice, improve the health of the
poor, and support increased productivity.

• Geochemistry. Understanding the accumula-
tion and distribution of major and trace ele-
ments in agricultural soils can inform
decision–making around interventions to
protect and improve human health and food
safety (Sun et al. 2013).

We explore these themes and examples
through this chapter, illustrating the contribution
of geoscientists in informing research, practice,
and policy to deliver the ambitions of SDG 2.
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In this chapter, we first examine the key
context to SDG 2, including the spatial and
temporal extent of hunger (Sect. 2.2), and social
and environmental factors contributing to hunger
(Sect. 2.3). We proceed to examine the role of
geoscientists in tackling hunger around the world
(Sect. 2.3), focusing on characterising geological
resources, groundwater management, and geo-
chemistry to improve health through agriculture.
Collectively these contribute to SDG Targets 2.1
to 2.4. We finish by synthesising key learning
and recommendations (Sect. 2.4).

2.2 The Extent and Distribution
of Hunger

It is challenging to measure and supply reliable
estimates of hunger to inform policy and pro-
gress with development agendas, as it is multi-
dimensional, can change rapidly over time, and
may vary significantly at very local scales.
The FAO annual series of reports called the
State of Food Insecurity and Nutrition in the
World, tracks hunger in the world using the
prevalence of undernourishment as a primary
indicator, and (as of 2019), also tracking the
prevalence of moderate or severe food insecurity.
The proportion of undernourished people in
developing regions fell from 23.3% in 1990–
1992 to 12.9% in 2014–2016 (United Nations
2015b). While there has been a general decline in
the share of the population that is undernourished
in most regions since 2000, there are some
indications that this is changing and an increased
share of the population was undernourished in
sub-Saharan Africa (for example) in 2014–2016,
compared with the previous years (Fig. 2.2).

Another measure used to understand the
severity of hunger (in its broadest definition) in a
population is the Food Insecurity Experience
Scale (FIES), conducted by the FAO of the United
Nations. This indicator is assessed by reviewing
the answers to eight questions administered at
either an individual or household level, and
includes the dimension of access to food, making
it an improved measure of food insecurity. Col-
lecting this data has, however, proved to be

difficult given the resources required. Figure 2.3
shows the prevalence of severe food insecurity by
region, using the FIES global reference scale.
While data is only shown for 3 years, Africa in
general, but particularly sub-Saharan Africa is
more affected by food insecurity, with a greater
population affected by food insecurity than
undernourishment. Where individuals are just
above national and global extreme poverty lines
(see SDG 1), food insecurity may push people
back below the line as they will be particularly
susceptible to the impacts of social, economic,
and environmental shocks.

The International Food and Policy Research
Institute (IFPRI) and partners compute an annual
index termed the Global Hunger Index (GHI)2 to
monitor the level of hunger in the world, and how
it is changing. The GHI reflects undernourish-
ment, child wasting, child stunting, and child
mortality (von Grebmer et al. 2015), as defined in
Box 2.2. This multidimensional index reflects
both the nutritional situation of the whole popu-
lation, and a particularly vulnerable subset (chil-
dren). When children lack calories, protein of
micronutrients, it can lead to illness, poor devel-
opment or death (von Grebmer et al. 2015).

Box 2.2. Components of the Global
Hunger Index, GHI (adapted from von
Grebmer et al. 2015)

Undernourishment: the proportion of
undernourished people as a percentage of
the population (reflecting the share of the
population with insufficient caloric intake).

Child Mortality: the mortality rate of
children under the age of five (partially
reflecting the fatal synergy of inadequate
nutrition and unhealthy environments).

Child Undernutrition: Nutrition targets
are measured by stunting and wasting
levels in children below the age of five.
This includes:

2https://www.globalhungerindex.org/.
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• Child Wasting: the proportion of chil-
dren under the age of five who suffer
from wasting (that is, low weight for
their height, reflecting acute undernu-
trition). Wasting is a result of acute
deprivation of nutritious food.

• Child Stunting: the proportion of chil-
dren under the age of five who suffer
from stunting (that is, low height for
their age, reflecting chronic undernutri-
tion). Stunting indicates long-term
nutritional deprivation and may affect
mental development, school perfor-
mance and intellectual capacity.
GHI scores, computed from the above

components are then mapped to a severity
scale, showing low, moderate, serious, alarm-
ing or extremely alarming levels of hunger.

Read more: www.globalhungerindex.
org/about.html.

The Global Hunger Index 2019 (von Grebmer
et al. 2019) shows declining GHI values in all
regions between 2000 and 2019, although there
was a slight increase in the GHI of the Near East
and North Africa region between 2010 and 2019.
Global hunger has a GHI score of 20.0 (moderate
to serious), with this being a reduction from 29.0
in 2000 (von Grebmer et al. 2019). This progress
reflects improvements in each of the four GHI
components (undernourishment, child stunting,
child wasting, and child mortality, Box 2.2),
although there has been more progress in tackling
stunting than wasting in children. The overall trend
is, therefore, generally positive, but with more
work to do to reduce levels of hunger. Both South
Asia and sub-Saharan Africa have GHI scores that
indicate serious levels of hunger (von Grebmer
et al. 2019). In 2019, the Central African Republic
was the only country to have an ‘extremely
alarming’ hunger level, with Yemen, Chad,
Madagascar, and Zambia all having ‘alarming’
levels of hunger. A further 43 countries had

Fig. 2.2 Share of the population that is undernourished, by region. Image from Roser and Ritchie (2019), created using
data from the FAO. Used under a CC-BY License (https://creativecommons.org/licenses/by/4.0/)
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‘serious’ levels of hunger, many of them corre-
sponding with the world’s least developed coun-
tries. Figure 2.4 shows a map of the 2018 GHI
scores for many countries around the world.

Through this section, we see that undernour-
ishment, food insecurity, and multidimensional
assessments of hunger all vary spatially, with
significant challenges in the Global South. Across
the world, we have seen positive steps towards
eliminating hunger in the past 20 years, but there
are still serious, alarming and extremely alarming
levels of hunger in many places. Understanding
the complex factors causing this hunger is the first
step to determining what actions are needed to
tackle hunger and achieve SDG 2.

2.3 Hunger Dynamics, Causes,
and Catalysts

The root causes of hunger are complex, with links
to both human and environmental factors. While
our interest is primarily in the links between the

natural environment and the challenges and ambi-
tions of SDG 2, it is impossible to separate these
from other socio-economic processes that drive
land-use decisions, land degradation, environmental
change, and fluctuations in food demand (the
amount of food of the right quality that consumers
want at any given time) and production. In this
section, we briefly explore two themes that inform
the challenges around SDG 2: (i) social factors
contributing to increases in demand for food, and
reductions in agricultural productivity, and (ii) en-
vironmental impacts of increasing demand for food,
the effects of climate change, and water insecurity.
In Sect. 2.4, we move from challenges to solutions,
particularly examining how geoscientists from
across a range of sectors can support these, working
in partnership with other disciplines.

2.3.1 Social Factors

An increasing global population is associated
with a corresponding increase in demand for

Fig. 2.3 Prevalence of severe food insecurity by region. Image from Roser and Ritchie (2019), created using data from
the FAO. Used under a CC-BY License (https://creativecommons.org/licenses/by/4.0/)
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food. The world annual population growth rate
has been declining for nearly five decades, but in
regions such as Africa and Asia the population
growth rate is projected to increase well beyond
2050, and even into the next century (FAO
2017). With technological advancement and
progress on other SDGs (e.g., good health and
well-being, SDG 3), life expectancy at birth has
also been increasing. Some countries are cur-
rently projected to grow very rapidly, with
annual growth rates of more than 2.5% to 2050
projected for Angola, Burundi, Chad, the
Democratic Republic of the Congo, Gambia,
Malawi, Mali, Senegal, Somalia, the United
Republic of Tanzania, Uganda, and Zambia. The
share of the population over the age of 65 is also
increasing, including in some rural areas of low-
income countries. This has an impact on the
availability of labour to support agricultural
production.

The rural poor, vulnerable, and marginalised
groups, and those below or just above the pov-
erty line are particularly susceptible to hunger
(see SDG 1). They are highly dependent on
seasonal rainfall to support agriculture, and often
live in economically depressed and ecologically
vulnerable areas. Communities living in poverty
may have limited access to agricultural infor-
mation (e.g., meteorological forecasts), services,
technologies, and markets. Those in poverty are
disproportionately affected by disease and the
effects of economic, social, and environmental
shocks—reducing productivity through time
away from agricultural tasks. Gender inequality
(SDG 5) can also have significant implications
for hunger and poverty. Globally, about 60% of
people who go hungry are female (UN Women
2012), amounting to almost half a billion women
and girls not having access to the food required
to live healthy lives.

Fig. 2.4 Global Hunger Index as of 2018. Data is not shown for many countries where the prevalence of hunger is
considered to be low (e.g., much of North America and Western Europe). Credit Roser and Ritchie (2019), with data from
von Grebmer et al. (2018). Figure reproduced under a CC-BY license (https://creativecommons.org/licenses/by/4.0/)
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Despite agricultural food production being
mainly a rural activity, more people now live in
cities (see SDG 11), and this has important
implications for food supply and future in terms
of a transition in dietary patterns with significant
impact on food systems (FAO 2017). Indeed, the
SDG 2 targets have been criticised as being too
limited in scope, taking only an agricultural and
rural-centred approach and overlooking growing
urban populations and the role of non-
agricultural sectors (Burchi and Holzapfel 2015).

Increasing life expectancy and population
sizes, the persistence of extreme poverty and
inequalities, and urbanisation will have a signif-
icant effect on world hunger due to an increase in
demand for food, with important repercussions
on the agricultural labour force and the socio-
economic fabric of rural communities (FAO
2017). These effects are most likely to have the
greatest impact in the Global South.

2.3.2 Environmental Factors

There is an ecological and socio-economic trade-
off between clearing land to increase the quantity
and quality of investment in agriculture and
protecting the environment and mitigating cli-
mate change in many parts of the world, but
particularly in many of the world’s least devel-
oped countries. Meeting increased food demands
entails both land clearing and the intensive use of
existing agricultural land to increase crop pro-
duction. Both activities can have a major impact
on the natural environment.

Forests are important for the provision of
ecosystem services (e.g., carbon sequestration
and biodiversity conservation, see SDG 15), but
are affected by commercial logging and large-
scale land-use change, including the develop-
ment of palm oil plantations. Deforestation and
land clearing drive habitat fragmentation and
threaten biodiversity (Dirzo and Raven 2003;
Varsha et al. 2016). Palm oil plantations support
much fewer species than natural forests, and
often also fewer than other tree crops, con-
tributing to habitat fragmentation and pollution
(Fitzherbert et al. 2008). Almost all oil palm

grows in areas that were once tropical moist
forests, and the conversion of these areas, and
future expansion, threatens biodiversity and
increases greenhouse gas emissions (Varsha et al.
2016). As forest habitat is cleared, endangered
species are pushed closer to extinction, and
indigenous people who are mostly smallholder
farmers who have inhabited and protected the
forest for generations are often driven from their
land. Many communities engaged in rural agri-
culture traditionally depend on neighbouring
forests for commodities such as fruits and wood
to supplement their diet and income.

Land degradation is occurring in almost all
world regions, affecting about 20% of the global
land area and impacting upon around three bil-
lion people (described further in SDG 15). This
leads to nutrient depletion, especially in Africa,
the intensive use of fertilisers, and soil contami-
nation. Continued degradation of land may lead
to a rise in rural poverty triggering human con-
flict, rural instability, and large-scale population
migrations crossing borders and regions (von
Braun et al. 2017). The annual global cost of land
degradation is about US$ 300 billion, with a
quarter of this cost relating to degradation in sub-
Saharan Africa (Nkonya et al. 2016). This
includes both costs to immediate land users due
to a reduction in the functioning of the land, and
a significant social cost due to loss of local and
global ecosystems services (von Braun et al.
2017). Pressures on land use create wider socio-
economic effects, including reductions in the size
of household farms and reduced household food
production, potentially reducing food security,
impacting on health, and exacerbating poverty
(GRAIN 2014).

While recognising problems of deforestation
and land degradation, there is also, however, a
growing concern that the amount of crops har-
vested per unit of land cultivated is not enough to
meet the forecasted demand for food. The effects
of climate change-driven water scarcity, rising
global temperatures, and extreme weather will
impact on volumes and distribution of crop
yields at both local and national scales, exposing
many vulnerable people in rural communities
who rely on agriculture. Weather-related events
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are already affecting food availability in many
countries and contributing to a rise in food
insecurity (drought and flood) diminishing live-
stock and productivity, resulting in migration and
an expanding the pool of environmental refugees
with broadly held grievances (FAO 2019). Many
communities across sub-Saharan Africa are
affected by an increase in the frequency and
intensity of extreme weather conditions and
environmental change, as a result of
anthropogenic-driven climate change. This
includes rising temperatures, declining ground-
water tables, changing water flows, droughts,
floods, and strong winds which can slow pro-
gress toward increasing the productivity of crop
and livestock systems and undermine long-term
food security (De Pinto and Ulimwengu 2017;
von Braun et al. 2017). These effects will par-
ticularly impact those regions that are most food

insecure (i.e., many communities in sub-Saharan
Africa), together with large food producers such
as China and India.

Mining, forestry, and urbanisation all put
pressures on water security, which affects agri-
cultural capacity and productivity. Agriculture is
estimated to account for 70% of water con-
sumption and 30% of energy consumption and
greenhouse gas emissions globally (Janus and
Holzapfel 2016). In low-income countries,
however, the average share of total freshwater
withdrawals used for agriculture is as high as
90%, contrasted with 41% in high-income
countries (Ritchie and Roser 2019), illustrated
in Fig. 2.5. The agriculture sector is the largest
consumer of groundwater resources, with food
security therefore inextricably linked to the
effective management of groundwater and other
freshwater resources around the world (see SDGs

Fig. 2.5 Agriculture Water as a Share of Total Withdrawals (2010). Share of total water withdrawals (agriculture,
industry, domestic), used for agriculture, as of 2010, including water for irrigation, livestock, and aquaculture purposes.
Credit Ritchie and Roser (2019), with data from the UN Food and Agricultural Organization (FAO) AQUASTAT
Database. Figure reproduced under a CC-BY license (https://creativecommons.org/licenses/by/4.0/)
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6 and 15). Pressures on water resources from
agriculture will increase with the expansion of
irrigation and changes to diets and food con-
sumption. The water requirements for the pro-
duction of different food types differ enormously
(Mekonnen and Hoekstra 2012). One tonne of
beef requires more than 47 times the amount of
water to produce compared to one tonne of most
vegetables. One kilocalorie from beef requires
almost 20 times the amount of water to produce
compared to one kilocalorie from cereals.

Sustainable land and water use are therefore
critical to delivering SDG 2, and many other
parts of the UN sustainable development agenda,
including improved health (SDG 3), access to
safe drinking water (SDG 6), sustainable urban-
isation (SDG 11), and restoration of ecosystems
(SDG 15). The UN Environment Programme
(UNEP) note that a major overhaul of the global
food system is urgently needed if the world is to
use natural resources more efficiently and stem
environmental damage (UNEP 2016). Food
systems are considered to be inefficient and
unsustainable, responsible for 60% of global
terrestrial biodiversity loss, 24% of global
greenhouse gas emissions, overfishing of 29% of
commercial fish populations, and overexploita-
tion of 20% of the world’s aquifers (UNEP
2016). The concern is also voiced that more than
two billion suffer from micronutrient deficiencies
—mainly vitamin A, iodine, iron, and zinc—and
more than two billion people are overweight or
obese (UNEP 2016). The report notes that ‘land
degradation, the depletion of aquifers and fish
stocks and contamination of the environment will
lower future food production capacity, thus
undermine the food systems upon which our food
security depends, as well as cause further
degradation of other ecosystem functions’
(UNEP 2016, p. 17). Actions to deliver SDG 2
must therefore work in coherence with the
actions proposed to address SDGs 6, 14, and 15.
Geoscientists contributing to these other goals—
in the myriad of ways outlined through this book
—should have in mind the needs of SDG 2, and
the ways in which their actions to deliver one or
more goals can support or hinder food security
and access.

2.4 Delivering SDG 2—The Role
of Geoscience in Reducing
Hunger

In the previous section we have outlined a range
of challenges contributing to hunger and hin-
dering efforts to deliver SDG 2, and demon-
strated the need for diverse disciplines and
coherence across the SDGs. Environmental and
climate change are impacting on agricultural
yields, and efforts to drive up agricultural pro-
duction to meet rising demand are contributing to
environmental change. Global and local actions
are needed to reduce the environmental impacts
of agriculture, manage the human influence on
the environment, and achieve both food security
and environmental quality (Chen 1990). Geo-
science research, knowledge exchange (particu-
larly building partnerships with those developing
water, land, health, and agricultural policies), and
practice can support efforts to end hunger,
achieve food security, improve nutrition and
promote sustainable agriculture.

2.4.1 Geological Characterisation
to Improve Agriculture

Good management and sustainable use of the
Earth’s natural resources is essential to elimi-
nating global hunger (addressing SDG Targets
2.3 and 2.4), including geological resources such
as minerals and rock materials (as well as water
resources, discussed in Sect. 2.3.2). Land
degradation is a common consequence of poor
management of natural resources, affecting food
availability. To combat the challenges described
in Sect. 2.2, UNEP (2016) recommend a switch
to a ‘resource-smart’ food system, changing the
way food is grown, harvested, processed, traded,
transported, stored, sold, and consumed. These
stages should all have a low environmental
impact, use renewable resources sustainably, and
use all resources (e.g., soils, fertilisers, water)
efficiently. UNEP (2016) recommends approa-
ches to generate higher yields without increasing
environmental impacts (e.g., reducing forest loss,
making agriculture supply chains carbon
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neutral), improvements in nutrient efficiency, and
reduction of overconsumption and change of
unhealthy dietary patterns.

The emphasis on efficiencies in the UNEP
(2016) recommendations, provides many oppor-
tunities for geoscientists to inform planning and
policies. Geological materials and processes
influence landscapes and both soil structure and
chemistry, and therefore affect the ability to grow
crops in any given location. Geological mapping
and mineral resource assessment, combined with
high-resolution satellite remote sensing data,
would therefore provide useful information on
national scale soil resources to inform planning.
At the community (village or small town) scale,
where greatest change is needed, improved
understanding of soil chemistry (e.g., mineral
depletion and carbon content) can lead to better
targeted application of fertilisers.

Geology will also determine the availability of
local mineral resources for fertilisers, rock
materials for liming and crop cover, and water
resources for irrigation. Appleton (1994) notes
that in some contexts the direct application of
finely ground phosphate rocks (Fig. 2.6) and
potassium feldspar rich rocks may provide

nutrients for crops. Rocks for Crops: Agromin-
erals of Sub-Saharan Africa by Van Straaten
(2002) describes the potential for naturally
occurring nutrient-providing rocks and minerals
to support agriculture, alongside ‘soil amend-
ments’ (e.g., sources of lime, and pumice to
reduce water evaporation and soil erosion). Van
Straaten (2002) summarises the potential role
that geological materials can play in sustaining
and enhancing soil productivity and biomass
production, and provides an inventory of known
agricultural mineral resources for 48 countries in
sub-Saharan Africa. Understanding local avail-
ability of such resources, and utilising these,
together with changing tilling practice can all
help to improve crop yields, extend the growing
season, and mitigate the impacts of drought.

Agricultural geology (or agrogeology) there-
fore provides information about the state of soil
resources and potential means to improve them
to increase productivity, particularly of small-
scale food producers (Target 2.3). There is an
urgent need for high-resolution maps of land
resources, to help address the challenges of cli-
mate change and meeting the ambitions of SDG
2 in an environmentally sensitive manner. Such

Fig. 2.6 Phosphorite Mine (Oron, Negev, Israel). Phosphorite, or phosphate rock, is a sedimentary rock with large
amounts of phosphate minerals. Mining of phosphorite is an important source of fertiliser (as well as animal feed
supplements)
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information can support reliable crop forecasts in
order to project food availability. Despite the
importance of crop production, and the associ-
ated challenges, some countries in Africa (e.g.,
Kenya, Senegal, Zimbabwe) lack reliable and
timely agricultural production forecasting sys-
tems to support decision-making at the national
to household levels (FAO 2018b).

Box 2.3 Examples of Soil Mapping and
Database Projects

There are global calls to have all soil
resources mapped, and this data made
freely available. Examples of key initia-
tives and ongoing projects from national to
global scales, include the following:

• A consortium of institutions, coordi-
nated by the FAO, are developing a
Harmonized World Soil Database3 with
more than 15,000 different soil mapping
units (FAO et al. 2009).

• FAO and UNESCO have developed a
Soil Map of the World4 at a scale of
1:5,000,000.

• The Africa Soil Information Service
(ALFSIS)5, funded by the Bill and
Melinda Gates Foundation, works to
ensure the application of world-class
information technology and data science
to Africa’s soil and landscape resources.

• The UK Soil Observatory6 is an online
archive of UK soils data from nine
research bodies, helping people to
access soil data, knowledge, and
expertise from across a wide range of
institutions.

• The European Soil Data Centre have
produced a free-to-access Soil Atlas of
Latin America and the Caribbean7

published in English, Portuguese, and
Spanish.
Initiatives such as these should be wel-

comed, supported, and disseminated by
geoscientists. They could be comple-
mented with additional knowledge of
geological resources to ensure soils are
protected, restored, and remain productive
for future generations.

2.4.2 Efficient Management of Water
Resources

Geoscience underpins our knowledge of both the
availability of water resources and the sustain-
able management of these resources to prevent
serious depletion, degradation (e.g., due to
salinity), and prolonged water stress. Sustainably
managing water resources is key to SDG Target
2.4, implementing resilient agricultural practices
and strengthening capacity for adaptation to cli-
mate change and extreme hydrometeorological
events. For example, in some regions, ground-
water resources may have a reasonable degree of
resilience to climate variability. Understanding
location-specific precipitation–recharge relation-
ships can therefore guide decision-making about
how to increase climate resilience of agriculture,
through improved water management (Cuthbert
et al. 2019).

To assess the extent of groundwater resources
and how these change over time, there is a need
for data. This includes geological and hydroge-
ological characterisations of the region (i.e.,
understanding the subsurface, the potential
availability of groundwater, aquifer yields, and
groundwater chemistry). There is also a critical
need for long-term monitoring networks to assess
changes to groundwater resources over time.
Many places around the world lack hydrological
monitoring networks or data is not made avail-
able to the public (McNally et al. 2016), making
it difficult to monitor and interpret

3http://www.fao.org/soils-portal/soil-survey/soil-maps-
and-databases/harmonized-world-soil-database-v12/en/.
4http://www.fao.org/soils-portal/soil-survey/soil-maps-
and-databases/faounesco-soil-map-of-the-world/en/.
5http://africasoils.net/.
6http://www.ukso.org/.

7https://esdac.jrc.ec.europa.eu/content/soil-atlas-latin-
america.
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hydrometeorological variables such as soil
moisture (Myeni et al. 2019). Improved under-
standing of interactions between soil moisture
and groundwater could, however, inform prepa-
rations for times of water scarcity and adaptation
strategies for crop management to improve food
security. Soil moisture deficit is the difference
between the amount of water actually in the soil
and the amount of water that the soil can hold
(AMetSoc 2012), and normally results in reduced
crop production. Where monitoring networks do
not exist, satellite data can provide information
on rainfall and vegetation changes (McNally
et al. 2016). Improved monitoring and more
research is needed, however, to understand long-
term changes in seasonal rainfall and accompa-
nying extreme events such as floods and dry
spells (Chabala et al. 2013), and their impacts on
agricultural production.

Finally, geoscience can ensure water is used
efficiently, contributing to coherent and com-
prehensive water management plans. Section 2.2
illustrated the significance of water withdrawals
for agriculture in low-income countries, noting
that this forms a major share (compared to
domestic and industrial use), and much greater
than in high-income countries. Expanding in-
dustrialisation (SDG 9) and meeting growing
domestic demands (SDG 6) will both exacerbate
water stress, unless significant efficiencies are
made in agriculture. This could include: (i) better
matching water quality to water use, (ii) more
efficient irrigation methods, and (iii) selection of
crops and food products that require less water.
These measures together with the use of geo-
logical resources (e.g., pumice, scoria) to reduce
water evaporation from soils could all help.

2.4.3 Geochemistry, Agriculture,
and Health

The growth and development of plants is affected
by the geochemical characteristics of soil and
water, with subsequent impacts on human and

livestock health (Thornton 2002; Ma and Li
2019; Rawlins et al. 2012). Elements essential to
plant, animal, and human health (micronutrients)
are not distributed across all soils evenly. Ele-
ment abundances being too low can result in
nutrient deficiencies and element abundances
being too high can result in toxicity, both asso-
ciated with health problems (Fordyce 1999), as
discussed in SDG 3 Problems may also occur
when pollution associated with industry or pes-
ticides has contaminated soils, and this is taken
up into plants and then ingested by humans.
Regional and national geochemical atlases,
developed through a systematic sampling of soils
or stream sediments, can inform the optimisation
of land-use (Thornton 2002), guiding whether
regions are suitable for crop growth or whether
they are contaminated by heavy metals, exces-
sive pesticide residues, or organic chemicals (Ma
and Li 2019). Geochemists can, therefore, con-
tribute to the delivery of SDG 2 through under-
standing the chemistry of soils and the uptake
and bioavailability of nutrients (and contami-
nants) in food crops. This informs interventions
to deliver Target 2.2 (end all forms of malnu-
trition), as well as other related SDG targets
linked to health and well-being (SDG 3).

In regions where soils have become depleted
of essential micronutrients for plants (e.g., boron,
chlorine, copper, iron, manganese, molybdenum,
nickel, zinc), biofortification can be used or
treatments can be added to soils (Alloway 2008).
Understanding the soil geochemistry and struc-
ture can help to determine what micronutrient
deficiencies may occur, and how to treat these (
Fig. 2.7). For example, soils with a high calcium
carbonate content, with a low pH, or that are
heavily limed may give rise to zinc deficiencies
in crops (Alloway 2008). This can be treated
using a zinc sulphate or oxide, added to the soil
to help improve plant health. How effective this
is, and the time needed before a further treatment
will again depend on the soil chemistry (e.g.,
soils being limed to reduce acidity may find
treatment ineffective).
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2.5 Summary and Conclusions

The crucial role that geoscience will play in
global food security cannot be overemphasised.
This chapter sets out how an understanding of
geological resources and processes can help
improve soil and water management, contribut-
ing to both improved agricultural productivity
and agricultural resilience to environmental
change. In turn, these contributions will support
the global targets of ending hunger and
malnutrition.

Geoscience information must be integrated
into land-use planning, to ensure conservation
and prudent use of resources. Demands for land
from diverse sectors and urbanisation will
increase. For example, growing biofuels has been
cited as contributing to hunger through a reduc-
tion in available land for food production
(Wahlberg 2008). Geoscientists can help
decision-makers at all scales to consider how the
subsurface will impact upon the surface activi-
ties, helping to appropriately allocate land.
Geological materials shape the quality of soils,

and this understanding can guide decisions about
what additives are required to improve soils—
ensuring this is as efficient as possible. Under-
standing of locally available geological materials
—from groundwater, to nutrient-rich rocks, to
soil amendments—can assist in soil management
and agriculture. Nations must, therefore, invest in
(i) systematic data collection and monitoring
networks, (ii) mapping of resources at smaller
resolutions, and (iii) research and training of
experts, to provide technical advice on how
geological resources can be managed to meet the
food demands of future generations, while also
protecting the environment, and adapting to or
indeed mitigating climate change.

We have not covered in this chapter the con-
tribution of geoscientists to developing reliable,
resilient, and sustainable infrastructure, essential
to getting agricultural produce to markets (see
SDG 9). We also refer the reader to SDGs 6 and
15 for a more detailed overview of how geosci-
entists contribute to water management and
protecting ecosystems essential for agricultural
productivity. Other innovations such as conser-
vation agriculture and agroforestry are essential

Fig. 2.7 Zinc Deficiency in Macadamia Shoots. The youngest leaves, those at the tips of the branches, show yellowing
(production of produce insufficient chlorophyll), dwarfing, and malformation. Credit Alandmanson (licensed under the
CC-BY-SA 4.0 International license, https://creativecommons.org/licenses/by-sa/4.0/)
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for sustainable use of land resources for food
production, and we include additional reading
associated with these themes at the end of this
chapter.

Agricultural and health experts come from
many disciplines themselves, and draw on skills
ranging from chemistry to statistics, agronomy to
meteorology to support sustainable agriculture.
Geoscientists must actively build partnerships
with these disciplines and listen to their priorities
to understand how our science can help to deliver
SDG 2. Ensuring the end of hunger, food secu-
rity, and improved nutrition for all demands
engagement from many disciplines, working
together to increase global food production, with
minimum negative impacts on the environment.

2.6 Key Learning Concepts

• Population growth and rising incomes in the
Global South (driving dietary changes) are
resulting in increased demand for food. We
are not meeting the food and nutrition needs
of many of the world’s poorest communities.
In 2017, the number of undernourished people
around the world reached 821 million (in-
cluding 151 million children under the age of
5 with stunted growth), and the absolute
number of undernourished people increased
by approximately 40 million from 2015 to
2017. SDG 2 aims to meet this demand and
tackle this injustice, ending malnutrition, and
ensuring agriculture is efficient and
sustainable.

• The Global Hunger Index monitors the level
of hunger in the world, and how it is chang-
ing, reflecting undernourishment, child wast-
ing, child stunting, and child mortality.
Globally, levels of hunger have been falling
since 2000, but there remain 48 countries with
serious, alarming, or extremely alarming
levels of hunger.

• Causes and catalysts of hunger are diverse,
with both social and environmental factors
and interactions between these. Increasing life
expectancy and population sizes, the persis-
tence of extreme poverty and inequalities, a
growing middle class, environmental degra-
dation, and poor management of natural
resources can all result in production not
meeting demands.

• Understanding the underlying geology of a
region can inform crop selection, help to
understand what additives are required to
improve soil performance, and increase effi-
ciency by maximising the use of locally
available natural resources for improved soil
structure, nutrition and water retention, guid-
ing the extraction of these in a safe and
responsible manner.

• Geoscience underpins our knowledge of the
availability of water resources and the sus-
tainable management of these resources to
prevent serious depletion, degradation, and
prolonged water stress. Sustainably managing
water resources is key to implementing resi-
lient agricultural practices and strengthening
capacity for adaptation to climate change and
extreme hydrometeorological events.

• Geochemistry can help inform the optimisa-
tion of land use and guide decision-making
about where agriculture is or is not suitable.
Understanding the bioavailability and uptake
of nutrients and contaminants in food crops
can inform interventions are appropriate and
efficient, contributing to improved nutrition
and supporting efforts to deliver SDG 3.

• These three contributions require systematic
data collection, management, integration, and
access to inform decision-making. Investment
in (i) systematic data collection and monitor-
ing networks, (ii) mapping of resources, and
(iii) research and training, can all support the
achievement of SDG 2.
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2.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Using the OneGeology Portal8 explore the
rock types in your region and describe their
chemistry. Are any of these exploited com-
mercially to support agricultural production
(e.g., for fertiliser)? Using van Straaten (2002)
as a reference guide, is there any potential for
farmers to use geological resources in your
region to support agriculture?

• A national Ministry of Water approach you
and ask for advice on reducing the share of
water withdrawals used for agriculture. Con-
sider the examples mentioned in this chapter
to improve water efficiency in agriculture
(e.g., better matching water quality to water
use, improved irrigation methods, selection of
crops and food products that require less
water) and investigate what each of these may
involve and how geoscientists can contribute
(you may prefer to have different groups
exploring different methods). Present your
results to the class.

• What geochemical mapping has been done in
your country? Review the scale of mapping,
and what exactly has been mapped (e.g., what
elements, what regions if not the whole
country). How easy is to access this infor-
mation? Is it available to the public? Discuss
with your peers locally appropriate ways that
you could improve access to and understand-
ing of geochemical information to inform
agriculture.

• What are the components of a healthy diet?
How easy is it to access this range of food
products in your region? Think about the

origins, transport, processing, and marketing
of this range of food products. What are the
contributions geoscientists can make to ensure
access to this food, and to reduce the envi-
ronmental impact of generating, transporting,
processing, and marketing the food?
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Abstract

Understanding the origins and movement of pollutants through the environment is critical to sustaining
and improving human health

Overview

Snapshot of human health

Geoscience and health

Contact with a healthy natural environment can contribute to physical and
mental wellbeing.

GOOD HEALTH
AND WELL-BEING3

The natural environment (e.g., air, soil, water,
rock) has many links to human health

Good wellbeing requires a
healthy environment, and
allows everyone to reach
their full potential

Health trends

Since 1900, the global average
life expectancy has more than
doubled

Challenges with human health are not equitably
distributed, with extra challenges in low-income
countries (e.g., indoor air pollution, poor nutrition)

High Income Countries:

Low Income Countries:

70% of human deaths occur
in people aged over 70

20% of human deaths occur
in people aged over 70

SDG 3 targets include tackling
water-borne diseases,
promoting mental wellbeing and limiting
exposure to toxins in the
environment (SDG 3.8)

Disasters, conflict and environmental change all
add to the burden of disease around the world.

Elevated concentrations of toxic
metals and metalloids (e.g., arsenic)
in water and soils can increase
cancer incidence rates

Pesticides can persist in the 
environment and produce toxic
by-products

Inhalation of smoke/
particulates contributes
to disease and
shortens lives

Air pollution can be affected by:
burning solid fuels and fossil fuels,
poor waste management,
dust storms,volcanic eruptions.

Good outdoor space supports lifelong healthy behaviors

Geotourism provides mental physical stimulation.

Connection to place supports sustainability and promotes 
healthy lives.
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3.1 Introduction

Health may be defined as ‘a state of complete
physical, mental and social wellbeing and not
merely the absence of disease’ (WHO 2019a).
Wellness is captured in the WHO’s definition as
encompassing total physical, mental, and social
well-being (WHO 2019a). Whereas physical
health represents freedom from illness and injury,
mental health represents a state of well-being that
enables individuals to maximise their potential to
participate fully and productively within their
social context (WHO 2019b). Social well-being
represents a state of positive emotions and a sense
of satisfaction and fulfilment in life (CDC 2018).
These different contributions to health and well-
being are collectively the focus of SDG 3.

The concept of wellness encompasses total
physical, mental, and social well-being (Fig. 3.1).
This is a more complex concept than just the
absence of illness. Targeting well-being enhan-
ces the possibility for all members of society to
reach their full potential, and is critical to true
sustainable development. Irrespective of political
philosophy, socio-economic status, or cultural
background, embracing the aim of this SDG to
ensure healthy lives and promote well-being for
all at all ages appears uncontentious. Good
health and well-being allows children to spend
more time at school (SDG 4), and the wider
population to work and generate income (SDG
8). Realising the ambitions of SDG 3 also relies
on making progress with other SDGs, such as
nutritious food (SDG 2), education (SDG 4),
clean water and sanitation (SDG 6), clean energy
(SDG 7), or high-quality infrastructure (SDG 9)
and living conditions (SDG 11).

Ensuring healthy lives and good well-being for
all requires actions to prevent ill-health, and treat
both communicable and non-communicable sick-
ness and diseases. Communicable diseases include
infectious diseases that are transmitted directly to
or between individuals. A clear global example is
the COVID-19 pandemic, caused by the 2019
novel severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), and which has drastically
affected the lives of millions and the global

economy (WHO, 2020a, b). Other infectious dis-
eases include bacterial infections such as leprosy
and tuberculosis, viral infections such as various
strains of influenza, vector borne parasites such as
malaria, and transmission through direct contact
with infective bodily fluids such as HIV (WHO,
2017). Communicable diseases also include water-
borne diseases, passed from person to person
through contaminated water (e.g., cholera, diar-
rhoea, dysentery). Non-communicable diseases
may be modifiable by changes to lifestyle factors,
including increased physical activity, healthy diet
and weight loss, reduction in alcohol and tobacco
consumption. Non-communicable diseases are
major causes of premature death globally, partic-
ularly due to cardiovascular diseases (e.g., heart
attack and stroke), cancers, respiratory diseases,
and diabetes (WHO 2018b). The targets of SDG 3
refer to both, and sets this into a broader health and
well-being strategy that aims to safeguard the
sustainability and to ensure wellness at both indi-
vidual and the whole-of-population level
(Table 3.1).

The targets in Table 3.1 cover maternal mor-
tality (3.1), major epidemics (3.3), and overall
mortality (3.4, 3.2), through to limiting exposure
to toxins in the environment (3.9) and self-
administered toxins (3.5), traffic accidents (3.6),
reproductive health (3.7), and accessibility and
availability of care (3.8). There are also addi-
tional health-related targets in other SDGs, such
as the focus on malnutrition in SDG 2 (discussed
in that chapter). While the targets in SDG 3
articulate desired outcomes (e.g., reduced
maternal mortality and less epidemics), they do
not set out the means by which these outcomes
will be achieved. It falls to health professionals,
policy makers, engineers, anthropologists, and
geoscientists, among others, to contextualise
these targets and associated indicators and to
implement solutions that ensure the targets of
SDG 3 are achieved, delivering and protecting
sustainable development.

One of the difficulties in delivering human
and ecosystem health lies in the identification of
appropriate actions (and in-actions) in a complex
web of interconnected systems that span
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geographic, genetic, and temporal boundaries.
SDG 3 requires detailed consideration of the
causes of mortality and morbidity. The link
between genetic and environmental factors and
human illnesses such as cancers, diabetes,
immune system, and neurodegenerative disor-
ders, as well as respiratory and cardiovascular
diseases has long been established (Lango and
Weedon 2008). Environmental factors have a
major influence on health outcomes (Alpert
2018). The potential to remove or limit the
environmental contributors to disease and other
adverse health outcomes, rather than reacting to a
medical condition after impact, has both social
and financial merit. The synergistic role of the

environment in delivering sustainability and
positive health outcomes requires articulation to
ensure that it gains appropriate emphasis, fund-
ing, and policy commitment. Geoscience offers a
way to unpack this complexity. It confirms that
sustainability, poverty-elimination, a healthy
environment, and human well-being are inextri-
cably linked and provides a unique and valuable
lens through which to view the complex interplay
of geological, biological, and societal systems.

SDG 3 therefore requires a geogenic and
geoscientific lens to evaluate the role the envi-
ronment plays in both delivering health and
enabling sustainable development. The geogenic
environment comprises everything that results

Table 3.1 SDG 3 Targets and Means of Implementation

Target Description of Target (3.1 to 3.9) or Means of Implementation (3.A to 3D)

3.1 By 2030, reduce the global maternal mortality ratio to less than 70 per 100,000 live births

3.2 By 2030, end preventable deaths of new-borns and children under 5 years of age, with all countries aiming
to reduce neonatal mortality to at least as low as 12 per 1,000 live births and under-5 mortality to at least as
low as 25 per 1,000 live births

3.3 By 2030, end the epidemics of AIDS, tuberculosis, malaria and neglected tropical diseases and combat
hepatitis, water-borne diseases and other communicable diseases

3.4 By 2030, reduce by one-third premature mortality from non-communicable diseases through prevention
and treatment and promote mental health and well-being

3.5 Strengthen the prevention and treatment of substance abuse, including narcotic drug abuse and harmful
use of alcohol

3.6 By 2020, halve the number of global deaths and injuries from road traffic accidents

3.7 By 2030, ensure universal access to sexual and reproductive health-care services, including for family
planning, information and education, and the integration of reproductive health into national strategies and
programmes

3.8 Achieve universal health coverage, including financial risk protection, access to quality essential health-
care services and access to safe, effective, quality and affordable essential medicines and vaccines for all

3.9 By 2030, substantially reduce the number of deaths and illnesses from hazardous chemicals and air, water
and soil pollution and contamination

3.A Strengthen the implementation of the World Health Organization Framework Convention on Tobacco
Control in all countries, as appropriate

3.B Support the research and development of vaccines and medicines for the communicable and non-
communicable diseases that primarily affect developing countries, provide access to affordable essential
medicines and vaccines, in accordance with the Doha Declaration on the TRIPS Agreement and Public
Health, which affirms the right of developing countries to use to the full the provisions in the Agreement
on Trade-Related Aspects of Intellectual Property Rights regarding flexibilities to protect public health,
and, in particular, provide access to medicines for all

3C Substantially increase health financing and the recruitment, development, training and retention of the
health workforce in developing countries, especially in least developed countries and small island
developing States

3D Strengthen the capacity of all countries, in particular developing countries, for early warning, risk
reduction and management of national and global health risks, including pandemics
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from our vast geological history (both natural
and modified), and includes the environmental
compartments of soil, atmosphere, water, and
rock. These compartments are interconnected.
For example, dust storms in Africa have the
potential to impact on water and air quality, and
human morbidity thousands of kilometres away
in the USA (Crooks et al. 2016). The geogenic
environment sustains ecosystem and human
health and this interconnectedness of systems
means that all changes have consequences which
may be both subtle and diverse or catastrophic.

It is easy to argue that bad health outcomes
will result from living in any environment with
limited or polluted water, where the air is con-
taminated, where the soil cannot produce healthy
crops, where education levels are low and vio-
lence is common, and where substance abuse
becomes a refuge. This environment exists in
both the Global North and Global South, in
inner-city low socio-economic districts, in an
emerging economy’s brownfield zone and in
communities where land is contested and climate
fluctuations have resulted in drought. For those
living in environments where negative environ-
mental factors dominate, maintaining a good
diet, taking regular exercise, and living without
toxins is an impossibility. Wellness requires a
healthy environment.

In this chapter, we explore the links between
the geogenic environment and wellness. We
discuss health financing and trends (Sect. 3.2),
and the geogenic environment and its role in
sustaining both ecosystem and human health
(Sect. 3.3), with an emphasis on four case stud-
ies: arsenic, asbestos, air quality, and pesticides.
We proceed to explore the concept of wellness,
and how this links with the geogenic environ-
ment (Sect. 3.4), and set out geoscience actions
to support health and well-being (Sect. 3.5).
Through this chapter, we demonstrate the global
interconnectedness and significance of the geo-
logical environment to human and ecosystem
health. The role the environment plays in sus-
taining all biota on our planet, of which we are
only a part, is crucial, and our future is entwined
with the fate of the entire ecosystem.

3.2 Human Health—Financing
and Trends

3.2.1 Financing Health
Improvements

Measures of health and well-being are often
reported as ill-health (as a de facto measure of the
inverse of well-being) and are complex, but
human health is recognised as a significant pri-
ority given the global health budget is predicted
to exceed $US11.5 trillion by 2020, compared
with $US4.1 trillion in 1995 (GHDx 2018).
Despite this ongoing and growing expenditure,
humans and other species die unnecessarily and
in greater discomfort than is consistent with a
contemporary ethical framework. The role the
environment plays in human and environmental
health is not always well-articulated and perhaps
not properly understood. If this connection was
accepted, the financial allocations to both sectors
might be more equitable.

When discussing health and health targets, the
discourse is often dominated by topics such as
vaccine uptake rates, randomised placebo-
controlled double-blind clinical trials; availabil-
ity of medicines; development of interventionist
strategies, and research on drug development
(Bing et al. 2000). These are all laudable dis-
cussions, but it is appropriate to question if this
somewhat narrow focus on medical intervention
is well placed. There is also a disparity in the
amount of money spent on prevention versus
treatments. For 2019, the total budget for the US
Environmental Protection Agency was approxi-
mately US$8.85 billion (EPA 2019). In contrast,
in 2018 Americans are estimated to have spent
$US3.5 trillion on healthcare services (CMS
2018). There is a general disparity in expenditure
for medical interventions versus prevention via
environmental protection. Spending too much,
too late, is not an effective use of limited funds.

The cost benefits of wellness are rarely dis-
cussed. Delivering well-being requires com-
monality of purpose from governments,
corporate/institutional entities and the public.
This has proven difficult, as competing needs and
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objectives, lack of enforceable global environ-
mental regulations, disempowerment and igno-
rance have hampered success. In 2019, however,
the New Zealand government announced their
first ‘wellness budget’, framed around five pri-
orities that, while acknowledging the need for
economic sustainability, bring focus to environ-
mental sustainability, mental and physical health
for all, and education.

3.2.2 Health Trends

Since 1900, the global average life expectancy
has more than doubled and although this result is
geographically in-homogeneous, the average
human lifespan is now 70 years (Roser, 2018).
Superficially, these statistics appear pleasing but
significant health inequality persists, and a
complex picture is emerging. While noting the
issues around longevity predictions, Daniels
(2006) posits that a current generation of obese
children could suffer greater illness and experi-
ence diminished lifespan when compared to their
parents. In 2018, the Centers for Disease Control
and Prevention (USA) reported that for the third
straight year there was a downward trend in
Americans’ average life expectancy. If this trend
continues and grows to include other regions,
this represents a significant reversal in longevity
trends and we assert links to environment quality
and lifestyle.

The UN Millennium Development Goals
(MDGs), running from 2000 to 2015, had a
significant focus on improving global health.
Four goals directly related to health objectives,
with the United Nations report (2015b) setting
out progress and remaining challenges for each
of these:

• Eradicate poverty and hunger (MDG 1).
Poverty and hunger are inextricably linked
with child and maternal mortality, limited
educational opportunities, and access to
essential medications (United Nations 2015b).
The number of people in global poverty (de-
fined as having an income of $2 or less/day)
fell from 1.9 billion people in 1990 to 836

million people in 2015. The number of
undernourished people living in developing
regions fell by almost half since 1990, from
23.3% in 1990–1992 to 12.9% in 2014–2016.
Progress has been spatially uneven, with 23%
of people in sub-Saharan Africa and 20% of
those in the Caribbean being undernourished
in 2015, compared with 5% in Latin America.
These themes are discussed more in SDG 1
(Poverty) and SDG 2 (Zero Hunger).

• Reduce child mortality (MDG 4). Between
1990 and 2015, the global under-five mortal-
ity rate has declined by more than half,
dropping from 90 to 43 deaths per 1,000 live
births. Significant progress has been made in
both developed and developing regions, with
the mortality rate dropping by 61% and 53%,
respectively. A remaining challenge is reduc-
ing the deaths of newborn babies. In 2015,
17% of deaths in under-fives occurred within
24 h of being born and 34% of deaths within
the first week. Many of these deaths are
avoidable through simple interventions such
as access to clean water and safe hygiene
practices, as well as increased care at the time
of delivery. In Southern Asia and sub-Saharan
Africa, 48% of all births were not attended by
skilled health personnel in 2014 (compared
with a world average of 29%).

• Improve maternal health (MDG 5). The
global maternal mortality ratio reduced by
45% between 1990 and 2015, with reductions
of 64% in Southern Asia and 49% in sub-
Saharan Africa. At the end of the Millennium
Development Goals, the maternal mortality
ratio was still approximately 14 times higher
in developing regions than in developed
regions, with many of these deaths being
preventable given access to appropriate care
before, during, and after childbirth.

• Combat HIV/AIDS, malaria and other
diseases (MDG 6). The number of new HIV
infections fell by 40% between 2000 and
2013, from 3.5 million cases to 2.1 million.
Between 2000 and 2015, the global malaria
incidence rate fell by approximately 37%, and
the mortality rate by 58%. It is suggested that
interventions helped to avert over 6.2 million
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deaths from malaria between 2000 and 2015,
primarily of young children in sub-Saharan
Africa.

Further information on all these statistics, and
other Millennium Development Goals, is avail-
able in the United Nations report (2015b). While
significant progress was made on these four
goals, significant challenges remain, and new
challenges are emerging. For example, the Ebola
epidemic in West Africa (2013–2016) resulted in
more than 11,000 deaths and the current epi-
demic in the Democratic Republic of Congo
(2018–) has killed more than 1800 people as of
August 2019. This health crisis requires urgent
monitoring using real-time geospatial data, and
provision of water and sanitation (SDG 6) to
control its spread. The COVID-19 pandemic has
caused global devastation and was preceded by
severe acute respiratory syndrome (SARS-CoV)
and Middle East respiratory syndrome coron-
avirus (MERS-CoV), all zoonotic diseases
resulting from cross-species transmission of
viruses from wild animals, sometimes via
domestic animals, to humans (Parrish et al. 2008;
Rodriguez-Morales et al. 2020). The vectors vary
but human encroachment and destruction of
ecosystems are significant contributors. Add to
this the impact of climate change on the occur-
rence and geographical distribution of zoonotic
diseases (Sachan & Singh 2010), on habitat
contraction and the increased risk of disasters
such as extremely destructive wildfires as wit-
nessed across Eastern Australia, California and
many parts of Europe.

Prevention is a key focus for all health issues
but, it is not possible to anticipate all eventuali-
ties, and preparedness (the ability for rapid
response to sudden and unexpected events) is
required. A reflection on the COVID-19 response
has much to teach us about leadership, respon-
sibility, responsiveness to expert advice and
information sharing. The effectiveness of any
response is amplified by a strong and shared
understanding of the strategic terrain in which we
must respond, and the geogenic environment

critically underpins all aspects of life on the
planet.

The WHO (2018c) stated in 2016, that 56.9
million humans died, with more than half
attributed to 10 causes of death (Fig. 3.2). The
extent to which environmental, mental, and
social factors played a role in these deaths was
not analysed.

Figure 3.2 provides a global picture, but
greater understanding is achieved when we factor
in socio-economic status. In low-income coun-
tries for this same period, the leading cause of
death is respiratory infections and diarrhoeal
diseases. People in low-income environments are
often dependent on biomass fuels for heating and
cooking, with up to 610 deaths per million
attributed to indoor air pollution in the worst
affected countries (WHO 2018c). Figure 3.3
shows the geographic distribution of premature
deaths as a result of using solid fuels for cooking
and heating. The high concentrations of particu-
lates arising from the burning of wood and
charcoal are associated with an increase in res-
piratory infections, low birth-weight, and car-
diovascular events, which all cause mortality in
adults and children (Fullerton et al. 2008). In
contrast, the leading causes of death in high-
income countries are ischaemic heart disease and
stroke (WHO 2018b).

How society responds to these mortality trig-
gers is equally telling. In Bangladesh, tube wells
were sunk to gain access to groundwater as an
alternative to surface water contaminated with
microbial pathogens, successfully reducing
deaths from diarrhoeal diseases but increasing the
risk of arsenic exposure (Escamilla et al. 2011).
Arsenic desorption and dissolution into aquifers
(Raessler 2018) has resulted in an estimated 35–
77 million Bangladesh people being chronically
exposed to arsenic in their drinking water (the
impacts of which are described in Sect. 3.3.1).
This mass poisoning affected all in the commu-
nity but the impact was greatest on the young,
elderly, and for pregnant women. Pathways to
contamination are often complex. Arsenic con-
taminated groundwater, such as in Bangladesh,
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can also result in airborne arsenic that can be
inhaled by residents (Joseph et al. 2015). It also
affects crops and domestic animals, and as a
result, the cow dung cake used as fuel for cooking
in unventilated rooms provides another vector for
arsenic contamination (Pal et al. 2007).

In the examples above, the link between poor
environment and ill-health in low-income
households is clear. Can such a case be made

for higher income countries? Heart disease and
cancer are major causes of death across the globe
and affect people in all income categories from
lower-middle to high income (WHO 2018b).
While genetic predisposition to diseases is
acknowledged, Veronese et al. (2016) report that
the risk of premature mortality is lowered with
the addition of one or more low-risk lifestyle
factors (i.e., healthy eating, high levels of

Communicable Diseases:
Infectious diseases transmitted

by microorganisms such as
bacteria (e.g., tuberculosis,

viruses (e.g., influenza);
vector borne parasites (e.g., malaria)

and direct contact with
infective bodily fluids (e.g. HIV)

Non-communciable Diseases:
Chronic diseases, cancers.

respiratory diseases and diabetes,
cause chronic illness and premature

deaths but may be modifiable by
lifestyle factors (e.g., physical

acitivity, healthy diet, alcohol and
tobacco reduction).

Physical health:
freedom from illness

and injury

Health and 

Wellbeing

Social wellbeing:
positive emotions,

satifaction and
fulfillment

Mental health:
maximise potential to
participate fully and

productively

Fig. 3.1 Positive contributions to health and wellbeing and negative contributions made by communicable and non-
communicable diseases to the quality of life. Descriptions used within this figure are adapted from WHO (2017, 2018a,
2019b, c) and CDC (2018)
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physical activity, moderate alcohol drinking, and
non-smoker). These factors require a healthy
environment to deliver access to good food and
water, safe places to exercise, education, and a
supportive social setting. The environment, built
or natural, is critical to encouraging activities that
support and nurture our well-being. Humans, if
given information and opportunity have the
power to intervene in their own health outcomes
(Wallerstein 1992). The converse is also true:
failure to provide these things to all will result in
disparities in well-being outcomes.

Disasters, conflicts, communicable and non-
communicable diseases all add to the burden of
disease around the world and this burden is not
equitably distributed. The likelihood is that
escalating climate fluctuations will increase the
frequency of disasters, increase conflicts, and
increase the necessity to re-home climate-
change-refugees. Climate fluctuation and global
warming have seen changes in the geographical
distribution of vector-borne infectious diseases
(Kurane 2010). Even without the escalating
stress of climate change, poverty undermines
health through poor nutrition and sanitation, and
decreases opportunities for education and deliv-
ery of safe working environments (Arcaya et al.

2015). Infectious and parasitic diseases persist in
some developing countries, and as income levels
rise, so too do rates of non-communicable dis-
eases which are often referred to as ‘lifestyle’
diseases (Amuna and Zotor 2008; Ssewanyana
et al. 2018). Globalisation and rapid urbanisation
facilitate increases of risky behaviours which are
exacerbated by socio-economic inequalities
(Hosseinpoor et al. 2012). The picture of disease
burden and mortality is complex but there is a
link between the environment and the health of
both the individual and the society.

3.3 Geogenic Environment

The geogenic environment affects health out-
comes and longevity and hence must be central
to the achievement of SDG 3. Genetic predis-
position, social and economic factors clearly play
a role in disease development and presentation
however if the environment is degraded and
uptake of contaminants increases, if poor quality
food and water is all that is available and if bleak
or limited aesthetic environment frames your
vista, these environmental factors have a great
potential to impact on longevity, morbidity, and

Fig. 3.2 Top 20 causes of death, and the number of deaths as a percentage of total deaths in 2016. Source data from
Global Health Estimates 2016: Deaths by cause, age, sex, by country, and by region, 2000–2016. Geneva, World Health
Organization; 2018
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quality of life. We investigate the significance of
the geogenic environment, and human depen-
dence on these complex systems using four case
studies. The following sections look at a variety
of environments and consider how the anthro-
pogenic activity has had negative impacts on
human and ecosystem consequences.

3.3.1 Arsenic, Soil and Groundwater

The Bangladesh and west Bengal arsenic experi-
ence introduced in Sect. 3.2.2 illustrates the need
for geoscientists to anticipate issues, recognise
unanticipated impacts, and find solutions. The
reasons for promoting groundwater use in these
regions were clear: surface storage of water led to
the proliferation of bacteria and associated ill-
nesses such as cholera, and increased mosquito-
breeding centres with a consequent increase in
mosquito-borne diseases. Using groundwater,

therefore, seemed prudent 40 years ago, when the
extent of naturally occurring arsenic-contaminated
groundwater was not realised. As a direct conse-
quence of the use of this groundwater, an esti-
mated 43,000 people in Bangladesh die each year
from arsenic-related diseases. These include skin
lesions, cancers, and cardiovascular and lung ill-
nesses (WHO nd). 20 million people are still
exposed to arsenic levels above the maximum
permissible limit of 50 lg/l (WHO nd).

Anthropogenic sources also contribute to
arsenic contamination of groundwater with con-
tributions from mining, the burning of fossil fuels
and the use of arsenical pesticides and historical
wood treatments as well as farming applications
(Shankar et al. 2014). Mining and ore processing
date back to ancient times, when environmental
degradation and adverse human health effects
were accepted as inevitable consequences of
progress and profit (Dowling et al. 2016).
Arsenic contamination of groundwater used for

Fig. 3.3 Number of premature deaths from household air pollution in 2017, due to the use of solid fuels for cooking
and heating. Deaths are inequitably distributed around the world. Image used under a CC BY license (https://
creativecommons.org/licenses/by/4.0/), created by Roser and Ritchie (2019), using data from IHME (2018)
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drinking and irrigation, whether from natural or
anthropogenic sources, impacts the health of
millions of people worldwide, causing death and
disability (Shankar et al. 2014).

Although arsenic-contaminated drinking wa-
ter sources have received much attention, both in
the media and by health researchers, airborne
arsenic is also of concern in some industrial
areas. For example, mining operations, including
extraction and smelting processes, may generate
arsenic-contaminated airborne particulate matter
which can be ingested or inhaled. Of most con-
cern with respect to human exposures are the
inhalable size fractions, which can be separated
into two broad categories:

• Coarse particulates, with aerodynamic diam-
eter of <10 lm (PM10), may penetrate the
extra-thoracic region and deposit in the tra-
cheobronchial region, to ultimately be cleared
from the lungs by the body’s natural defence
mechanisms or be ingested;

• Fine particulates, with diameter <2.5 µm
(PM2.5), can travel greater distances from the
source and are more likely to be inhaled as
deeply as the alveolar region of the lung,
where they may be absorbed directly into the
pulmonary circulation system, phagocytosed1

or ultimately cleared by mucociliary transport
(Martin et al. 2014).

The bioavailability of arsenic in particulates is
of critical importance given the statistically sig-
nificant inverse relationship between particle size
fraction and arsenic concentration (Martin et al.
2016a, 2016b). Living in close proximity to
mineralised and mined areas can increase risk of
environmental exposures (Martin et al. 2013,
2014, 2016a, 2016b; Pearce et al. 2010) and
anthropogenic activities such as wildfires can
mobilise sequestered metals from soil organic
matter and vegetation (Abraham et al. 2018).

Ongoing systemic absorption of arsenic
associated with periodic exposures to contami-
nated soil by children living in areas of historic

gold mining activity has been demonstrated
using synchrotron-based X-ray microprobe
techniques (Martin et al. 2013; Pearce et al.
2010). Whereas the dominant oxidised state of
arsenic present in mine waste where arsenopyrite
(Fig. 3.4) occurs is typically arsenate (AsV)
(Arčon et al. 2005), mammalian metabolism of
arsenic is thought to involve alternating reduc-
tion and oxidative methylation to produce
arsenicals of varying toxicity: trivalent species
being more toxic than pentavalent species, with
arsenite (AsIII) and Monomethylarsonous acid
(MMAIII) being considered highly toxic (Vahter
2002; Sattar et al. 2016).

According to WHO (nd):

Long-term exposure to arsenic from drinking-
water and food can cause cancer and skin lesions.
It has also been associated with cardiovascular
disease and diabetes. In utero and early childhood
exposure has been linked to negative impacts on
cognitive development and increased deaths in
young adults.

So not surprisingly, cancer incidence rates
also increase with elevated soil concentrations of
toxic metals and metalloids such as arsenic
(Núñez et al. 2016; Pearce et al. 2012).
Groundwater, dust, food, and the hand to mouth
behaviour of children all contribute to the arsenic
body burden of humans living in these affected
landscapes. The complex interplay between air,
water and soil is critical to understanding these
impacts.

3.3.2 Asbestos: From “Magic
Mineral” to Medical
Epidemic

Today’s global news headlines are rife with reports
of disease epidemics and medical disasters across
low to high-income economies (e.g., the Ebola
virus; H5N8 bird flu outbreaks; the Flint water
contamination crisis in the USA; COVID-19
pandemic). While these crises deserved attention,
the health impacts surrounding the asbestos mining
and manufacturing industries are less well repor-
ted. With an estimated 107,000 annual deaths
worldwide (Collegium Ramazzini 2016), asbestos

1Phagocytosis is the cell engulfing a large particle using
the plasma membrane, creating an internal compartment.
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has gained notoriety and it invokes fear, anxiety
and panic, not only among workers exposed to
asbestos dust, but individuals and communities
which have potentially been exposed through
sources in natural and the built environment. This
has particular relevance to SDG Target 3.9.

Asbestos is a mineralogical and regulatory
term describing a group of silicate minerals that
form bundles of long, thin mineral fibres with
length to width ratio of at least 3:1 (Table 3.2).
While the ‘asbestiform’ minerals differ in size,
shape, and chemical composition, they have in
common a fine fibrous structure (Fig. 3.5), and it
is this needle-like structure that makes asbestos
highly invasive and persistent, especially in the
lungs. The pathways by which asbestos causes
lung diseases are not fully understood, however
it is widely reported that asbestos induces
inflammation, tissue damage, and DNA and
chromosomal damage (Nymark et al. 2008;
Yanamala et al. 2018). Research efforts into the
mechanisms for the asbestos induced disease are

ongoing, and key breakthroughs in understand-
ing the pathogenesis of diseases associated with
this mineral fibre will allow for important pro-
gress in the prevention and treatment of asbestos-
related diseases.

Asbestos minerals are significant in work-
related cancer through inhalation exposure (Fur-
uya et al. 2018). It is estimated that up to 85% of
all occupational lung cancers worldwide can be
attributed to asbestos (Takala 2015). Non-
occupational and environmental exposures are
also a cause for concern and may occur through a
variety of pathways such as contact with an
exposed worker by family members; exposure
during home renovations; environmental expo-
sure by residents proximal to a naturally occur-
ring asbestos deposit or active asbestos mine and
incidental contact with asbestos-contaminated
materials, wastes and soils (NRC 2007).

With asbestos bans in 55 countries, it seems
logical that asbestos-related diseases such as
asbestosis, mesothelioma, asbestos-related lung

Fig. 3.4 Arsenopyrite, an iron arsenic sulphide, is identified as the metallic mineral in this specimen from Talnotry,
UK. Quartz veining and granodiorite fragments are also visible. © NERC (used with permission)
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cancer, and asbestos-related pleural disease would
be in decline. However, the incidence of
mesothelioma (a rare, aggressive cancer of the
lining of the lungs, abdomen or heart almost
exclusively through asbestos exposure) remains
highest in industrialised countries that have already
banned asbestos, such as the United Kingdom, the
Netherlands, Australia, and New Zealand (Bianchi
and Bianchi 2014). In Sweden, for example, since
the ban on asbestos in 1982, the total annual
number of new mesothelioma cases did not show
any evidence of decline until 2014. Similarly,
despite asbestos being completely phased out of
manufacture in Australia in 2003, the annual
number of mesothelioma deaths increased from
403 in 1998 to 656 in 2013 (WHO 2018d).

The protracted latency of mesothelioma, of
between 40 and 50 years, means that incidence
in many industrialised countries has continued to
rise despite the introduction of restrictions and
bans on asbestos and materials containing
asbestos, with many countries yet to fully realise
peak asbestos-related disease figures. The prog-
nosis in countries where a production ban is not
in place is for a negative impact on the
achievement of SDG 3.

Australia has a history of substantial and
protracted usage of asbestos products throughout
the twentieth century leading to one of the
highest incidences of mesothelioma in the world
(Allen et al. 2018). As such, it represents a useful
case study to examine the potential for future

Fig. 3.5 Images of asbestos clearly showing the fibrous nature: (left) Hand specimen of chrysotile (white asbestos)
veins in massive serpentine, Woods Reef New South Wales. (right) Scanning Electron Microscope image of
asbestiform riebeckite (crocidolite or blue asbestos), Wittenoom Western Australia. (scale bar 100 microns). © S.
McKnight, Federation University Australia (used with permission)

Table 3.2 Types of asbestos and their use

Series Name (common
name)

Commercial Use

Serpentine Chrysotile (white
asbestos)

Construction materials, brake linings, gaskets and boiler seals, insulation for
pipes, ducts, and appliances

Amphibole Actinolite Rarely used commercially

Amosite (brown
asbestos)

Cement sheets and pipe insulation, insulating board, ceiling tiles and thermal
insulation products

Anthophylite Used in limited quantities for insulation products and construction materials

Crocidolite (blue
asbestos)

Insulation for steam engines; spray-on coatings; pipe insulation; plastics and
cement products

Tremolite Rarely used commercially
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asbestos issues, and as a model for unexpected
interactions between soil, air, and human biol-
ogy. Despite the ban on importation and use in
2003, concern about a ‘third wave’ of non-
occupational asbestos exposure and disease
remains. The first and second waves relate to raw
asbestos handling and use of asbestos products in
industry, respectively. The third wave is associ-
ated with short-term and/or low-level exposure to
asbestos in the home (Landrigan 1991), such as
do-it-yourself home renovators undertaking
improvements, and not realising they may be
exposing themselves during the process.

With asbestos-containing materials widely
distributed in residential buildings, along with an
estimated 6,300 tonnes of illegally dumped
asbestos waste in Australia (ASEA 2017),
asbestos represents an ongoing source of signif-
icant concern in Australian urban and rural
environments. The incidence and awareness of
asbestos-related hazards and diseases has
increased the need to more closely regulate pro-
cedures for the appropriate management, sys-
tematic removal, of asbestos products—
especially as they approach the end of their
useful life, is clear in the Australian context. This
phase will be replicated globally.

The third wave of asbestos contamination is
another example of poorly quantified potential
health impacts and of interactions between
humans and the geogenic environment mediated,
in this case, via the built environment. Overall,
asbestos illustrates the complexities of the inter-
actions between air, water, and soil in the geo-
genic environment, the built environment, and
humans. The physical properties are the deter-
mining factors in its health impacts and many
other minerals display these exact same charac-
teristics. Much work is required to address the
problems of the past and minimise the negative
health impacts into the future.

3.3.3 Air Quality

Air pollution (Fig. 3.6) is a leading global disease
risk factor. The meta-analysis in Requia et al.

(2018) demonstrates positive associations
between cardiorespiratory diseases and a variety of
air pollutants. In2012, 7milliondeathswere linked
to ambient air pollution (WHO 2016) and partic-
ulate matter (PM2.5) is linked to 2 million prema-
ture deaths per year (Lozano et al. 2013).Air toxics
that are commonly linked with adverse health
impacts, and therefore often the subject of national
ambient air quality monitoring programs include
carbon monoxide, nitrogen dioxide, ozone, sul-
phur dioxide, lead, and particles less than 10
micron (PM10) and less than 2.5 micron (PM2.5).

As with all environmental health impacts, the
effects of air pollution are not experienced uni-
formly across populations. Of great concern is
the enhanced effect on young and older members
of the population; those with a health-compro-
mised status; poorer communities, and those with
limited access to health intervention strategies.
Air pollution is asserted to be a developmental
neurotoxin and high pollution levels often linked
with diminished cognitive performance among
children (Chen and Schwartz 2009). In Spain, for
example, children from highly polluted schools
demonstrated lower growth in cognitive devel-
opment when compared to children from less
polluted school environments (Sunyer et al.
2015). Given that schools across the globe are
often conveniently positioned for transport
access, their location often coincides with high
traffic flow and subsequent elevated motor vehi-
cle emissions. The effects of air pollution are also
transgenerational. Perera et al. (2003) provide
evidence that environmental pollutants at levels
currently encountered in major cities in the USA
adversely affect foetal development. The conse-
quences are profound and have important public
health implications. The impact of contaminants
at times of great developmental growth, includ-
ing the foetal and early postnatal stages of life,
have an increased impact on the individual that
may see the effects last a lifetime.

The impact of poor air quality also extends to
traditional economic impacts on trade, commerce
and tourism. There is a concern in many parts of
Asia that poor air quality may influence tourism
and business (Jang et al. 2014; Moschino et al.
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2017). Dong et al. (2019), for example, reported
that air pollution significantly reduced interna-
tional inbound tourism in China between 2009
and 2012. The study estimated that for every
increase in PM10 by 0.1 mg/m3, there would be a
corresponding reduction of US$80 million in
tourism revenue. Only limited data is available to
assess whether air pollution will affect tourists’
experiences and participation, but many coun-
tries are actively considering the issue.

When considering air quality impact on health
it is difficult to look past China as a country with
a problem and with significant strategies in place
to address impact (Smil 2016). China’s approach
to air pollution has been organised, consistent,
and effective over the past five years (Liu et al.
2014) but it presents an obstinate problem that
may take many more years to rectify. Climate
change and the global connection of all the
environmental segments means that humans and
the entire ecosystem will be affected for some
time to come, but change is necessary, and China
presents an excellent illustration of environmen-
tal intervention at an industrial scale.

While the air may seem to be a standalone
system in need of restoration, it is precisely the
interaction between air, water, rock, and soil (all
of which may be disturbed, manufactured, con-
taminated, or polluted) that is the root cause of
all air quality issues. Once again, understanding
this interaction is critical to reducing risk
efficiently.

3.3.4 Global Agricultural
Sustainability: The
Tension Between
Pesticide Use
and Wellbeing

The imperative to achieve and maintain stability
in the agricultural sector is a problem as old as
agriculture itself. Famine, as embodied in folk-
lore as one of the horsemen of the apocalypse,
represents one of the central and continuing fears
of civilisation, and the history of all cultures
contains examples of failures of crops and the
consequent devastating effects on populations.

Fig. 3.6 Air Pollution: Industry and transport are two major sources of pollutants affecting air quality. Image by
analogous from Pixabay
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Toxin-free food, capable of providing for the
nutritional needs of a community, is an essential
component of SDG 3 (as well as SDG 2).

In understanding the complexities of food
production, one must recognise that all agricul-
tural practice is inherently one of environmental
disturbance and comes with the usual complex-
ities in the interactions of air, water, and soil.
Further, issues such as poor soil, insect attacks,
weed infiltration, floods, drought, and, more
recently, environmental CO2 rises, and climate
change conditions, all contribute to food pro-
duction issues. Food, and food quality, have
substantial impacts on infant mortality specifi-
cally (Target 3.2), as well as overall population
mortality (Target 3.1). Accelerated human pop-
ulation growth necessitates greater food produc-
tion and pushes agriculture into marginal zones,
which in turn leads to increased use of fertilisers
and pesticides, with concomitant effects on soil,
air, and water at both the point of production and
consumption (Fig. 3.7).

The term ‘pesticide’ covers a wide range of
compounds such as insecticides, fungicides,
herbicides, and rodenticides (Aktar et al. 2009;
Igbedioh 1991). Of particular interest are those
pesticides and agrochemicals which are consid-
ered essential components of worldwide agri-
culture systems, and which, together with
synthetic fertilisers, have allowed the remarkable
increase in crop yields, food production, and
improved global food security (Alexandratos and
Bruinsma 2012; Igbedioh 1991). Pesticides are a
double-edged sword: while increasing produc-
tivity, they have a high potential to persist in the
environment and to produce toxic by-products.
Given the vast quantities of pesticides used
globally, large amounts of residual matter are
likely to remain in the environment, with many
cumulative impacts observed (Samsidar et al.
2018).

Many pesticide degradation products and
residues are recognised as being deleterious to
human health and the environment (Aktar et al.

Fig. 3.7 Pesticide Spraying. Image by skeeze from Pixabay

68 K. Dowling et al.



2009). This dichotomy is at the heart of the
problems faced in any modified environment:
they are usually modified for a positive purpose,
but the impacts of those changes are often far
reaching and complex. Ongoing work is needed
to establish robust systems that understand the
impacts of agricultural chemicals within the
context of their use and production, and which
regulate them to adequately protect human and
ecosystem health and safety (Target 3.9).

Increases in food production, a key require-
ment to improve well-being, especially in the
context of growing populations, must also ensure
sustainable food production with better nutri-
tional quality and less contaminants. By defini-
tion, sustainable agriculture requires that we meet
the food requirements of the current generation
without compromising the chances of future
generations to meet their requirements and that
we acknowledge the needs of environmental
systems. Food production has a long history of
issues, some of which have inadvertently led to
pesticides becoming an environmental contami-
nant of global concern. These help us to under-
stand the range of factors to be addressed to
sustain a healthy agricultural system, and to note
how a holistic understanding of a sustainable
agricultural system is a relatively recent
phenomenon.

Resistance in some crop varieties has rendered
pesticides use uneconomic (Maton et al. 2016a).
Pesticides and fertilisers were seen initially as
essential aids in the growth and protection of
food plants, and without these aids, catastrophic
food shortages would have resulted (Kumar et al.
2013). During early periods of pesticide appli-
cation, good harvests and high productivity were
celebrated. As demand grew, increasing quanti-
ties of pesticides and fertilisers were used to
increase crop yields during the so-called ‘Green
Revolution’ (Datta et al. 2016). In the early
development phase of these compounds, how-
ever, little thought was given to their potential
impacts and mobility within air, water, and soil.
Over time, targeted pests and plants developed
resistance to pesticides, and the immediate

reaction was to increase application rates, but this
accelerated the growth of resistance in the target
species while at the same time increasing the
concentrations of their residues in the
environment.

The health of microbial species in the topsoil
is an essential element in nutrient production, and
this key link in the cycle is compromised with
high doses of pesticide. Soil biodiversity plays a
critical role in enhancing agricultural sustain-
ability. The destruction of pest predators has also
led to increasing virulence of many species of
agricultural pests, such as unprecedented mouse
plagues. This phenomenon is known as the
‘Silent Spring’ after the seminal work of Rachel
Carson (1962), which documented the use of
DDT (dichloro-diphenyl-trichloroethane) and its
devastating impact on birds, bees, and other
animals.

There is overwhelming evidence that some
pesticide chemicals and their degradation prod-
ucts, pose both direct and indirect risks to
humans (Forget 1993; Igbedioh 1991). There are
no globally accepted health standards for pesti-
cide residue and the diversity and levels for some
residues is alarming and hazardous to human and
ecosystem health (Handford et al. 2015; Yadav
et al. 2015). Those at high risk of exposure
include production workers, formulators, spray-
ers, mixers, loaders, and agricultural farm
workers (Aktar et al. 2009). Worldwide, about 25
million agricultural workers experience uninten-
tional pesticide poisonings each year, with
approximately 1.8 billion people engaged in
agriculture (Carvalho 2017a). Approximately 1
million people per year die or get chronic dis-
eases due to pesticide poisoning (Aktar et al.
2009), with a disproportionate burden observed
in people living in developing countries and in
close proximity to agricultural activity (WHO
1990). Long-term exposure to pesticides has
been shown to be related to cancer, obesity,
endocrine disruption and other serious illnesses
(WHO 2017; Araújo et al. 2016). At present,
there is widespread concern about the herbicide
‘glyphosate’ which is classified as a carcinogenic
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agent and currently the most widely applied
pesticide worldwide. This substance is clearly a
human and ecosystem toxin, with the European
Union setting the daily chronic reference dose for
glyphosate to 0.5 mg/kg body weight per day
(Araújo et al. 2016).

Strategies to limit the negative effects of
pesticides should therefore aim to

• Restrict and ultimately prevent the dispersion
of pesticide residues into the environment.

• Reverse the unintended reduction of popula-
tions of ecologically beneficial species, with
particular emphasis on the recovery of bees,
birds, amphibians, fish, and small mammals.

• Restore ground water reserves which have
been contaminated by leached chemicals.

• Prevent pesticide residues from finding their
way into food meant for human and livestock
consumption.

• Diminish the possibilities for developed
resistance to pesticides that can arise in target
pests due to their overuse.

• Reduce the possibilities of poisoning hazards by
developing less toxic management techniques.

• Ensure crops and other plant materials are
protected from pest insects and plants.

• Remove previous residues from pesticide use
from agricultural sites.

• Restore optimum soil properties.

In a functioning ecosystem that incorporates
the production of large quantities of healthy
foodstuffs, soil biota must be re-established,
populations of predator and pollinators must be
reinstated, mineral and organic matter must be
recycled into the soil, and any leachate must be
managed. No other outcome can deliver a sus-
tainable ‘systems approach’ which addresses the
complex interaction of air, water, and soil,
required to achieve the SDGs. Agricultural
practices must become more efficient while also
consuming fewer pesticides and fertiliser, no
matter what their current development status or
their demand for increasing crops. This apparent

conflict of requirements may have a resolution
through the more targeted use of chemicals. For
example, direct application of herbicides to weed
species or insecticides onto insect larvae will
help to reduce the unintended release of pesti-
cides into the environment and protect useful
species from overspray. The leaching of chemi-
cals into groundwater is minimised if we reduce
the total quantity of pesticide used, which will in
turn result in fewer pesticide residues in our food
resources. It is also reasonable to assume that,
combined with other strategies, it may reduce the
risk of the development of ‘learned’ resistance.

Measures such as moving to production of
crops resistant to pests (such as Bacillus
thuringiensis protein crops), organic farming,
development of new cultivars, recuperation of
old cultivars, increased use of bio-pesticides, and
introducing pheromone traps have already been
implemented globally (Carvalho 2017a; Drogui
and Lafrance 2012). Such approaches are timely
contributions to the development of modern
agriculture, and the approaches that they have
introduced have already induced a tremendous
change to the use of pesticides. Such a change is
required for both environmental sustainability
and to provide appropriate nutrition for the whole
of population wellness.

A sustainable solution needs a continuously
healthy ecosystem that contains fertile soil, clean
air, clean water, compost, minerals, and natural
biological resources (Datta et al. 2016). To
achieve this state, immediate reduction of pesti-
cide contamination of surface water is essential
to limit toxicological concerns and the adverse
effects of pesticides on natural organisms and
human health. In addition, efficient treatments for
surface waters are needed to remove residual
pesticides which have been concentrating for
many years. In the short term, the integration of a
double-layer filtration unit such as a combined
granular activated carbon and sand filtration can
constitute an inexpensive and effective pesticide
removal device for potable water treatment. It has
also been reported that advanced electrolytic-
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oxidation techniques are promising treatments to
remove pesticides from water resources (Drogui
and Lafrance 2012).

3.3.5 Further GeoHealth Links

The examples set out in Sects. 3.3.1 to 3.3.4 cover
four diverse areas where the work of geoscientists
relates to health challenges. In Table 3.3 we note
some additional examples, some of which are dis-
cussed in other chapters throughout this book.
Table 3.3 also illustrates a key tenant of dose
response in relation to essential elements and illus-
trates that elements that are essential to life may also
be toxic at an elevated dose.

3.4 Wellness and Longevity Linked
to the Geogenic Environment

There is growing evidence that contact with
nature and the natural environment positively
contributes to the physical and mental health of
people (Stokols 1992; Pretty et al. 2005; Ekkel
and de Vries 2017). This association is as true in
the cities, with appropriate green spaces, as it is
in the wild regions. Health-promoting environ-
ments span locations as diverse as wilderness
zones, parks, and green spaces, to small quiet
urban spaces that promote contemplation. The
image of this health-promoting environment may
not always be ‘natural’, but it is arguably clean,
and the ecosystem is healthy. Imagine the

Table 3.3 Examples of connections between geoscience and health. N.B. Many health problems can also arise from
bacterial, viral, and parasitic organisms, spread by contaminated water. SDG 6 describes the role of geoscience in
providing access to improved water sources

Issue and Link to Health Further Reading

Fluoride
(F-)

Some groundwater has naturally high concentrations
of fluoride. Consuming such water can result in dental
fluorosis, and if the consumption is long term,
skeleton fluorosis. Low concentrations of fluoride are
beneficial to dental health. See also SDG 6

Yadav et al. (2019); Rasool et al. (2018);
Kut et al. (2016); Edmunds and Smedley
(2013)

Mercury
(Hg)

Historically and now used in artisanal gold mining to
extract gold from ore. Impacts of exposure to Hg are
neurological, kidney, and possibly immunotoxic/
autoimmune effects

Ha et al. (2017); Gibb and O’Leary (2014)

Micronutrient
Deficiencies

As soils become more deficient in micronutrients over
time, populations reliant on these soils for subsistence
have inadequate mineral and vitamin intakes, leading
to poor health. See also SDG 2

Knez and Graham (2013)

Selenium
(Se)

Essential to human health but harmful at high levels
with excessive selenium causing selenosis

Fordyce (2013); Li et al. (2012); WHO
(1996);

Cadmium
(Cd)

Speciation is influential but prolonged exposure via
drinking water may result in chronic anaemia amongst
other conditions

Burke et al. (2016); Wasana et al. (2016)

Dust Atmospheric dust particles can be derived from
minerals and volcanic eruptions and anthropogenic
activities, and constitutes a major influence on human
and ecosystem health

Derbyshire (2013); Weinstein et al. (2013)

Radon Gas A natural radioactive gas formed as a decay product of
uranium and is emitted from volcanoes and some
rocks/soils. Radon and its decay products emit
ionising radiation which is linked to cancer incidence

Linhares et al. (2017); Donald-Appleton
(2012)
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Scottish Highlands, the African Savana, The
Grand Canyon, Uluru, Puerto Natales, and Ele-
phant Island with their breath-taking landscapes
as an exemplification of the natural landscape.
The interaction of rocks, vegetation, open skies,
and perhaps vastness gives a sense of nature and
by association, a therapeutic environment.
Landscape and wellness are linked (Parsons
1991; Bedimo-Rung et al. 2005; Bowler et al.
2010; Sandifer et al. 2015; Gladwell et al. 2013;
Collado et al. 2017).

Health-promoting environments can also
improve individual or collective behaviours (e.g.,
around eating or exercise), to help address many
current ‘lifestyle’ diseases. When addressing
obesity, diabetes, and heart disease, the inclusion
of exercise is usually part of the journey to better
health. A well-designed city, that integrates
walking paths and bike paths, that provides
outdoor spaces for lunchtime activities, and
which promotes human interaction, will con-
tribute to a healthier population. The need for
‘green exercise’ is important and has public and
environmental health consequences (Rogerson
et al. 2016).

Work done at Cape Verde, Africa, suggest
that there are significant positive benefits from
geotourism (Rocha and da Silva 2014). National
Parks, Gardens, Geological Parks, and Heritage
Parks all provide an experience that promotes
well-being (Romagosa et al. 2015). These can
provide both mental and physical stimulation and
help to engage communities in the larger natural
world (see also SDG 8). Not only do they pro-
mote rural development, but they also promote
jobs in traditional as well as novel areas such as
pelotherapy (mud therapy) for therapeutic skin
and relaxation applications. It also provides
educational opportunities for locals and others to
understand and appreciate the sustainability of
the local environment (Lin and Su 2019). Con-
nection to place is critical to many cultures and
this connection supports sustainability and pro-
motes healthy lives (Relph 2016). From Hip-
pocrates (460–370 BCE) to the Aboriginal and
Torres Strait Islanders people of Australia today,
a connection to place matters.

Kaplan and Kaplan (2003) link health-sup-
portive environments with human behaviour
noting that people are more reasonable and sat-
isfied when the natural environment supports
them and is explicable to them. In both rural and
urban settings, a pleasant environment produced
a significantly greater positive effect on self-
esteem when compared to a control group (Pretty
et al. 2005). This natural and nearby environ-
ment, although sometimes neglected, provides an
effective resource for health and well-being.
A large-scale study of older people found that a
predictor of longevity was perceived access to
walkable green space, when controlled for age,
socio-economic status, gender, and marital status
(Takano et al. 2002).

The geogenic environment is clearly more
than just a place to visit. It surrounds us; it is
where we live and travel. It is also the physical
and chemical buffer in the interconnected system
of air, soil, and water. It is critical to sustaining
life on our planet, but it is also critical to the
mental and physical health of humans. Not only
can it cause damage to human health when dis-
turbed or contaminated, it also plays a critical
role in promoting human health when well
maintained. The positive impacts the geogenic
environment have on mental and physical health
both in urban and regional locations need to have
prominence when addressing SDG 3.

3.5 Geoscience Actions to Support
Health and Wellbeing

Given the direct, indirect, tangible, and intangi-
ble benefits of the geogenic environment to
human health, it is imperative to outline the ways
that geoscientists, environmentalists, and all
students of the natural sciences can assist indi-
viduals, corporations and governments in deliv-
ering SDG 3. Our natural resources, water, air,
and soil (and the minerals they contain) are
essential for life. They enrich our soils and
nourish our crops, and they provide energy and
the materials for shelter. Negative health out-
comes occur when there is insufficient food or
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where there is contaminated water or air. In
contrast, positive well-being flows from a well-
maintained therapeutic landscape (Huang and
Xu, 2018). This links directly to ensuring healthy
lives for all and at all ages.

When air, water, or soil is contaminated,
people die or lose years from their lives. When
the environment is fragmented, species are lost,
biosystems break down and entire ecosystems
may be lost, and human health suffers. When the
integrity of the geogenic system is lost or the
environment undergoes substantive change, new
vectors for contamination and disease will be
created. Population health is directly linked to
patterns of socio-economic disadvantage, and
regions of poor environmental quality overlap
with low population health outcomes. For society
to evolve sustainably, for health outcomes for
humans to continue to improve, our environment
and its health is a key determinant. Sustainable
development is impossible without appropriate
attention to our geogenic environment and the
maintenance of its health.

Climate fluctuation, with extreme weather
events and persistent incremental change, repre-
sents a considerable and growing risk to the total
environment and will require significant ongoing
resources and educational investment to avoid
substantial degradation of natural, urban, and
rural environments. Everything we eat, drink,
and breathe links to the quality of our soil, water,
and air and these are in turn deeply affected by
climatic fluctuations, which are in turn deeply
affected by how we interact with the geogenic
environment.

We cannot escape the fact that human and
ecosystem health are directly linked, but the
complex confounding factors must be understood
if we are to achieve SDG 3. This requires
research, resources (including a boost to funding
for environment and wellness research) and
intergovernmental commitment. Greater collab-
orations between geoscientists and health pro-
fessionals (including those in policy
communities) are also important. Box 3.1 outli-
nes some organisations and networks that work
to connect geoscience with health. It requires
governments to establish and protect national and

state parks. It requires planning authorities to
mandate green spaces in our cities, it requires
corporations to use resources wisely and for our
communities to hold them to account, and it
requires scientists to understand the deep and
complex links between air, water and soil.

Box 3.1 International Geoscience and
Health Networks

International Medical Geology Associa-
tion. The International Medical Geology
Association aims to provide a network and
a forum to bring together the combined
expertise of geologists and earth scientists,
environmental scientists, toxicologists,
epidemiologists, and medical specialists, in
order to characterise the properties of
geological processes and agents, the dis-
persal of geological material and their
effects on human populations. Read more:
www.medicalgeology.org/

Society for Environmental Geochem-
istry and Health. SEGH was established
in 1971 to provide a forum for scientists
from various disciplines to work together
in understanding the interaction between
the geochemical environment and the
health of plants, animals, and humans. We
recognise the importance of interdisci-
plinary research. SEGH members represent
expertise in a diverse range of scientific
fields, such as biology, engineering, geol-
ogy, hydrology, epidemiology, chemistry,
medicine, nutrition, and toxicology. Read
more: www.segh.net/.

AGU GeoHealth Division. The GeoHealth
section of AGU aims to nurture transdisci-
plinary collaborations in order to advance
our understanding of the complex interac-
tions between our geospheric environment
(including earth, water, soils, and air) and
the health, well-being, and continued pro-
gress of human populations in concert with
all ecosystems. Combining expertise across
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the geo- and health sciences will facilitate
advancement toward a healthier and more
sustainable future. GeoHealth is broadly
defined to fully encompass the expansive
spectrum that covers the earth and climate
dynamics, exposure risks, and health
impacts. Read more: https://connect.agu.org/
geohealthconnect/home.

Understanding the interconnections of sys-
tems makes sustainable development possible
and is more than just a more efficient system for
finding the resources and using them. It requires
planning at all stages of development, good
access to data analysis tools, development of
local policy to provide long-term protection of
ecosystems and human health, and global policy
designed to assure that poverty, inequality or
limited education does not result in unsustainable
development. We must engage in capacity
building to ensure local and region-specific
engagement in sustainable production and
resource exploitation and distribution.

Sustainability is not just a goal, it is a
requirement for long-term habitability of our
planet. It is achievable but requires an under-
standing of the complexities of our geogenic
environment and how humans (and the biosphere
in general) interact with that environment. Sus-
tainable development requires that we use our
geogenic resources wisely and do so in a socially
inclusive manner. Mineral and energy resources
have the potential to advance the economic
prosperity of many developing countries if
resource management practices, laws, and tech-
nology evolve to be compliant with environ-
mentally sustainable objectives, protect public
health and contribute equitably to the develop-
ment of local communities (Carvalho 2017b).

The promotion of green space, a respect for
our environment and appropriate engagement is
the first and most basic step required if we are to
promote environmental health and thereby ensure
the health of the humans that require that envi-
ronment to survive and to thrive. We live in a

massively interconnected system and under-
standing that interconnectedness is critical to all
aspects of SDG 3, and in a larger context, human
survival.

3.6 Key Learning Concepts

• Since 1900, the global average life expectancy
has more than doubled. Health inequalities
persist, however, and actions to prevent ill
health, and treat both communicable and non-
communicable sickness and diseases, are
needed to ensure healthy lives and good well-
being for all.

• Good health and well-being allow children to
spend more time at school, and the wider
population to work and generate income. There
are close relationships between good health and
well-being and access to nutritious food, edu-
cation, clean water and sanitation, clean energy,
high-quality infrastructure, good living condi-
tions, and protected natural environments.

• Environmental factors have a major influence
on health outcomes. The geogenic environ-
ment comprises everything that results from
our vast geological history (both natural and
modified), and includes the environmental
compartments of soil, atmosphere, water, and
rock. The geogenic environment sustains
ecosystems and human health and this inter-
connectedness of systems means that all
changes have consequences. Examples
include arsenic contamination of soil and
groundwater, exposure to asbestos minerals,
poor air quality, and pesticide contamination.

• There is also growing evidence that contact
with nature and the natural environment pos-
itively contributes to the physical and mental
health of people. Green spaces in cities and
wider catchments can provide a therapeutic
environment, and promote behaviours that
address many lifestyle diseases.

• Research, resources (including a boost to
funding for environment and wellness
research) and intergovernmental commitments
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can help to understand the complex links
between geoscience and health. Examples of
international networks include the Interna-
tional Medical Geology Association and the
Society for Environmental Geochemistry and
Health.

3.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Given the health impacts of using solid fuels
for cooking and burning, particularly in the
Global South, is a transition to fossil fuels
(e.g., gas and oil) justified? Discuss the links
between energy poverty and health more
widely, reviewing the chapter on SDG 7 to
support you.

• How do we manage pesticide use in an
overpopulated world? Food production is
critical and so is ecosystem health. Is there a
balance and how can this move to a sustain-
able position?

• How could access to sites of geoscientific
interest promote positive health and mental
well-being? Outline what this looks like at
different scales, including (i) access to
national parks or geoparks (see SDG 8), and
(ii) access to ‘green space’ in your
community.
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Abstract

Geoscience improves education and contributes to the SDGs...

Enhancing geoscientists’ capacity to contribute to the SDGs requires new
approaches to geoscience education...

Enhancing geoscientists’ engagement with the SDGs requires...

More public understanding of geoscience will help to foster Earth-literate citizenship,
and inspire and inform action towards all the SDGs...

This will foster Earth-literate citizenship, and inspire action towards all the SDGs

Raise awareness of climate change, and the
actions needed to mitigate and adapt to
its impacts

Geoscientists have innovative ways of
thinking across spatial and temporal
scales

Build understanding of the causes and
impacts of hazards, and inspire action
to prevent and mitigate disasters

Protecting
the natural

environment

Incorporating fundamental sustainability concepts and skills
into Earth science curricula:

Eradicating
poverty

Give communities greater understanding
of their natural heritage
(e.g., through geoparks)

Ensuring universal
access to basic services
and ending unsustainable 
consumption patterns

QUALITY
EDUCATION

1

4

32

Strengthening pre-college
Earth science education &
teacher preparation

More collaboration between
Earth scientists

Geoscientists improve access to safe water
and reliable energy, allowing children
to stay in school longer

More dialogue with other
disciplines

Incorporation of social and
economic sustainability
concepts into curricula

Development of new skills
(e.g., communication, stakeholder
mapping)

Knowledge of natural resources, 
geohazards and climate change is 
essential to promoting sustainable 
development
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4.1 Introduction

Education plays a crucial role in delivering the
Sustainable Development Goals (SDGs). Quality
education is a standalone goal (SDG 4), expres-
sed through seven targets and three means of
implementation (Table 4.1). It is also, however,
an essential catalyst and facilitator for all 17 of
the SDGs discussed in this book (UNESCO
2015, 2017a, 2018a). Eradicating poverty,
ensuring universal access to basic services,
tackling inequality, ending unsustainable con-
sumption patterns, and protecting the natural
environment all require new attitudes and ways
of living that can only be accomplished through
innovative approaches and greater access to
education. Quality education, as envisaged in
SDG 4 (ensure inclusive and equitable quality
education and promote lifelong learning

opportunities for all), provides people with the
knowledge, skills, tools, and capacity for lifelong
learning that fosters inclusive human well-being
while preserving the Earth systems upon which
all life ultimately depends (e.g., UNESCO
2014a, 2015, 2017a).

A key message of SDG 4 is that ‘education-as
usual will not suffice’ (UNESCO 2016a). This
has important implications for education across
all levels, settings, and disciplines. The solution-
resistant challenges to sustainability that arise at
the intersection of intertwined and complexly
interacting natural and human systems demand
innovative thinking regarding the nature and
purpose of education. This applies to the educa-
tion of geoscientists, as much as the general
education of the population as a whole.

Transforming Our World: The 2030 Agenda
for Sustainable Development presents the

Table 4.1 SDG 4 Targets and Means of Implementation

Target Description of Target (4.1–4.7) or Means of Implementation (4.A–4.C)

4.1 Ensure that all girls and boys complete free, equitable and quality primary and secondary education
leading to relevant and Goal-4 effective learning outcomes

4.2 Ensure that all girls and boys have access to quality early childhood development, care and pre-primary
education so that they are ready for primary education

4.3 Ensure equal access for all women and men to affordable and quality technical, vocational and tertiary
education, including university

4.4 Substantially increase the number of youth and adults who have relevant skills, including technical and
vocational skills, for employment, decent jobs and entrepreneurship

4.5 Eliminate gender disparities in education and ensure equal access to all levels of education and vocational
training for the vulnerable, including persons with disabilities, indigenous peoples and children in
vulnerable situations

4.6 Ensure that all youth and a substantial proportion of adults, both men and women, achieve literacy and
numeracy

4.7 Ensure that all learners acquire the knowledge and skills needed to promote sustainable development,
including, among others, through education for sustainable development and sustainable lifestyles, human
rights, gender equality, promotion of a culture of peace and non-violence, global citizenship and
appreciation of cultural diversity and of culture’s contribution to sustainable development

4.A Build and upgrade education facilities that are child, disability and gender sensitive and provide safe,
nonviolent, inclusive and effective learning environments for all

4.B By 2020, substantially expand globally the number of scholarships available to developing countries, in
particular least developed countries, small island developing States and African countries, for enrolment in
higher education, including vocational training and information and communications technology,
technical, engineering and scientific programmes, in developed countries and other developing countries

4.C By 2030, substantially increase the supply of qualified teachers, including through international
cooperation for teacher training in developing countries, especially least developed countries and small
island developing states
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Sustainable Development Goals (SDGs) as a
plan for ‘people and planet’. This captures the
idea that human well-being depends not only on
peaceful and equitable economic development
but also on functioning Earth systems, which are
currently in jeopardy. As experts in observing,
interpreting, modelling, and monitoring Earth
systems, geoscientists are uniquely equipped to
address the ‘planet’ dimension of Agenda 2030.
Historically, geoscientists have given less con-
sideration to the ‘people’ component, including
the human actions, institutions, and values that
shape how people interact with each other and
the planet (Mora 2013; Gill 2016; Stewart and
Gill 2017). The thematic content of Earth science
education (e.g., natural resources, geohazards;
climate change) clearly aligns with the SDGs, but
inattention to the social and economic dimen-
sions of sustainability in the formal education
and continued professional development of most
geoscientists may hinder their ability to engage
effectively in international sustainability initia-
tives. To better integrate geoscience expertise
with the SDGs, Earth science education needs to
broaden its scope to incorporate key sustain-
ability concepts (Gill 2016; Stewart and Gill
2017; Gill et al. 2018).

Through this chapter, we, therefore, aim to
examine the ambitions of SDG 4 for transfor-
mative education and its interconnections with
other SDGs. We will highlight the unique
knowledge and skills that geoscientists can con-
tribute to sustainable development efforts, and
explore how geoscience education can prepare
scientists and citizens to act as agents of change
for sustainability.

4.2 Education in a Global
Development Context

The UN Millennium Development Goals (2000–
2015), the predecessor to the SDGs, included one
goal focused on education. This aimed, by 2015, to
ensure that all children completed a full course of
primary schooling. From 2000 to 2015, the num-
ber of primary school children not attending school
decreased by nearly 50%. However, 57 million

children of primary school age were still out of
school, with more than half of them living in sub-
Saharan Africa (United Nations 2015b). Several
key trends in global education underscore addi-
tional challenges (all from United Nations 2018):

• Worldwide, an estimated 617 million children
and youth of primary and lower secondary
school age lack basic mathematics and liter-
acy skills.

• In 2016, only 34% of primary schools in the
poorest countries had electricity; less than
40% had basic facilities for handwashing.

• Globally, about 85% of the world’s primary
school teachers were trained in 2016. This
number was 71% in Southern Asia and just
61% in sub-Saharan Africa.

Recent data from the UNESCO Institute for
Statistics (2018) highlight wide disparities in
access to education based on gender and income:

• 262 million (about one in every five) of the
world’s children and youth ages 6–17 are out
of school; this number rises to approximately
one in three in low- and lower-middle-income
countries.

• Girls still face obstacles to education, partic-
ularly in sub-Saharan Africa, where girls of all
ages are more likely than boys to be denied
the right to education.

• There are significant gaps in out-of-school
rates between the world’s poorest and richest
countries. Nearly every child of primary age is
in school in high-income countries, compared
to 80% in low-income countries. The gap
widens with age: just 6% of upper-secondary
youth are out of school in high-income coun-
tries compared to 60% in the poorest countries.

The challenges above and others are addres-
sed by SDG 4, which takes a much more holistic
approach to education than the Millennium
Development Goals, having both a broader
agenda and universal applicability (Table 4.1). It
has relevance to all nations, from those consid-
ered to be least developed to those classified as
being high income (UNESCO 2015). SDG 4
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encompasses all levels and types of education
(e.g., early childhood, primary, secondary, tech-
nical and vocational, higher education, lifelong
learning) and different modalities and settings for
learning, both formal and informal. It addresses
not only the quantity of education, but also its
quality, going beyond access to basic education
and enrolment and completion rates, to also
consider the quality of learning environments,
teacher qualifications, and the effectiveness of
curricular frameworks (UNESCO 2015, 2017a).

SDG 4 includes seven targets and three means
of implementation (Table 4.1), which we can
group into three themes: (1) access to education,
(2) learning outcomes, and (3) the educational
infrastructure facilitating the implementation of
SDG 4 (Table 4.2). Learning outcomes, the focus
of this chapter, include not only content knowl-
edge but also development of key competencies,
attitudes, and values that empower learners to
become change-makers for sustainability
(UNESCO 2017a, 2018a).

SDG 4 promotes education that goes beyond
the transfer of knowledge to develop core com-
petencies and build capacity for addressing sus-
tainability challenges (UNESCO 2014a, 2015,
2018a). Competencies are broader than skills,
described by Wiek et al. (2011) as a constellation
of synergistic knowledge, skills, and attitudes that

enable action and problem-solving. UNESCO
(2017a) has identified eight overarching sustain-
ability competencies, including cognitive, affec-
tive, volitional, and motivational components
(Fig. 4.1).

Education that fosters an understanding of the
Earth system is a key element of Target 4.7,
which is subdivided into two complementary and
mutually reinforcing components: Education for
Sustainable Development and Global Citizenship
Education (UNESCO 2015, 2017a).

• Education for Sustainable Development
(ESD) is interdisciplinary, and addresses both
learning content and pedagogy. It includes key
sustainability topics (e.g., poverty reduction,
sustainable consumption, climate change, and
disaster risk reduction) and student-centred,
participatory, and action-oriented approaches
to teaching and learning (UNESCO 2017a).
ESD was the focus of the United Nations
Decade of Education for Sustainable Devel-
opment 2004–2014, which aimed to reorient
all aspects and levels of education to include
principles and practices of sustainable devel-
opment (UNESCO 2014a).

• Global Citizenship Education (GCED)
‘aims to be transformative, building the
knowledge, skills, values and attitudes that

Table 4.2 Paraphrased SDG 4 Targets and Means of Implementation, expressed in terms of (1) Access to Education,
(2) Learning Outcomes, and (3) Educational Infrastructure

SDG 4 – Paraphrased Targets and Means of Implementation

Access to Education Learning Outcomes Educational Infrastructure

4.1: Equitable and quality
primary and secondary
education for all

4.2: Early childhood
development and pre-
primary education for all

4.3: Affordable and quality
technical, vocational and
tertiary education for all

4.5: Ensure access to all levels of
education training regardless
of gender, disability, or
vulnerability

4.4: Increase relevant workforce
skills – technical
and vocational

4.6: Increase literacy and
numeracy of all
4.7: Knowledge and skills to

promote
sustainable development

4.a: Quality education facilities
4.b: Expand access to scholarship

resources
4.c: Expand access to quality

educators

4 Quality Education 85



Fi
g
.
4.
1

Su
st
ai
na
bi
lit
y
C
om

pe
te
nc
ie
s.
C
re
di
t:
A
ut
ho

rs
’
O
w
n

86 E. Metzger et al.



learners need to be able to contribute to a
more inclusive, just and peaceful world’
(UNESCO 2017b, p. 15). GCED employs a
lifelong learning perspective and incorporates
concepts and approaches from human rights
education, peace education, and Education for
Sustainable Development. It is multifaceted,
encompassing formal and informal educa-
tional approaches, and addresses cognitive,
socio-emotional, and behavioural domains of
learning (UNSECO 2017b).

The 5-year (2014–2019) Global Action Pro-
gramme on Education for Sustainable Develop-
ment (GAP), the official successor to the UN
Decade of ESD, builds on its momentum and
encompasses all aspects of education (UNESCO
2015, 2017b). A network of about 90 GAP Key
Partners, including governments, civil society
organisations, academic institutions, and stake-
holders from the private sector are working on
five interconnected priorities: (1) advancing
policy, (2) transforming learning, and training
environments, (3) building capacities of educa-
tors and trainers, (4) empowering and mobilising
youth, and (5) accelerating sustainable solutions
at local levels (UNESCO 2014b, 2015).
According to a report issued in 2017 midway
through the Programme (UNESCO 2017b), GAP

Key Partners showed progress in all areas
(Table 4.3).

4.3 Geoscience Education
and Sustainable Development

4.3.1 Geoscience and the Sustainable
Development Goals

Geoscientists possess vital and unique knowl-
edge and skills that are essential to promoting
sustainable development (Table 4.4). These
include multi-scalar spatial and temporal rea-
soning, systems thinking, interdisciplinary and
collaborative problem-solving, and the ability to
cope with the uncertainty inherent in dealing
with complex systems and incomplete data
(Mora 2013; Gill 2016; Stewart and Gill 2017).
Furthermore, an understanding of deep time
provides an essential perspective for framing key
sustainability issues such as climate change,
resource depletion, and loss of biodiversity
(Cervato and Frodeman 2012).

With the growing recognition that the prob-
lems of sustainability are ‘wicked’ comes the
realisation that science plays a crucial, but not
sufficient role in achieving sustainable develop-
ment. Figure 4.2 summarises the characteristics

Table 4.3 Summary of GAP Key Partners’ Achievements 2015–2016. Adapted from UNESCO (2017b)

Advancing policy Transforming
learning
environments

Building capacities
of educators

Empowering
youth

Accelerating
solutions
at local levels

• 432 strategic
documents supported

• Partners helped
73K institutions
implement ESD
activities

• 1.5 million
educators trained by
Partners

• More than 1.7
million
youth engaged
in ESD
activities

• Partners worked
with local authorities on
1100 ESD activities

• 701 programmes
supporting ESD
policy development
implemented at the
country level

• 2.4 million
learners involved
in ESD activities

• Partners supported
14,000 teacher-
training institutions
to integrate ESD
into teacher
education

• 675,000 youth
leaders trained

• 754 networks
and organisations
enabled to conduct
ESD activities with local
authorities
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of ‘wicked’ problems, noting that they are
resistant to solutions because they arise from
complex, intertwined, and co-evolving socio-
ecological systems, are multi-causal, and involve
multiple stakeholders with often diverging needs
and values (Rittel and Webber 1973). The
problems of sustainability do not respect disci-
plinary boundaries. For example, The Millen-
nium Ecosystem Assessment (2005) assessed
how ecosystem change impacts human well-
being. This research focused on the interface
between natural and social sciences (Brown et al.
2005; Carpenter et al. 2009; Reid and Mooney
2016). However, the education of natural scien-
tists, including Earth scientists, does not typically
include attention to the socioeconomic dimen-
sions of sustainability (Mora 2013; Gill 2016;
Stewart and Gill 2017; Metzger and Curren
2017). This may limit their ability to communi-
cate scientific knowledge effectively to relevant
stakeholders and policy-makers, and to engage
effectively in problem-solving at the science–
society interface (e.g., Batie 2008; Miller 2015).

Natural hazards mitigation provides an
example of the need to rethink how geoscientists

engage with communities and decision-makers to
address challenges to sustainability. Disaster risk
reduction is central to achieving the SDGs and

Fig. 4.2 Some characteristics of wicked problems,
described by Rittel and Webber (1973) Authors’ Own,
After Rittel and Webber (1973)

Table 4.4 Cognitive skills developed through Earth science education (from Gill et al. 2018)

Summary Description (adapted from King 2008)

1. Interpretive and
historical thinking

Earth science involves a range of methodologies, including those required to ‘predict’
what occurred in the past, interpret what is currently occurring, and review the future.
Earth scientists are required to integrate large and incomplete data sets, thinking at
both planetary and local scales

2. Systems analysis Earth scientists are inherently interdisciplinary, combining aspects of physics,
chemistry, and biology to understand environmental processes. Earth science
supports integrated systems thinking, the impacts of feedback loops, non-linear
behaviour, and parameter uncertainty

3. Diverse spatial scales Earth scientists are trained to think at spatial scales ranging from local to global, and
in three dimensions. At a global scale, plate tectonics shapes the surface of the planet.
In contrast, chemical weathering of limestone may result in sinkholes affecting
localised (1-10 s m2) areas. Mineralisation at microscopic levels may help to interpret
processes contributing to the formation of a rock. Earth scientists work across and
integrate these scales. A microscopic analysis of a rock (mm scale) may allow a
macroscopic interpretation of a geological unit (km scale)

4. Diverse temporal scales Earth science requires the ability to think at diverse temporal scales, ranging from
seconds to billions of years (so called ‘geological time’)

5. Field-based applications Interpreting the geological history of a region requires the collation and integration of
diverse field data, such as examining rock strata, fossils, and geochemical sampling.
An Earth scientist’s training will generally encompass fieldwork, laboratory work,
and development of ICT skills (e.g., mapping, modelling, statistical analysis). Earth
scientists can therefore connect field data with computer and laboratory simulations
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scientific understanding of the physical processes
underlying earthquakes, volcanoes, hurricanes,
and other natural hazards plays an indispensable
role in mitigating risk to vulnerable populations
(UNDRR 2015a; UNRISD 2016). Although tra-
ditional approaches to reducing risk from natural
hazards have been dominated by scientific
understanding and technical expertise, it has
become increasingly apparent that information
alone does not guarantee that risk-reducing
action will be taken (e.g., Barclay et al. 2008;
Fearnley et al. 2017; García and Mendez-Fajury
2017; Ismail-Zadeh et al. 2017). A tragic exam-
ple is provided by the 1985 Nevado del Ruiz
eruption in Colombia, which claimed 23,000
lives (Voight 1990). This disaster did not result
from inadequate scientific information or lack of
technology, but rather from the inherent difficulty
of conveying scientific uncertainty, ineffective
communication, and complex social and eco-
nomic factors which prevented local authorities
and communities from taking action in response
scientists’ warnings (Voight 1990; Fearnley et al.
2017; García and Mendez-Fajury 2017).

Addressing the social, economic, and political
factors that shape responses to risk from natural
hazards is as important as understanding the
underlying physical processes (Barclay et al.
2008; Fearnley et al. 2017; García and Mendez-
Fajury 2017; Ismail-Zadeh et al. 2017). How-
ever, the local societal context is often over-
looked by geoscientists when communicating
risk to policymakers and citizens (Stewart et al.
2017). Social science research shows that people
are more likely to take risk-reducing action when
they have participated in disaster risk education
and communication campaigns that enable the
exchange of information and perspectives and
development of trust among various stakeholders
(Barclay et al. 2008). However, the need to
engage with non-scientific audiences presents
communication challenges for geoscientists, who
seldom have training or experience in sharing
scientific knowledge beyond academic journals
and professional conferences (Stewart et al.
2017).

Over the past three decades, Earth system
science and related global environmental change

research programmes have greatly expanded our
understanding of the Earth’s intertwined and co-
evolving biophysical systems while documenting
the extensive and accelerating impacts of human
activities on these systems (e.g., Rockström et al.
2009; Steffen et al. 2015). There have been
numerous and growing calls to more fully inte-
grate scientific investigation of global environ-
mental change with societal needs through the
fusion of the natural and human sciences (e.g.,
Schlosser and Pfirman 2012; Mooney et al.
2013). Just as ‘education-as-usual’ will not suf-
fice to meet the goals set out in Agenda 2030,
‘science-as-usual’ will fall far short (Lubchenco
et al. 2015). The thematic content of geoscience
education intersects with the goals of Education
for Sustainable Development and cuts across all
the SDGs (as illustrated by this book). However,
‘geoscience-education-as-usual’ which addresses
only the scientific aspects of sustainability will
not suffice to help students develop a holistic
understanding of sustainability and the actions
needed to achieve it.

4.3.2 Geoscience Education
in Support of the SDGs

Geoscience has benefited society through
exploration for resources, geotechnical engi-
neering, and mitigation of natural hazards, and its
societal relevance is growing as humanity grap-
ples with finding ways to balance human well-
being now and in the future with respect for
planetary limits. Bobrowsky et al. (2017) suc-
cinctly state that ‘as guardians and developers of
geoscience knowledge and given their particular
sensitivity towards natural systems, geoscientists
must assume the responsibility of promoting new
ways of thinking about human lives in relation to
Earth systems’ (Bobrowsky et al. 2017, p. 5).
The emerging field of geoethics addresses geo-
scientists’ responsibilities to their profession, to
the Earth system, and to society (Mogk and
Bruckner 2017; International Association for
Promoting Geoethics 2018). The fundamental
values of geoethics as articulated in the Cape
Town Statement on Geoethics (Di Capua et al.
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2017) promote geoscience education for all that
furthers sustainable economic development,
helps to prevent and mitigate natural hazards, and
fosters well-being and resilience (Box 4.1).

Box 4.1 Fundamental Values of
Geoethics, from the Cape Town State-
ment (Di Capua et al. 2017)

• Honesty, integrity, transparency and
reliability of the geoscientist, including
strict adherence to scientific methods;

• Competence, including regular training
and lifelong learning;

• Sharing knowledge at all levels as a
valuable activity, which implies com-
municating science and results, while
taking into account intrinsic limitations
such as probabilities and uncertainties;

• Verifying the sources of information
and data, and applying objective, unbi-
ased peer-review processes to technical
and scientific publications;

• Working with a spirit of cooperation
and reciprocity, which involves under-
standing and respect for different ideas
and hypotheses;

• Respecting natural processes and phe-
nomena, where possible, when planning
and implementing interventions in the
environment;

• Protecting geodiversity as an essential
aspect of the development of life and
biodiversity, cultural and social diver-
sity, and the sustainable development of
communities;

• Enhancing geoheritage, which brings
together scientific and cultural factors
that have intrinsic social and economic
value, to strengthen the sense of
belonging of people for their
environment;

• Ensuring sustainability of economic and
social activities in order to assure future
generations’ supply of energy and other
natural resources.

• Promoting geo-education and outreach
for all, to further sustainable economic
development, geohazard prevention and
mitigation, environmental protection,
and increased societal resilience and
well-being.
The full Cape Town Statement on

Geoethics is available on the website of the
International Association for Promoting
Geoethics (www.geoethics.org/ctsg).

Gill et al. (2018) outline a multifaceted
approach to making better connections between
Earth science knowledge and expertise and the
international sustainable development agenda.
The effort must begin with strengthening pre-
college Earth science education, which is either
absent or of poor quality inmany parts of theworld
(e.g., King 2008, 2013). Other needs include:
(1) incorporating fundamental sustainability con-
cepts and skills, including the ability to engage
effectively in cross-disciplinary and cross-cultural
communication, into Earth science curricula;
(2) more collaboration between Earth scientists
and other disciplines, including economics, social
sciences, and the humanities; (3) career guidance
for Earth science graduates to increase awareness
of how they can contribute to sustainable devel-
opment; and (4) resourcing university-level Earth
science education in the Global South (Gill et al.
2018). Teachers are powerful agents of change and
another critical need is to infuse sustainability
concepts and participatory, learner-centred peda-
gogies into the preparation of pre-college Earth
science teachers (Hale et al. 2017).

4.4 Examples of Geoscience
Education in Support
of Sustainability

In this section, we present six examples that
illustrate how geoscience expertise, education,
and outreach can support sustainable develop-
ment by helping to build conceptual knowledge,
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foster relevant skills and attitudes, promote
greater capacity for adaption and resilience in the
face of uncertainty, and inspire action for the
SDGs. These examples include the following:

• Three educational initiatives related to natural
resources (in this case water), natural hazards,
and climate change (Sect. 4.4.1–4.4.3). These
topics are closely related to human well-being,
involve people–planet interactions, and are
included in the thematic content of both Earth
science education and Education for Sustain-
able Development.

• Two UNESCO initiatives, including one sup-
porting Earth science education in Africa, and a
global programme using ‘geoparks’ to promote
Earth science education (Sects. 4.4.4 and 4.4.5).

• The Interdisciplinary Teaching of Geoscience
for a Sustainable Future (InTeGrate) Project
(Sect. 4.4.6). This is a United States-based
initiative that fosters interdisciplinary teaching
about sustainability through the development
of instructional materials and programmes that
situate geoscience concepts in the context of
societal issues and provides a model for cross-
disciplinary collaboration and programme
design that could be adapted elsewhere
(Gosselin et al. 2013, 2016, 2019; Kastens
and Manduca 2017).

These six examples range in scale from local to
global, representing diverse audiences, types of
materials and programmes, and teaching strate-
gies. They also reflect the interconnectedness of
Education for Sustainable Development, Disaster
Risk Reduction (DRR) education, and climate
change education (UNESCO 2010, 2017a),
recognising synergies between the SDGs (Sendai
Framework for DRR (UNDRR 2015a), and Paris
Climate Agreement (United Nations 2015c).

4.4.1 Formal and Informal Education
for Water Sustainability

Universal access to safe water and sustainable
management of water resources (SDG 6) are
essential to all aspects of development including

poverty reduction, energy and food security,
creation of educational and economic opportu-
nities, gender equality, and the health and well-
being of people and ecosystems (e.g., UN World
Water Assessment Programme 2015). Because
management of coupled human-hydrological
systems involves feedbacks across multiple
scales and constituencies, water is at the centre of
some of the most challenging obstacles to sus-
tainability (Silvapalan et al. 2014). Finding
solutions requires scientific and technical exper-
tise combined with an understanding of location-
specific norms, knowledge, culture, and tradi-
tions that shape water use (Kreamer 2016). Well-
meaning attempts to improve water access and
quality often go wrong due to failures to coor-
dinate with community stakeholders, use of
technology that is inappropriate for the setting, a
lack of follow up, and an absence of accompa-
nying educational efforts (Kreamer 2016).

A collaboration between Baylor University
and Restoration Gateway (RG), a Christian
community in rural northern Uganda that
includes an orphanage and school, illustrates the
key roles of stakeholder engagement, and both
formal and informal education in sustainable
management of groundwater systems. Wong and
Yelderman (2016) describe the outcomes of
several visits to RG during which geoscientists
and educators from Baylor University combined
hydrologic research with both formal and infor-
mal education. The Baylor team collaborated
with school officials, teachers, and other com-
munity members to assess the community’s
current understanding of hydrogeology and sus-
tainable water development and then worked to
increase knowledge through educational inter-
ventions. Science classes for students in the RG
school, aged approximately 4–10 years, included
investigation of the water cycle and aquifers
using local examples, an introduction to careers
in hydrogeology, and demonstration of relevant
scientific tools and methods. Several weeks spent
living onsite allowed for daily interactions with
the RG community, enhancing the Baylor team’s
understanding of local cultural perspectives and
constraints. Informal conversations with both
adults and children allowed for better
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communication of issues related to the commu-
nity’s water supply and reinforced concepts
taught during formal classroom instruction.

4.4.2 Natural Hazards, Disaster Risk
Reduction, and Education

Geophysical, meteorological, hydrological, and
climatological hazards such as earthquakes, vol-
canoes, extreme weather, flooding, and drought
occur around the world, but not all people are
affected equally. For vulnerable populations with
insufficient capacity to cope with their impacts,
these natural phenomena turn into disasters that
bring loss of life and property damage, disrupt
social and economic systems, increase poverty,
create or worsen conflict, and limit or prevent
access to quality education (e.g., UNDRR
2015b). Mitigating risk is thus a key requirement
for achieving the SDGs, with education in DRR
being a core component of Education for Sus-
tainable Development (UNESCO 2017a). Edu-
cation, both formal and informal, builds
understanding among students (Fig. 4.3), the
broader community, government officials, and
policy-makers of the causes and impacts of
hazards while fostering competencies and skills

that enable and inspire learners to take action to
prevent and mitigate disasters (e.g., UNDRR
2012).

Although disasters resulting from natural
hazards affect both the Global North and Global
South, some areas and populations are at signif-
icantly higher risk than others due to environ-
mental, social, and economic factors which often
combine in ways that make certain groups,
including the poor, children, women, the elderly,
and the displaced more susceptible to disasters
(PreventionWeb 2015). For example, the Asia–
Pacific area experienced nearly half of all global
disasters between 2000 and 2017, with the
poorest nations suffering the greatest impact
(ESCAP 2017; Peters 2018). Additional deaths
resulting from extreme weather are expected to
move this area from ‘high’ to ‘severe’ vulnera-
bility to natural hazards by 2030 (Peters 2018).

The stories of two women, who lent their
geoscientific expertise to earthquake education
and outreach in hazards-prone Central and South
Asia, illustrate how scientists can collaborate
with local communities to reduce the risk for
those who are most vulnerable. Solmaz Mohad-
jer, a geohazard researcher and educator at the
University of Tübingen and University of Central
Asia, uses GPS geodesy and terrestrial remote

Fig. 4.3 Exploring landslide
dynamics in Ladakh. In 2014,
the University of Jammu
partnered with Geology for
Global Development to
design and deliver a hazards
and risk education programme
in Ladakh, India. © Geology
for Global Development.
(used with permission)
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sensing (LiDAR) to quantify hazards such as
earthquakes and rockfalls in Central Asia
(Roberts-Artel 2017). Mohadjer is also the
founder of the ParsQuake initiative,1 which aims
to reduce risk from geohazards in the global
Persian community by improving communica-
tion between scientists and the public (Fig. 4.4).
In collaboration with others, she has developed
lesson plans and organised workshops for local
teachers (Mohadjer et al. 2010, 2018, 2019;
Roberts-Artal 2017). In 2016, Dr. Mohadjer
received a Public Engagement Grant from the
European Geosciences Union to create 10
learning videos that address earthquake science,
hazards, and safety.2 The videos use a paired
teaching approach in which questions posed by
geoscientists are investigated by students through
hands-on activities guided by a classroom tea-
cher (Mohadjer et al. 2018).

Another example of an inspiring geoscientist
advancing education for DRR is Anne Sanquini,
who has combined seismology with sociology to
study what motivates people to act to reduce risk
from natural hazards (Frank 2017). Sanquini sits
on the Board of Trustees of GeoHazards

International, a not-for-profit organisation that
works to help people in developing countries
take action that addresses safety from natural
disasters. After conducting interdisciplinary
research into areas prone to strong shaking in the
Kathmandu Valley of Nepal, Sanquini concluded
that the most vulnerable buildings were schools
constructed of bricks or stone with mud mortar.
She then investigated how people could be
motivated to retrofit the schools (Traer 2015).

Social theory suggests that people will act
against hazards when they: (1) know what to do,
(2) think it would work, and (3) know someone
who did it (Sanquini and Wood 2015; Sanquini
et al. 2016). Guided by this theory and in part-
nership with a technical non-government organ-
isation, the National Society for Earthquake
Technology––Nepal (NSET), and the Nepali
Department of Education, Sanquini and her team
developed a documentary film featuring Nepa-
lese school principals, teachers, parents, and
community members who took steps to make
their schools more earthquake resistant (Sanquini
et al. 2016). The film was tested with community
members associated with 16 public schools in
Kathmandu, revealing that watching the film
increased viewers’ knowledge of earthquake-
resistant building design and methods and led to

Fig. 4.4 Earthquake
education in Tajikistan in
2008. Solmaz Mohadjer
demonstrates aspects of fault
dynamics using simple table-
top exercises in a school in
Tajikistan © Parsquake (used
with permission)

1https://parsquake.org/.
2https://parsquake.org/resources.php.
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increased support for retrofitting schools (Traer
2015). The M 7.8 Gorkha earthquake struck
central Nepal just five weeks after testing of the
film was completed (Frank 2017). Many of the
16 schools in the research project were heavily
damaged. However, the five schools featured in
the documentary film suffered no structural
damage, and some served as aid stations for their
communities in the aftermath. A new ending was
created for the film. It featured the five school
principals describing how their retrofitted build-
ings survived the shaking. This film was released
to the general public to encourage rebuilding
damaged schools using earthquake-resistant
methods. (Anne Sanquini, personal communica-
tion, February 12, 2019).

4.4.3 Climate Change Education

Climate change, the focus of SDG 13, is inex-
tricably linked to sustainable development. It
poses significant risks to food and water supplies,
disrupts livelihoods, and access to quality edu-
cation, and disproportionately affects children,
the poor, and women (e.g., Bangay and Blum

2010; UNRISD 2016). Climate change is also
closely connected to disaster risk, magnifying the
effects of natural hazards. 90% of disasters
recorded between 1995 and 2015 were caused by
floods, storms, heatwaves, and other events
linked to climate and weather (Wahlstrom and
Guha-Sapir 2015).

Climate change is a complex, interdisciplinary
global challenge the potential solutions for which
require the navigation of multiple and competing
socio-political, cultural, and technical issues
(Incopera 2015). Responding to climate change
will thus require both science and policy inno-
vations, and fundamental shifts in thinking and
ways of living (UNRISD 2016). This is where
high-quality, transformative education as called
for by SDG 4 comes in. Education is widely
regarded as an essential tool for responding to
climate change (e.g., Bangay and Blum 2010;
UNESCO 2010; Mochizuki and Bryan 2015)
(Fig. 4.5).

The role of education, training, and public
awareness in mitigating and adapting to climate
change has been highlighted in several interna-
tional agreements including Article 6 of the UN
Framework Convention on Climate Change, the

Fig. 4.5 Encouraging students in Ladakh to explore practical responses to climate change through art and design. ©
Geology for Global Development (used with permission)
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Kyoto Protocol’s Article 10e, and Article 12 of
the Paris Climate Agreement (UNESCO and
UNFCCC 2016 ). Climate change education is a
core element of Education for Sustainable
Development and SDG Target 13.3 explicitly
refers to education: ‘improve education, aware-
ness raising and human and institutional
capacity ’. UNESCO has developed instructional
materials, online courses, programmes, and ini-
tiatives to support climate change education.
Examples which address a wide spectrum of
target audiences, types of materials, and peda-
gogical approaches can be found at an online
platform3 developed by the One UN Climate
Change Learning Partnership (UN CC: Learn
2018).

There are, however, several obstacles to
mainstreaming climate change education includ-
ing an overcrowded curriculum and lack of pre-
pared teachers (Læssøe et al. 2009). Although
teaching about climate change is typically com-
partmentalised into science education, climate
change is not solely a scientific phenomenon, but
rather a complex socio-scientific issue that cuts
across disciplines and does not fit readily into
existing curricula and assessments (UNESCO
2010; Stevenson et al. 2017).

No other group of nations is more vulnerable
to climate change and rising sea levels than the
Small Island Developing States (SIDS). This
group of 57 island and coastal countries are
distributed across three geographic regions:
(1) the Caribbean, (2) the Pacific, and (3) the
Atlantic, Indian Ocean, Mediterranean, and
South China Sea (Scandurra, 2018). These
otherwise heterogeneous countries share distinct
social, economic, and environmental vulnerabil-
ities arising from their small size and limited
resources, remote locations and isolation from
markets, fragile ecosystems and high levels of
exposure to natural hazards (UN-OHRLLS 2011;
Scandurra et al. 2018).

Crossley and Sprague (2014) note that while
SIDS are on the frontline of experiencing the
impacts of climate change, they are also at the
forefront of developing innovative and creative

approaches for addressing them. One such
innovation is Sandwatch, a volunteer network
which takes a citizen science approach to climate
change adaptation and education and supplies a
‘framework for children, youth and adults, with
the help of teachers and local communities, to
work together to critically evaluate the problems
and conflicts facing their beach environments,
and to develop sustainable approaches to
address these issues’ (Cambers and Diamond
2010, p. 8). Each Sandwatch school or commu-
nity adopts a local beach and uses simple, readily
available equipment to take regular measure-
ments over time of such factors as beach width,
currents, waves, and water quality. These data
are used to access the stability and health of their
beach and coastal environment, identify the nat-
ure of any stressors, and take actions to address
them (UNESCO Bangkok 2012; Sandwatch
Foundation 2018).

Launched in the Caribbean in 1998, Sand-
watch is now active in 30 countries worldwide
and is supported by a range of online resources
(e.g., a manual that guides investigations, train-
ing videos, an online course for teachers, and an
international database that stores collected data)
(The Sandwatch Foundation, 2018). As reflected
by the Sandwatch Program, the SIDS countries
are well situated to take advantage of place-based
approaches to education for sustainable devel-
opment, which connects scientific investigation
to the traditional knowledge that has helped
indigenous populations to adapt to location-
specific environmental changes through time
(Selby and Kagawa, 2018).

4.4.4 The Earth Science Education
in Africa Initiative

Africa is rich in natural resources, but poor in the
geoscientific expertise needed to sustainably
develop them and to mitigate risk from natural
hazards and climate change (Martínez-Frías and
Mogessie 2012; UNESCO 2012; Jessell et al.
2017). In response to a call from African gov-
ernments for help in addressing this gap,
UNESCO launched the Earth Science Education3www.uncclearn.org/.
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in Africa Initiative in 2008 (UNESCO 2012;
Mynot 2014). Regional scoping workshops
organised across Africa in 2009 and 2010
revealed the need to
1. Raise awareness among the general public

and decision-makers of the importance of
Earth science as a key contributor to sus-
tainable development;

2. Enhance multidisciplinary approaches to
Earth science research and teaching;

3. Include Earth sciences in primary and sec-
ondary school curricula;

4. Address the lack of analytical facilities
through collaborative exchanges and identi-
fication of new funding mechanisms;

5. Build strong connections between industry
and universities; and

6. Reinvigorate old and build new networks
both within Africa and between African Earth
scientists and the global geoscience commu-
nity (UNESCO, 2012).

Implementation of the Earth Science Educa-
tion in Africa Initiative is facilitated by the
African Network of Earth Science Institutions
(ANESI), which brings together partners from
universities, government agencies, and the pri-
vate sector to direct projects and plan and host
workshops focused on three major themes:
(1) geological mapping training, (2) Earth sci-
ence in schools, and (3) increasing information
on the health impacts of mining activities
(UNESCO 2012; UNESCO 2017c).

A related initiative is the African Geoparks
Network, which was created in 2009 by the
African Association of Women in Geosciences
(Errami et al. 2015; see SDG 5). As described in
the next section, UNESCO Geoparks link geo-
heritage with local socio-economic development
through geotourism, which supplies employment
opportunities (Errami et al. 2015). Africa has
extraordinary geological resources and land-
scapes. There are currently only two Geoparks in
Africa, the M’Goun Global Geopark in Morocco
and the Ngorongoro Lengai in Tanzania (Global
Geoparks Network 2018). Many projects are
underway that aim to increase that number
(Errami et al. 2015).

4.4.5 UNESCO’s International
Geoscience and Geoparks
Programme

UNESCO is the only United Nations organisa-
tion mandated with supporting research and
capacity building in the geosciences (UNESCO
2018d), and they are responsible for the Global
Geoparks Network. Geoparks are single, unified
geographical regions of international geological
value that are holistically managed to protect the
Earth’s geodiversity, educate the public, and
promote sustainable development. (UNESCO
2016b). Together with UNESCO-designated
Biosphere Reserves and World Heritage Sites,
Geoparks are intended to provide people from
across the globe with an opportunity to celebrate
the diversity of heritage through the conservation
of the world’s cultural, biological, and geological
diversity and to enhance understanding of soci-
etal challenges such as sustainable use of natural
resources, mitigation of climate change, and
promotion of a culture of sustainable economic
development (UNESCO 2016b).

There are currently 140 UNESCO Global
Geoparks in 38 countries (UNESCO 2018d).
A rigorous process is used to establish and
maintain a Geopark designation through a col-
laborative bottom-up process that involves rele-
vant local and regional stakeholders and
authorities including landowners, community
groups, tourism providers, indigenous people,
and other local organisations. Each UNESCO
Global Geopark cooperatively networks with
local people, participates in regional networks,
and is required to cooperate with other Geoparks
as a member of the Global Geoparks Network
(UNESCO 2016b). See SDG 8 for more
information.

Geoparks support SDG 4, especially Target
4.7, and the other SDGs in several ways that also
support Earth science education. They serve as
outdoor classrooms, implementers of sustainable
development and lifestyles, and promote cultural
diversity through educational activities for local
communities and visitors of all ages. As part of a
holistic approach to sustainable development,
educational programming is a critical component
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of Geoparks. The top 10 educational topics
among the worldwide network of Geoparks in-
clude: Natural Resources; Geological Hazards;
Climate Change; Education; Science; Culture;
Women; Sustainable Development; Local and
indigenous Knowledge; and Geoconservation
(UNESCO 2016b).

The Villuercas Ibores Jara UNESCO Global
Geopark, located in the south-eastern part of the
province of Cáceres in the Extremadura region of
Spain, provides an example of how Geoparks
foster Earth science literacy for learners of all
ages (Villuercas Ibores Jara Geopark 2016; Vil-
luercas Ibores Jara Geoparque Mundial de
La UNESCO 2019) (Fig. 4.6). The park’s unique
landscape consists of quartzite peaks and deep
river valleys produced by differential erosion of
intensely folded and faulted Precambrian and
Paleozoic rocks (Villuercas Ibores Jara Geopark
2016; Villuercas Ibores Jara Geopoarque Mun-
dial de La UNESCO 2019). Its fossils record
evidence for the “ ‘Cambrian Explosion’ and an
abundance of trilobites, brachiopods, and grap-
tolites reflect the rapid diversification of marine
life during the Ordovician Period. In addition to
its remarkable geomorphology and wealth of
paleontological resources, the park is rich in

biodiversity and features a number of archaeo-
logical sites (Villuercas Ibores Jara Geopark
2016; Villuercas Ibores Jara Geopoarque Mun-
dial de La UNESCO 2019).

The ‘Geo-schools’ project uses the Geopark
as an outdoor classroom and aims to foster sus-
tainability through improved geoscience and
environmental education (Barrera and Corrales
2011; Villuercas Ibores Jara Geopark 2016;
Villuercas Ibores Jara Geopoarque Mundial de
La UNESCO 2019. The park’s education initia-
tive involves rural, primary, and secondary
schools as well as adult lifelong education and
teacher support centres. It is jointly managed by
of the Regional Ministry of Education and Cul-
ture, the Cáceres Provincial Council, and the
University of Extremadura (Barrera and Corrales
2011; Villuercas Ibores Jara Geopark 2016).
Both formal and informal educational approaches
are employed to enhance knowledge of the
Geopark’s geological, biological, and cultural
heritage. Examples include interpretive panels,
leaflets, and guided tours. Interdisciplinary edu-
cational materials are designed by the University
in collaboration with teachers and address geol-
ogy, biology, geography, and history. The book “
‘Environmental Awareness of Villuercas- Ibores-

Fig. 4.6 Using art to enhance public understanding of geological time scales © The Villuercas Ibores Jara UNESCO
Global Geopark (used with permission of Jose M Barrera, Director)
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Jara Geopark’ serves as a complementary text for
local teachers and students and social media is
used to share information, activities, and other
resources (Barrera et al. 2015; Villuercas Ibores
Jara Geopark 2016).

4.4.6 InTeGrate (Interdisciplinary
Teaching About Earth
for a Sustainable Future)

The Interdisciplinary Teaching of Geoscience for
a Sustainable Future (InTeGrate 2012–2019)
STEM Talent Expansion Center, funded by the
United States’ National Science Foundation,
catalysed and supported a higher education
community in a broad-based effort to transform
undergraduate geoscience education through
innovative, learner-centred instruction that con-
nects geoscience to grand societal challenges
(Gosselin et al. 2013, 2016, 2019; InTeGrate
2018a). The InTeGrate Project (Box 4.2)
explicitly recognised that knowledge of geo-
sciences is necessary, but not sufficient, for the
development of effective solutions to the wicked
problems of sustainability and focused on the
development of interdisciplinary teaching mate-
rials and instructional programmes that engage
students in understanding geoscience in the
context of societal issues (Gosselin et al. 2013,
2019). With the goal of increasing the number of
undergraduates from a variety of backgrounds
who can act as Earth-literate citizens and to build
a sustainability-focused workforce, materials and
programmes developed by the InTeGrate Project
interweave geoscience concepts and methods
with those from other STEM fields, economics,
the humanities, and social sciences.

Products of InTeGrate include 32 sets of
teaching materials for post-secondary instruction
that combine geoscience learning with societal
issues and systems thinking (InTeGrate 2018b).
InTeGrate materials have also been developed to
support the Next Generation Science Standards

(NGSS), the first science standards in the United
States to explicitly address climate change, sus-
tainability, and human impacts on the Earth
system (InTeGrate 2018b; NGSS Lead States
2013). The InTeGrate modules and courses,
which align with the thematic content of Edu-
cation for Sustainable Development and connect
to the SDGs, are freely available online (InTe-
Grate 2018b). The InTeGrate website also fea-
tures descriptions of how the InTeGrate materials
were developed, implemented, assessed, and
disseminated (InTeGrate 2018a).

InTeGrate project participants carry forward
into the future their collaborative attitude toward
geoscience education, in their individual work, and
through relationships built on interactions during
the project (Kastens et al. 2014). The structures
and tools built to facilitate the development of
materials and affect systemic change at multiple
levels have proven to be valuable in and of
themselves and the resulting curricular materials
and approaches serve as examples of how inter-
disciplinary teaching about sustainability can be
brought to geoscience classrooms and programmes
(Gosselin et al. 2019, InTeGrate 2018a). The
models developed and lessons learned can benefit
other communities interested in better integration
of geoscience education with SDG 4 and the other
SDGs (Kastens and Manduca 2017).

Civil
Society/Governance
Climate Change
Culture, Ethics and
Values
Cycles and Systems
Ecosystems
Energy

Food
Systems/Agriculture
Human Health/
Well-being
Human
Impact/Footprint
Natural Hazards
Natural Resources
Pollution and Waste

Risk and Resilience
Social/Environmental
Justice
Technology
Water and Watersheds

Box 4.2 Key features of the InTeGrate
Project Sustainability topics embedded into the
resources produced by the InTeGrate project
include the following:
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4.5 Summary and Conclusions

SDG 4 calls for inclusive, high-quality, and
transformative education that enables learners to
act as agents of change for achieving the SDGs.
Geoscientists possess unique knowledge and
skills that are essential to promoting sustainable
development and the thematic content of geo-
science education aligns with Education for
Sustainable Development and cuts across all of
the SDGs. However, ‘geoscience-education-as-
usual’ which addresses only the scientific aspects
of sustainability will not suffice to prepare Earth
scientists to contribute to the SDGs and related
international sustainability frameworks. Enhanc-
ing geoscientists’ engagement with the global
sustainable development agenda requires a mul-
tilevel, multifaceted approach. This includes
strengthening pre-college Earth science educa-
tion and teacher preparation, incorporating fun-
damental sustainability concepts and skills into
Earth science curricula, more collaboration
between Earth scientists and other disciplines,
career guidance for Earth science graduates to
increase awareness of how they can contribute,
and providing resources for university-level
Earth science education in the Global South.

4.6 Key Learning Concepts

• High-quality, transformative approaches to
education are key to communicating and
implementing innovative ways of thinking
and acting for sustainable development. Edu-
cation is an essential catalyst and facilitator
for all 17 of the SDGs. Quality education
provides people with the knowledge, skills,
tools, and capacity for lifelong learning that
fosters well-being and protects Earth systems.

• Geoscience education needs to expand to
include the human elements of challenges to
sustainability. The thematic content of Earth
science education (e.g., natural resources,
geohazards, climate change) clearly aligns
with the SDGs, but inattention to the social
and economic dimensions of sustainability in

the formal education and continued profes-
sional development of most geoscientists may
hinder their ability to engage effectively in
international sustainability initiatives.

• Increasing public understanding of geoscience
can help deliver the SDGs, as illustrated with
examples of interdisciplinary educational ini-
tiatives and resources that address key geo-
science themes (natural resources, natural
hazards, and climate change) and connect to
the environmental and socioeconomic dimen-
sions of sustainability. These examples reflect
the interconnectedness of Education for Sus-
tainable Development, disaster risk reduction
education, and climate change education.

4.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Explore what other departments at your
institute/university teach courses or modules
linking to (i) natural resources, (ii) hazards
and disasters, or (iii) climate change. Organise
a joint seminar with 15-min presentations
from a representative from each department,
giving their perspective on the theme. Follow
this with an open discussion about what skills
are needed to tackle complex development
challenges.

• To what extent to do you agree with the
statement ‘a geoscience degree in 2020 will
not prepare me for the geoscience jobs in
2030′? To answer this question, consider how
the skills and knowledge themes explored in
your degree course may map to the predicted
jobs of the future (see SDG 8 for ideas). What
themes and skills would you consider it a high
priority to add to your training?

4 Quality Education 99



• Review the sustainability competencies in
Fig. 4.1, and consider those competencies that
are not already integrated into your training.
Design a geoscience-themed activity that helps
to develop one or more of these competencies.

Further Resources

Earth Science Teachers Association (2019). https://
earthscience.org.uk/

European Geosciences Union (2019) Education
Resources. www.egu.eu/education/

Geological Society of London (2019) Education and
Careers Resources. www.geolsoc.org.uk/education

Higher Education Academy (2019) Education for Sus-
tainable Development. www.advance-he.ac.uk/
guidance/teaching-and-learning/education-
sustainable-development

InTeGrate (2019) InTeGrate TeachingMaterials. Available
online: https://serc.carleton.edu/integrate/teaching_
materials/index.html

UNESCO (2019) Education for Sustainable Development.
https://en.unesco.org/themes/education-sustainable-
development
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Overview

Links to other SDGs

Gender equality in geoscience

GENDER
EQUALITY5

Clean water
and sanitation

Improvements
to health

Gender quality is a fundamental human right,
embedded into the United Nations Charter (1945)

Women still face multiple forms of
discrimination, harassment and abuse.

Women hold the key to building a world free
from poverty (SDG 1) and hunger (SDG 2)

Educational progress underpins
changes in attitude and opportunity
that enables equality

Gender equality is foundational to ensuring
inclusive sustainable socio-economic
development, peace and justice.

Ending harassment, discrimination
and bullying

Improving access to leadership positions
of geoscience organisations

Everyone should take a personal responsibility
for building an inclusive community

Mentors and role models provide motivation,
build self-esteem, and incentivise action against
challenges.

Men advocating for gender equality,
as well as women

Improving recognition of female
scientists

Improvements to health (SDG 3) through
access to clean water and safe
sanitation (SDG 6) allows girls to
access and stay in school

Women are more vunerable than men
to the climate change impacts (SDG 13)
and hazards (SDG 1)

Lack of equality prevents women from
pursuing geoscience training and
careers (SDG 8)

Good governance and justice
(SDG 16) is critical to equality

Tackling barriers that prevent women from
pursuing geoscience training and careers

Ensuring equal access to professional
development opportunities
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5.1 Introduction

Equality is a fundamental human right, embed-
ded into the United Nations (UN) Charter (1945).
Article 1 states that the UN will facilitate inter-
national co-operation ‘in promoting and
encouraging respect for human rights and for
fundamental freedoms for all without distinction
as to race, sex, language, or religion’. The
Universal Declaration of Human Rights reiterates
this commitment, noting that ‘all human beings
are born free and equal in dignity and rights’ and
that no distinction of any kind should be made
with regards to the human rights articulated
within the Declaration (United Nations 1948).

Women may face multiple and intersecting
forms of discrimination, depending on their
nationality, sexual orientation, religion, age, socio-
economic status, disability, race, ethnicity, marital
status, or whether or not they have children (UN
Women 2015). Tackling such discriminations
and ensuring equal rights, responsibilities, and
opportunities for all women and girls is central to
the UN Sustainable Development Goals (SDGs),
and the specific focus of SDG 5 (Gender

Equality). Table 5.1 outlines six targets and three
means of implementation relating to SDG 5. These
include ambitions to end all forms of discrimina-
tion of, violence against and exploitation of
women and girls, creating an environment that
ensures their full participation in public life, and
equal rights to economic and natural resources.

Gender equality is foundational to ensuring
inclusive sustainable socio-economic develop-
ment, peace, and justice. Partnerships between
governments, public and private sectors, civil
society and local communities (SDG 17) need to
be inclusive and recognise the fundamental role
of women in local, national, regional, and global
human and socio-economic development strate-
gies. Women hold the key to building a world
free from poverty (SDG 1) and hunger (SDG 2)
(FAO 2016). Progress in all forms of education
(SDG 4) underpins changes in attitude and
opportunity that enable equality, with improve-
ments to health (SDG 3) through access to clean
water and safe sanitation (SDG 6) allowing girls
to access and stay in school. Good and inclusive
governance and justice (SDG 16) is critical to
equality in all contexts. Until gender equality is

Table 5.1 SDG 5 targets and means of implementation

Target Description of Target (5.1 to 5.6) or Means of Implementation (5.A to 5.C)

5.1 End all forms of discrimination against all women and girls everywhere

5.2 Eliminate all forms of violence against all women and girls in the public and private spheres, including
trafficking and sexual and other types of exploitation

5.3 Eliminate all harmful practices, such as child, early and forced marriage and female genital mutilation

5.4 Recognise and value unpaid care and domestic work through the provision of public services,
infrastructure and social protection policies and the promotion of shared responsibility within the
household and the family as nationally appropriate

5.5 Ensure women’s full and effective participation and equal opportunities for leadership at all levels of
decision-making in political, economic and public life

5.6 Ensure universal access to sexual and reproductive health and reproductive rights as agreed in accordance
with the Programme of Action of the International Conference on Population and Development and the
Beijing Platform for Action and the outcome documents of their review conferences

5.A Undertake reforms to give women equal rights to economic resources, as well as access to ownership and
control over land and other forms of property, financial services, inheritance and natural resources, in
accordance with national laws

5.B Enhance the use of enabling technology, in particular information and communications technology, to
promote the empowerment of women

5.C Adopt and strengthen sound policies and enforceable legislation for the promotion of gender equality and
the empowerment of all women and girls at all levels
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realised, women will remain more vulnerable
than men will to the impacts of climate change
(SDG 13) and natural hazards (SDGs 1 and 11).
Lack of equality means that cultural, economic,
and political constraints prevent women from
receiving access to the resources needed to thrive
and build resilient livelihoods.

Achieving SDG 5 globally by 2030, therefore,
requires progress on all of the SDGs, with gender
equality embedded into the policies and actions
driving these forward. Meaningful and full par-
ticipation of women at all levels of institutions,
and in all partnerships, is critical to these
groupings being effective, credible, and having
social license to operate. All stakeholders should
take action to move towards a more sustainable
and equitable world, where women and men

have equal rights, shared responsibility towards
families, and opportunities to serve their local,
national, and global communities.

In this chapter, we aim to show that the geo-
science community can help to secure progress in
this goal worldwide. We first examine current
trends in gender equality, and the scale of the
challenge to address (Sect. 5.2). We proceed to
explore gender equality in geoscience (Sect. 5.3),
including specific challenges faced by women in
the geoscience community. We then set out work
done by many innovative organisations to address
these challenges, with a UK example (Fig. 5.1), a
pan-African initiative, and work in Mongolia
(Sect. 5.4). We conclude with lessons and rec-
ommendations for the broader geoscience com-
munity (Sect. 5.5) to advance this critical cause.

Fig. 5.1 Girls into Geoscience Field Trip to Dartmoor
(2017). Started by the University of Plymouth in 2014,
Girls into Geoscience aims to encourage young women to

consider studying geoscience at university, through
workshops, conferences, and field trips. © Sarah
Boulton/Girls into Geoscience (used with permission)
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5.2 Progress in Tackling Gender
Equality

There has been progress towards gender equality
in recent years, however significant work
remains. The United Nations (2015) Millennium
Development Goals Report notes that while
gender disparity has narrowed in terms of the
education of women and girls, they still earn 24%
less than men globally. As of 2014, 52 (of 195)
countries do not guarantee equality between men
and women in their constitutions (UN 2019).

The Global Gender Gap Index aims to assess
and monitor gender-based disparities, and
increase global awareness about gender gaps.
This index (where 0.0 or 0% means total imparity
and 1.0 or 100% means perfect parity) considers
four sub-indices: (i) economic participation and
opportunity, (ii) educational attainment, (iii)
health and survival, and (iv) political empower-
ment, all at a national scale. The mean value of
these four sub-indices gives the Global Gender
Gap Index. The World Economic Forum (2018)
examined the progress made by 144 countries
towards gender parity, and determined an average
Global Gender Gap Index of 68%. This suggests
much room for improvement if we are to achieve
universal gender parity, the ambition of SDG 5.
Figure 5.2 shows the global average for the four
specific thematic dimensions (i–iv) in 2017, with
parity in economic participation and opportunity

and political empowerment lagging behind edu-
cational attainment and health and survival.

Gender parity varies significantly by region
with a regional average of 60% in the Middle East
and North Africa, and 75% in Western Europe.
While all world regions have narrowed their gen-
der gap during the past 11 years, more efforts are
required to accelerate progress. In East Asia and
the Pacific, for example, the World Economic
Forum (2018) project that it will take 171 years to
achieve gender parity (Fig. 5.3). At national
levels, the situation is more complex. The 2018
Global GenderGap Index report shows that the top
ten countries are (in order of parity): Iceland,
Norway, Sweden, Finland, Nicaragua, Rwanda,
New Zealand, Philippines, Ireland, and Namibia.
This includes both high-income and low-income
countries. While some countries have seen
increasing progress on gender parity (e.g., Iceland,
Nicaragua), others have seen more variation. Mali
has seen an overall decline in gender parity since
2006 (World Economic Forum 2018).

The economic development of countries does
not, therefore, control the extent to which there is
gender equality, when using this index. Rwanda is
classified by the United Nations (UN) as one of the
least developed countries (UNDESA 2019);
however, it has aglobal indexof0.804 (as of 2018),
with one of the highest number of women parlia-
mentarians in the world (World Economic Forum
2018). In contrast, a lack of gender equality will

96%

95%

59%

22%

0% 20% 40% 60% 80% 100%

Health and Survival

Educational Attainment

Economic Participation and Opportunity

Political Empowerment

Fig. 5.2 Gender parity (as of
2018) with respect to the four
sub-indices of the Global
Gender Gap Index. Created
using data from the World
Economic Forum (2018),
covering 149 countries
featured in the 2018 index
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suppress economic growth. The World Bank
(2011) suggests that allowing girls to reach the
same educational level as boyswill increase annual
GDP growth rates, with a significant multiplier
effect. A country’s gender gap closely relates to
economic performance, with nations wanting to
remain competitive needing to adopt inclusive
strategies where women and men have the same
opportunities. Countries with equitable sharing of
resources act as examples to other countries in their
region or income group. Political and public will
are critical to driving forward gender parity in
diverse contexts. Women’s engagement in public
life is helping to tackle gender inequality, giving
more credibility to institutions and increasing
democratic engagement.

A different measure of parity, the Gender
Inequality Index, also gives a multidimensional
view of gender inequalities (UNDP 2019). It
includes factors relating to reproductive health,
empowerment, and economic status (Ortiz-
Ospina and Roser 2018). Figure 5.4 shows
country scores from 1995 to 2015, with lower
scores in this context meaning lower inequality
and higher scores meaning higher inequality.

This index shows considerable variation between
countries, and a clearer Global North–Global
South divide.

Gender gaps are not uniform across all sectors
and industries. The World Economic Forum
(2017) found that the largest gender employment
gaps are in science, technology, engineering, and
mathematics disciplines, and in sectors including
software and IT services, manufacturing, energy,
and mining.

By collecting and using data to understand the
geographical distribution of inequality, how it has
changed over time and its prevalence across
sectors, it is feasible to identify effective mecha-
nisms to help move towards parity. In the
remainder of this chapter, we discuss the perti-
nence of this theme to the geoscience community.

5.3 Gender Equality in Geoscience

5.3.1 Women in Geoscience

Women have made an important contribution to
the historical development of geoscience (Burek
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Western Europe
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Eastern Europe and Central Asia

Sub-Saharan Africa

Middle East and North Africa

North America

East Asia and Pacific

Years to Achieve Gender Parity (all things being equal, as of 2018)

Fig. 5.3 Regional variation in the projected number of years it will take to achieve gender parity (all things being
equal). Created by authors, based on data in World Economic Forum, Global Gender Gap Index, 2018
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and Higgs 2007; Johnson 2018), but this is not
always accurately portrayed by those writing
about the subject. The omission of women geo-
scientists from historical studies of geology is not
due to their lack of existence. Kölbl-Ebert (2001)
has demonstrated the numerous and important
contributions of women. This is a common
problem across other broader science, technol-
ogy, engineering, and mathematics (or STEM)
subjects. Recognising this underrepresentation,
the British physicist Dr Jessica Wade has written
(and encouraged others to write) Wikipedia
articles about notable academics to promote
women role models in STEM, with similar action
for other minority groups (AAAS 2019). We
need to remember the historical role that women
have played in establishing and nurturing geo-
science as a discipline. We need to celebrate their
pioneering work across numerous geosciences
disciplines, and in different socio-economic and

cultural environments, often when tradition sug-
gested that they should not be engaging in
technical and scientific disciplines. Such role
models provide inspiration to new generations of
women.

Today, the representation of women geosci-
entists is generally increasing. For example, in
Mongolia, by the end of the twentieth century
more women than men were graduating as geo-
scientists (Gerel et al. 2006). In the USA,
American Geosciences Institute—AGI (2018a)
documented trends from 1975 to 2017 that show
an increasing number of females enrolling on to
both undergraduate and graduate geoscience
programmes, and an increasing number of
females granted degrees between 1985 and 2017
(Fig. 5.5). From 2005 to 2017, this increase has
been less pronounced, with AGI (2015) sug-
gesting an increase in the number of men enrol-
ling at both undergraduate and graduate levels

Fig. 5.4 Gender Inequality Index, 1995–2015. A selection
of countries are shown to demonstrate changing trends, and
regional differences. Credit: Ortiz-Ospina and Tzvetkova

(2018), based on data from the Human Development Report
(2015). Reproduced under a CC BY license (https://
creativecommons.org/licenses/by/4.0/)
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being due to the growing hydrocarbon industry
and returning military veterans being encouraged
to pursue careers in the resource sector. In
Mongolia, by the end of the twentieth century,
more women were graduating as geoscientists
than men (Gerel et al. 2006), although challenges
remain in translating this to equality of oppor-
tunity after graduation (see Sect. 5.4.3).

In other countries, although there is a lack of
data describing changes in the number of geo-
scientists, overall statistics for STEM subjects, or
the physical sciences (including geology and
environmental science courses) exist. In the
United Kingdom, for example, 40% of physical
science graduates and 23% of those holding
Core STEM Occupations in 2017 were women
(WISE 2017). Closing gender gaps in access to
STEM subjects may require more than tackling
gender equality at a high level in society. Stoet
and Geary (2018) have highlighted that Finland
has high levels of gender equality, education
performance, and science literacy of adolescent
girls, but one of the world’s largest gender gaps
in college degrees in STEM fields. Countries that
are less equal may have particular pressures to
improve quality of life that promote engagement
of females in STEM subjects, with STEM pro-
fessions viewed as bridges to equality, creating
greater opportunities to advance socially and
economically. In more equal societies, this

perception may be different, and women may
have a greater choice to pursue careers that meet
their diverse aspirations. Gender equality in
geoscience education may, therefore, require
careful targeting of interventions, including
exploring how perceptions of the value of pur-
suing one type of career versus another are
influenced.

Gender equality is not solely about the num-
ber of women enrolling and graduating from
geoscience courses, it is also about the way that
they are treated throughout their careers (see
Sect. 5.3.2 for a discussion of harassment, dis-
crimination, and bullying in the geosciences) and
equal access to opportunities to pursue careers in
academia, industry, and public life. Kölbl-Ebert
(2001) reported, for example, that in 1989 a
University of Tübingen student trip to a coal
mine was cancelled because the mining company
would not allow women underground. Gender
diversity is a struggle for the mining sector, at all
levels from entry to senior leadership. Mining is
traditionally an industry dominated by men, with
many areas of employment difficult for women to
participate meaningfully. Potential barriers
include (i) absence of family-friendly workplace
policies, (ii) sexual harassment and discrimina-
tion, (iii) a lack of career pathways and leader-
ship roles, and (iv) a lack of support and
mentoring. Coupled with these barriers, cultural

Fig. 5.5 (left) Female enrolment rates in US geoscience
programmes, 1975–2017. (right) Percentage of degrees
granted to females in US geoscience programmes, 1985–

2017. © American Geosciences Institute (used with
permission)
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norms and discriminatory legislation may pro-
hibit women from working in certain types of
mining activities. Such attitudes persist in many
parts of the world, and are hugely detrimental to
the encouragement of early-career women. In
Sect. 5.4, we outline a range of initiatives that are
helping dismantle such prejudices.

In academia, the number of female geoscience
tertiary education academic staff is increasing in
many countries. For example, in the USA the
AGI (2017) estimates 20% of the geoscience
academic workforce was female in 2016, up from
14% in 2006. While far from being equal, this
increase is predominantly in the junior ranks of
academic staff. In the coming years, through
retirement of existing staff and promotion of
some of these junior staff, it is expected that
further progress towards parity will be made. In
Mongolia, an analysis of gender equality in the
geosciences completed as part of the Education
for Environmental Transition: Mining in Mon-
golia (2004–2010) project found that 71% of the
Department of Geology and 43% of the Depart-
ment of Mining staff at the Mongolian University
of Science and Technology were female. In
Mongolia, the overall proportion of women tak-
ing leadership roles as educational/faculty Chairs
or Deans is 51%, compared to 21% of industry
and government leadership positions being held
by women.

Recommendations for further progress to-
wards gender equality include supporting women
with families, changing cultural attitudes, and
reforming publishing (Cheryan et al. 2017).
Equal opportunities to engage in international
events, critical for academic networking, research
dissemination, and learning and development are
also needed. 19% of the 31st International Geo-
logical Congress held in 2000 in Rio de Janeiro
participants were female (Kölbl-Ebert 2001), and
30% of the Resources for Future Generations
conference held in 2018 inVancouver 2018 par-
ticipants were female. One reason given for this
challenge is the lack of consideration given to
childcare by academic conference organisers

(Calisi et al. 2018), contributing to the ‘baby
penalty’ that negatively affects women’s career
mobility (Mason 2013).

Gender equality also requires greater recog-
nition of scientists who are women by national
and international geoscience communities, and
greater access to leadership positions of influen-
tial geoscience organisations. The latter have
predominantly been led by men throughout their
history, and continue to be so today. For exam-
ple, at the time of writing, the International
Union of Geological Sciences (IUGS) has never
had a woman president.

Moving towards gender equality in geo-
science requires a multifaceted approach that
addresses inequality in education, the workplace,
and professional development opportunities. This
is a global challenge, but one that requires
actions by all members of the geoscience
community.

5.3.2 Harassment, Discrimination,
and Bullying
in the Geosciences

Harassment, discrimination, and bullying have
no national, cultural, or ethnic boundaries,
although they take different forms depending on
the socio-cultural contexts. These are global
problems, and are prevalent in both science and
academia. Respect is a prerequisite for an ethical
working environment, where all persons are
equal and have the same opportunities. Harass-
ment, discrimination, and bullying offend the
dignity of the person, limit the individual free-
dom of choice and impede ethical decision-
making, compromising the serenity of working
environments (Peppoloni and Di Capua 2017).
Discrimination, harassment, and bullying
unfairly silence many voices, particularly those
who are marginalised and already the victims of
inequality. For example, young women may be
discriminated against if they are (or are consid-
ered likely to fall) pregnant and need time off
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work, or if conscious or unconscious prejudicial
discrimination persists in determining some jobs
are solely appropriate to men.

Women could meet hostile and discriminating
environments in their range of study and work
environments, especially during fieldwork. In
scientific fields, 71% of women surveyed were
sexually harassed while conducting fieldwork and
25% were sexually assaulted (Clancy et al. 2014).
Geoscience is not immune to these problems
(Marín-Spiotta et al. 2016; Mogk 2017; St. John
et al. 2016). A survey conducted by the EU-funded
ENVRIplus project found that 27% of respondents
indicated harassment and 20% gender, racial, or
religious discrimination as disgraceful behaviours
in their working environments (Peppoloni et al.
2017). These results suggest that harassment and
bullying are not marginal problems in the geo-
science community. The scientific and profes-
sional community has a general tendency,
however, to deal with subjects that are strictly
technical. Gender issues, ethics, research integrity,
and the socio-political implications of geosciences
have long been considered ‘niche topics’,
although there are signs that this is changing with
some positive initiatives in recent years.

The Statement on Harassment in Geosciences
by the American Geosciences Institute (AGI
2018b) and the document on Scientific Integrity
and Professional Ethics by the American Geo-
physical Union (AGU 2017) have placed
harassment, discrimination, and bullying at the
centre of discussions in the international geo-
science community. The European Federation of
Geologists—EFG has updated its professional
code to include harassment as an unprofessional
behaviour that must be reported to relevant
authorities for prosecution (EFG 2017). In recent
years, the International Association for Promot-
ing Geoethics—IAPG has launched initiatives in
the scientific community to increase under-
standing of this problem and negative conse-
quences in ethical and social terms. The IAPG
‘zero tolerance towards harassment and dis-
crimination’ campaign gives a clear message to
its more than 2200 members across 125 nations,
promoting activities that favour strong

professionalism and the fight against harassment
and discrimination within the scientific and pro-
fessional community (IAPG 2019).

Furthermore, the Geological Society of
America—GSA released a statement on removing
barriers to career progression for women in
geosciences (GSA 2018), and the National
Academies of Sciences, Engineering, and Medi-
cine (2018) published a report on ‘Sexual
Harassment of Women: Climate, Culture, and
Consequences in Academic Sciences, Engineer-
ing, and Medicine’. This report clarified the
problem in quantitative terms, presenting a
comprehensive review of research, experiences,
and effects of sexual harassment on women and
their careers in science, engineering, and medi-
cine. The report provides recommendations for
how organisations can prevent and address sex-
ual harassment in academic settings.

Despite the work of these and other organi-
sations, much work remains to remove harass-
ment, discrimination, and bullying in the
international scientific community and among the
numerous bodies and institutions that compose it.
There is a lack of structures (e.g., offices, com-
missions, working groups) to ensure effective
monitoring and reporting, handling of com-
plaints, the development of coordinated actions
and initiatives that address problems, raise
awareness of fundamental rights, and promotes
respect towards all. Geoscientists need access to
such structures––as well as broader societal
changes in attitude–-to hold perpetrators of
abuse, harassment, and discrimination to
account.

5.3.3 Public Understanding
of Geoscience

Many of the themes that geoscientists work on
have a gendered dimension, and it is therefore
important that geoscientists understand the drivers
and impacts of gender inequality. Resource man-
agement (e.g., water supply, SDG 6), for example,
is traditionally the responsibility of women in
many contexts (Fig. 5.6). The sustainability of
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these resources may confront women more than
other members of the community, being valuable
partners in understanding the actions needed to
protect and manage the resource. To understand
issues of water quality or variation in supply,
interviewing women in a community would gen-
erally serve geoscientists well.

Initiatives to reduce risk from disasters, such
as those triggered by earthquakes, flooding,
landslides, or volcanic eruptions, also need to
consider gender. Disasters threaten social and
economic development, disproportionately
affecting the most vulnerable and marginalised in
society. Disasters kill more women than men, for
example, because of the existing gender
inequalities and their lower socio-economic sta-
tus (Neumayer and Plümper 2007). The 2004
Indian Ocean tsunami killed four times as many
women as men in affected areas of Indonesia, Sri
Lanka and India (MacDonald 2005). Disaster
preparedness efforts often did not consider
women, and therefore they were less aware of

how to protect themselves. Differences between
traditional roles also increased the exposure of
women to the tsunami (MacDonald 2005). For-
mal and informal education, and inclusive par-
ticipation in disaster risk reduction, community
planning, and citizen science, is, therefore, key to
minimising impacts of disasters.

5.4 Initiatives to Improve Gender
Equality in Geoscience

Numerous local, national, regional, and interna-
tional initiatives promote the geosciences as a
career route for women, increase the visibility of
female geoscientists, and break down barriers
preventing women from accessing leadership
positions of key institutions. In Sect. 5.4.1, we
describe a range of organisations––many inter-
national––working to improve gender equality in
the geosciences. We focus in Sects. 5.4.2 and
5.4.3 on initiatives at two scales, continental

Fig. 5.6 Water Collection in Tanzania. While water
collection is traditionally the responsibility of women in
many contexts, their voices are often excluded from

discussions on resource management. © Geology for
Global Development (used with permission)
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(Africa) and national (Mongolia), reflecting the
expertise and leadership of the chapter authors.

5.4.1 Overview of Organisations
and Networks

Early-career women in the geosciences need
concrete examples of other women who have
achieved great results in their professional and
academic careers, who have leading roles in the
geoscience community, who have been capable
to challenge stereotypes and social constraints
that assign to women predefined roles. Holmes
et al. (2008) argue that the gender gap will be
reduced when every geoscience student has
access to women geoscientists they can emulate.
Mentors and inspiring figures provide personal
motivation, build self-esteem, and incentivise
action against challenges (Fig. 5.7).

We outline a selection of professional organi-
sations, networks, and projects in Box 5.1. These
organisations are fundamental points of aggregation

in the scientific and professional community for
women and tangible examples of commitment in
the working world for early-career geoscientists,
forms of self-organisation that very often promote
mentoring and inspiring activities. To provide a
good and pleasant work environment, all these
initiatives are open to constructive discussions and
complementarity with others and their engagement
is important. The International Women in Mining
—IWM have an initiative that engages men in
conversations about gender equality, recognising
that they are key to change. This initiative cele-
brates men who advocate for women in mining and
help to narrow existing gender gaps (IWM 2019).

Box 5.1 Organisations Promoting
Gender Equality and Women in Geo-
science

500 Women Scientists (https://500women
scientists.org/). Founded in 2016, this
project aims to give voice to women in

Fig. 5.7 5th Geology for Global Development Annual
Conference (2017). The organisers’ commitment to
excellent representation throughout the history of

conferences within this series has helped to attract many
young, women Earth scientists. © Geology for Global
Development (used with permission)
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science (including in geoscience) to
empower women to reach their full
potential in science, increase scientific lit-
eracy through public engagement, and
advocate for science and equality. This
project provides a resource for journalists,
educators, policymakers, and scientists.

100 Women Against Stereotypes
(https://100esperte.it/). An Italian project,
started in 2016, with the names and CVs of
100 Italian women in science (including 13
geoscientists), aiming to enhance the role
of women in contributing to the cultural,
scientific, and economic development of
society, and promoting excellent scientists
(who are female) to the media as opinion
makers, consultants, and prominent experts
in their disciplines.

African Associations of Women in
Geosciences (AAWG) (www.aawg.org/).
Aims to encourage women geoscientists to
participate in geosciences-related confer-
ences and to inform about or become
involved in gender issues related to
geosciences.

Association for Women Geoscientists
(AWG) (https://awg.org/). Founded in 1977,
is an international organisation devoted to
enhancing the quality and level of partici-
pation of women in geosciences and to
introduce girls and young women to geo-
science careers, by providing networking and
mentoring opportunities to ensure rewarding
opportunities for women in the geosciences.

Earth Science Women’s Network
(ESWN) (https://eswnonline.org/). Dedi-
cated to career development, peer mentor-
ing, and community building for women in
the geosciences.

Girls into Geoscience (www.plymouth.
ac.uk/research/earth-sciences/girls-into-
geoscience). Started by the University of
Plymouth in 2014, this aims to encourage
young women to consider studying geo-
science at university, through workshops,
conferences, and field trips.

International Women in Mining
(IWM) (https://internationalwim.org/).
A network for women in the mining
industry, with 10,000 members in over 100
countries, supporting more than 50 groups
around the world with 22 in Africa. The
association aims to foster women’s pro-
fessional development in mining industry
via a global mentoring programme.

International Women in Resources
Mentoring Programme (www.iwrmp.
com/). Empowers and promotes women
working in resources to navigate industry
challenges and progress their careers
offering the confidence for achievement
and leadership to make their mark in the
industry.

Organisation for Women in Science
for the Developing World (https://owsd.
net/). An international forum that gathers
women scientists with the objective of
strengthening their role in the development
process and promoting their representation
in scientific and technological leadership.

Society for Women in Marine Science
(SWMS) (https://swmsmarinescience.com/).
Brings together marine scientists of all
career levels to discuss the diverse experi-
ences of women in marine science, cele-
brate research done by women in the field,
and promote the visibility of women in
marine science.

Women in Coastal Geoscience and
Engineering (https://womenincoastal.org/).
A network to help achieve gender equality
by inspiring, supporting and celebrating
women in coastal geoscience and engi-
neering, working across age groups, career
levels, and sectors.

Women in Geoscience and Engineer-
ing, Special Interest Community (WGE
SIC) (www.eage.org/region/?evp=13076).
Part of the European Association of Geo-
scientists & Engineers, whose main mis-
sion is to facilitate the exchange of
knowledge and experience and to promote
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mutual support among their women
members.

Women In Mining (www.
womeninmining.org.uk/). A non-profit
organisation dedicated to promoting and
progressing the development of women in
the mining and minerals sector.

Women in Polar Science (WiPS)
(https://womeninpolarscience.org/). Aims
to celebrate and showcase the inspiring
work of women in Polar Science, building
and strengthening connections, and pro-
viding an avenue for mentoring women in
polar science at various career stages.

Women Oceanographers (www.
womenoceanographers.org/). Aims to
encourage young women to pursue careers
in science and to remove the mystery that
surrounds being a scientist (Fig. 5.8).

5.4.2 Tackling Gender Inequality
in Africa

Women in Africa are more economically active
than women in any other region of the world, at
the forefront of agriculture and small businesses,
and are better represented in many parliaments
than in Europe (African Development Bank
2019). Many challenges remain, however,
including reducing the time women spend col-
lecting water and ensuring women receive equal
way for equal work. This need for greater gender
equity is highlighted in the Africa Mining
Vision, adopted in 2009 by African Heads of
State and facilitated by the African Union. This
sets out how mining can be used to drive
development across the continent, emphasising
the need to ‘initiate empowerment of women
through integrating gender equity in mining
policies, laws, regulations, standards and codes’
(Africa Mining Vision 2009).

Academia also needs to take similar action on
gender equality, with UNESCO (2019) estimat-
ing that as of 2016, 24% of tertiary education
academic staff in sub-Saharan Africa are women.
In some countries, this is much lower: for
example, 9% (Burkina Faso), 12% (Cote
d'Ivoire), and 6% in Togo. UNESCO (2019)
suggests the global average, in 2016, was 42% of
tertiary education academic staff being women,
reaching 85% in Myanmar in 2017. The African
Association of Women in Geosciences
(AAWG1), founded in 1995, is working to
address this in the context of the geosciences, by
encouraging women to participate in geoscience
conferences, and raising awareness of gender
issues related to geoscience (Errami 2009, 2013).

AAWG is an action-orientated organisation,
provoking discussion but recognising that this is
not sufficient for addressing SDG 5. AAWG
believes that educating and involving women
will benefit the whole of society. AAWG mem-
bers are involved in mentoring to help women
identify and overcome barriers preventing their
involvement and progression in the geosciences.
AAWG organises meetings with girls andFig. 5.8 Girls into Geoscience Practical Class (2018).

Exploring foraminifera (forams) down the microscope at
the Girls into Geoscience workshop. © Sarah
Boulton/Girls into Geoscience (used with permission) 1www.aawg.org/.
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women in different institutions to determine their
problems and reflect on how they can apply
learning from other experienced women to help
address these challenges. AAWG focuses on
three main projects:

Geoscience Conferences. Biannual confer-
ences are coordinated, dedicated to the encour-
agement of participation of women in the
geosciences, and the presentation of their scien-
tific works. These conferences are open to the
contribution of both men and women to make
them working together. In this framework, men
feel that women are giving them opportunities to
serve in the activities they are leading, which will
push men to give them back the opportunity to be
involved in their activities. The conferences are
accompanied by short courses, workshops,
roundtables, and field trips (Fig. 5.9).

Day of Earth Sciences in Africa and Middle
East. This aims to promote geoscience for soci-
ety, including promoting geoscience to girls in
primary and secondary schools, and the public.
Since this started, more than 10,000 people have
participated in activities, including many women.

The African Geoparks Network (AGN).
This network, and three international conferences
promoting geoheritage for society, have helped
to create new jobs for local women and
empowered them through the creation of new
products and cooperatives (Errami et al. 2012).
This contributes to efforts to alleviate poverty
through geotourism (see SDGs 4 and 8).

Women lead AAWG activities, which helps to
build capacity in organising local, regional, and
international scientific events, financial manage-
ment, and coordinating international scientific

Fig. 5.9 (a, b) Fifth AAWG preconference meeting
entitled Women and Geosciences for Peace, Abidjan
(Côte d’Ivoire), 4–8 May 2009. Meetings with girls from
a local secondary school and women geoscientists

working in PETROCI Holding, the main sponsor of
AAWG since 2009. (c, d) Post-AAWG Conference Field
Trip (Côte d’Ivoire), with 110 participants. Credit:
Authors’ Own
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teams. It increases their visibility at local,
national, and international levels, and builds new
and strengthens existing networks. Association
with AAWG gives more visibility to women
geoscientists at local, national and international
levels.

5.4.3 Tackling Gender Inequality
in Mongolia

Mongolia currently has one of the highest per-
centages of women working professionally in the
region, with women and men perceived to be
relatively equal compared to other countries in
the region. Mongolia is ranked 53rd among 144
countries using the Gender Gap index (0.713),
and is ranked 4th in the East Asia and Pacific
region (Global Gender Gap Index 2017). Mon-
golia ratified the United Nations Convention on
the Elimination of All Forms of Discrimination
Against Women (UN Women 2009) in 1981, and
the subsequent Optional Protocols in 2002.
A National Law for the Promotion of Gender
Equality was approved in 2011, supported by an
implementation strategy and action plan for
2013–2016 overseen by the National Committee
on Gender Equality (NCGE) and chaired by the
Prime Minister.

Mongolia is emerging as a major new frontier
for mineral exploration and development, with
mining predicted to become the primary industry.
The South Gobi province of Mongolia includes
the largest mine in Asia, the Oyu Tolgoi copper
and gold mine, as well as the Tavan Tolgoi coal
mine (Cane 2014, 2015). There is a strong need
for a highly educated, indigenous geoscience,
and mining labour pool. It is therefore vital to
address gender stereotypes and employment
segregation if women are to have equal access to
economic opportunities such as employment in
mining, mining-related activities, and small to
medium enterprises connected to the mining
industry. Women’s employment at Oyu Tolgoi
mine does not exceed 38% (recently 40%) of the
workforce in any category in mining adminis-
tration, engineering, environment, geology, pro-
cessing, information technology, and many

others, and is generally under 20%, suggesting
space for improvement (Cane 2015). Generally,
female participation in the mining workforce
may be more difficult due to organisational cul-
ture, and socio-cultural barriers, stereotyping of
jobs, discrimination (including through regula-
tions that restrict or prevent women from higher-
paying employment as heavy equipment opera-
tors or underground workers), sexual harassment,
and lack of the mechanisms or will to manage
complaints (Cane 2015).

There is also a need to tackle the negative
impacts of mining on the lives of women and
vulnerable groups (Cane 2015), with growing
evidence that gender inequalities are being
exacerbated by mining and associated population
influx (e.g., through sexual harassment and
gender-based violence). It is widely noted that
the negative social impacts of mining dispro-
portionately affect women (Macdonald and
Rowland 2002; Lahiri‐Dutt 2011).

The Women in Mining Mongolia (WIM
Mongolia2) group has engaged with many early-
career mining engineers and geologists working
in mining companies to explore the contribution
of women in Mongolia’s extractive industry.
Their survey included 16,000 participants (of
approximately 37,000 people in Mongolia’s
mining industry including private- and
government-owned companies engaged in vari-
ous geological, technical, mining, and services
fields, and institutions delivering mining educa-
tion). Their survey found, for example, that
almost 17% of the top managers of Mongolian
mining companies are women, slightly above the
global average of 12%.

Based on this research, WIM Mongolia has
developed an action plan to improve diverse and
inclusive decision-making practices within
Mongolia’s mining sector. This aims to
strengthen the engagement of women in the
mining sector, bringing their understanding and
education to the sector, and therefore helping to
enhance social license from local communities.
WIM Mongolia will initiate dialogue with
stakeholders on (i) educating, attracting, and

2www.wimmongolia.org/.
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recruiting women into the mining sector;
(ii) helping advance women in a male-dominated
culture; and (iii) coaching and mentoring to
develop leadership and accountability skills.

The Education for Environmental Transition:
Mining in Mongolia (2004–10) project, funded
by the Canadian International Development
Agency (CIDA), has worked to build the
capacity of the Mongolian University of Science
and Technology (MUST) to train geologists,
government officials, and other professionals in
the skills necessary to implement environmen-
tally sustainable mining practices. A specific
project activity during this time included an
analysis of gender equality in the geosciences in
Mongolia, tracking differences between gender
equality in academia and industry. At the end of
the twentieth century, more women than men
were graduating as geoscientists but this was not
translating into career opportunities for women
(Gerel et al. 2006), especially in mining
companies.

The Association of Mongolian Women Geo-
scientists was established to increase the aware-
ness of gender-related issues among relevant
individuals and institutions, including mining
companies, and to develop strategies for the
further integration of women into all spheres of
geoscience-related research and careers (Gerel
et al. 2006). Activities help women to enhance
their professional skills, share experiences, and
promote the implementation of government
policies on geology and the mining sector.
Specific projects have included the publication of
books to raise the profile of Mongolian female
geoscientists, the development of a geopark, and
coordinating an exhibition with the Museum of
Geology and Mineral Resources.

Mongolia is improving aspects of gender
equality compared to neighbouring countries
(Cane 2015), however, pervasive gender dis-
crimination and harassment continue to create
barriers to women’s economic empowerment and
leadership. The maintenance and growth of a
healthy and robust geoscience community in
Mongolia requires careful attention to the way in
which gender roles are changing. For educated
early-career female geoscientists, a primary

challenge is gaining access to what have tradi-
tionally been male roles, particularly in the
mining sector. The rapid growth of mining in
Mongolia has the potential to have a positive
impact on the lives of women and other vulner-
able groups, if managed appropriately.

5.5 Conclusions
and Recommendations

Despite global progress towards gender equality
and the empowerment of women worldwide,
discrimination continues, depriving women and
girls of their basic human rights and the same
opportunities as men. Achieving gender equality
is the responsibility of all (including both men
and women), and should be a primary consider-
ation when developing actions to address all 17
of the SDGs. It requires diverse changes in policy
and practice in many domains. Legislation is
necessary, but alone will not tackle the social,
cultural, and historical obstacles that hinder
women from accessing equality. UN Women
(2015) notes that equality written in the law does
not always translate into equality in practice. To
address discrimination, we must also eliminate
gender-based stereotypes (e.g., ‘science is not for
girls’) and those social norms and practices (e.g.,
‘a girls education is prioritised less than a boys
education) that result in discrimination persisting
(UN Women 2015).

Women and girls need equal access to the
tools and services (e.g., education and training,
health care, capacity building, suffrage) to help
them fight for and defend their universal human
rights. Each member of the geoscience commu-
nity should take a personal responsibility for
ensuring that equal rights and opportunities are at
the heart of the study and practice of geoscience,
building inclusive communities free of discrimi-
nation and abuse. Limiting inclusion means we
are not harnessing the full collective intellect and
creativity of the geoscience community to
address pressing scientific and societal chal-
lenges. It does significant damage to individuals,
to the geoscience profession, and to society as a
whole.
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In Box 5.2, we outline our recommendations,
summarising key reflections from this chapter, to
provoke discussion and action in the geoscience
community about what more we can do to
achieve SDG 5 in our spheres of influence.

Box 5.2 Summary of Recommendations
1. Gender equality needs to be acknowl-

edged as a primary concern by all in the geo-
science community (i.e., it is not just an issue
for women, and it is not a specialist interest
theme for a small subset of the community).

2. Gender equality cuts across many of
the SDGs, and therefore needs to be in the
forefront of thinking when designing poli-
cies and programmes, or developing part-
nerships and networks, to address the full
spectrum of SDGs, alongside tackling
broader inequality (SDG 10) and ensuring
actions are pro-poor (SDG 1).

3. Increase policymakers and commu-
nities’ awareness of how gender equality in
the geosciences can contribute to peaceful,
healthy, and more prosperous
communities.

4. Listen to the needs of both women in
geoscience and communities, ensuring a
bottom-up approach to tackling gender
inequality.

5. Put systems in place to ensure equi-
table access to formal and informal edu-
cation and training, including continued
professional development and mentoring
programmes. This will help to empower
women and build their capacity. Mentor-
ship encourages women, and helps to build
professional networks.

6. Design educational and workplace
environments to ensure the specific needs
of females are met without them being
exposed to any kind of abuse or discrimi-
nation. For example, access to safe water

and sanitation is critical if girls are to
complete their education (see SDG 6).

7. Increase the visibility of women in
the geosciences to encourage children and
youth considering careers in science,
technology, engineering, and mathematics.
Initiatives such as the Girls into Geo-
science programme (Box 5.1) make a
valuable contribution to this aim, and
should be encouraged and resourced by the
broader geoscience community.

8. Employers need to provide flexible
work environments and more childcare
support to help staff balance work and
family commitments.

9. Develop toolkits focused on practical
ways to facilitate and assess progress to-
wards gender equality in geoscience train-
ing and employment environments could
help drive forward action on gender
equality. These would require engagement
by all stakeholders, to ensure these toolkits
are used.

10. Encourage women to stand for local,
national, regional, and global leadership
positions in the geosciences, with individ-
ual organisations determining the barriers
that may prevent women from applying for
these roles and taking action to remove
these.

11. The geoscience community (both
men and women) should be vocal about
changes needed in attitudes, beliefs, and
behaviours that result in gender-based
discrimination and abuse (e.g., gender-
based violence, stereotyped gender roles,
early marriage) within geoscience institu-
tions and society as a whole.

12. Strengthen local, national, regional,
and global geoscience networks (such as
those in Box 5.1) to facilitate the career
enhancement of females in geoscience.
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5.6 Key Learning Concepts

• Gender equality is a fundamental human right,
embedded into the United Nations Charter,
Universal Declaration of Human Rights, and
UN Sustainable Development Goals. SDG 5
aims to end all forms of discrimination of,
violence against and exploitation of women
and girls, creating an environment that ensures
their full participation in public life, and equal
rights to economic and natural resources.
Significant work remains to ensure gender
equality, with projections suggesting it will
take anything from 60 to 170 years if we
continue with business as usual.

• Women have made an important contribution
to establishing and nurturing geoscience as a
discipline, around the world. While there is
some evidence to suggest an increase in the
representation of women in geoscience pro-
grammes, challenges remain in translating this
to equality of opportunity after graduation.
Moving towards gender equality in geo-
sciences requires a multifaceted approach that
addresses inequality in education, the work-
place, and professional development oppor-
tunities. This includes supporting women with
families, changing cultural attitudes, and
considering the services provided at interna-
tional events to make it easier for those with
children to participate.

• Harassment, discrimination, and bullying are
global problems, and are prevalent in both sci-
ence and academia. While not limited to tar-
geting women, evidence suggests that they are
currently likely to meet hostile and discrimi-
nating environments in their range of study and
work environments. Creating a safe working
environment is the responsibility of all geosci-
entists, supported by access to formal structures
to ensure effective monitoring and reporting,
handling of complaints, the development of
coordinated actions and initiatives that address
problems, raise awareness of fundamental
rights, and promotes respect towards all.

• Many of the themes that geoscientists work on
(e.g., resource management, disaster risk

reduction) have a gendered dimension, and it
is, therefore, important that geoscientists
understand the drivers and impacts of gender
inequality.

• Numerous local, national, regional, and inter-
national initiatives promote the geosciences as
a career route for women, increase the visi-
bility of women geoscientists, and break down
barriers preventing women from accessing
leadership positions of key institutions.
Examples include Girls into Geoscience, the
African Associations of Women in Geo-
sciences, and Women in Mining Mongolia.
These initiatives increase the visibility of
diverse role models in the geosciences, and
should be encouraged and resourced by the
broader geoscience community.

5.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Take part in a Wikipedia edit-a-thon, to enrich
the information available online about women
in the geosciences. The current list of geolo-
gists3 omits many notable women geoscien-
tists from around the world. Help to change
this.

• Organise a Question and Answer session with
your Head of Department to ask about the
actions in place to increase gender equality in
your department. What can you do to support
these?

• Carefully consider what steps you think are
needed to improve gender equality in the
global geoscience community. Write a letter
expressing both your concerns and ideas for

3https://en.wikipedia.org/wiki/List_of_geologists.

5 Achieve Gender Equality and Empower All Women and Girls 123

https://en.wikipedia.org/wiki/List_of_geologists


improvement, and send this to your local
geological society, or international union.

Further Resources

Burek CV, Higgs B (Eds) (2007) The role of women in
the history of geology. Geological Society of London
Special Publications 281

Holmes MA, OConnell S, Dutt K (Eds) (2015) Women in
the geosciences: practical, positive practices toward
parity. John Wiley & Sons

Johnson BA (Ed) (2018) Women and geology: who are
we, where have we come from, and where are we
going? (Vol 214). Geological Society of America

UN Women (2015) United Nations entity dedicated to
gender equality and the empowerment of women.
https://www.unwomen.org/en. Accessed 14 Feb 2019
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6.1 Introduction

Water and sanitation are inalienable rights of
humanity as enshrined in the Human Right to
Water and Sanitation (HRWS) by the United
Nations General Assembly and adopted by all
Member States in 2010. Access to safe water and
sanitation is essential for social well-being, sup-
porting outcomes in health (SDG 3), education
(SDG 4), livelihoods (SDG 8), and gender
equality (SDG 5) for urban and rural populations
globally (Bartram and Cairncross 2010). Water
and sanitation-related diseases, particularly diar-
rhoeal diseases, remain one of the major causes
of death in children under five (Wang et al.
2016). The health burden associated with poor
water and sanitation services, along with the
burden placed on women and children to collect
water when services are located away from the
home, impacts on levels and equality of educa-
tion, as well as economic productivity (Hutton
et al. 2007). The role of water in the agricultural
sector, particularly where irrigation supports
agricultural production and development, con-
tributes to economic growth through revenue and
employment and increases food security at a

household, national, and even global scale.
Through hydropower and renewables, water can
also contribute to improved access to affordable
and clean energy (SDG 7).

Realisation of the social and economic bene-
fits of safe water and sanitation requires an
increase in service levels, particularly across sub-
Saharan Africa, and the sustainable management
and protection of water resources across the
globe. This is the focus of SDG 6: Ensure
availability and sustainable management of
water and sanitation for all, which strives to
achieve universal access to safe and affordable
drinking water and sanitation and aims for effi-
cient use, integrated management, and protection
of freshwater resources and water-related
ecosystems, as summarised by the targets and
associated indicators in Tables 6.1 and 6.2.

The SDGs build on decades of work aimed at
improving lives, reducing poverty, and protect-
ing the environment at a national and global
level. Preceding the SDGs, the Millennium
Development Goals (MDGs), which were adop-
ted by the United Nations General Assembly in
2000, aimed (under Goal 7: Ensure Environ-
mental Sustainability) to halve the proportion of

Table 6.1 SDG 6 targets and means of implementation

Target Description of Target (6.1 to 6.6) or Means of Implementation (6.A to 6.B)

6.1 By 2030, achieve universal and equitable access to safe and affordable drinking water for all

6.2 By 2030, achieve access to adequate and equitable sanitation and hygiene for all and end open defecation,
paying special attention to the needs of women and girls and those in vulnerable situations

6.3 By 2030, improve water quality by reducing pollution, eliminating dumping, and minimising release of
hazardous chemicals and materials, halving the proportion of untreated wastewater and substantially
increasing recycling and safe reuse globally

6.4 By 2030, substantially increase water-use efficiency across all sectors and ensure sustainable withdrawals
and supply of freshwater to address water scarcity and substantially reduce the number of people suffering
from water scarcity

6.5 By 2030, implement integrated water resources management (IWRM) at all levels, including through
transboundary cooperation as appropriate

6.6 By 2020, protect and restore water-related ecosystems, including mountains, forests, wetlands, rivers,
aquifers, and lakes

6.A By 2030, expand international cooperation and capacity-building support to developing countries in water-
and sanitation-related activities and programmes, including water harvesting, desalination, water
efficiency, wastewater treatment, recycling, and reuse technologies

6.B Support and strengthen the participation of local communities in improving water and sanitation
management
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the global population without sustainable access
to an improved drinking water source and sani-
tation facility by 2015.

• An improved drinking water source has the
potential to provide safe water as it is pro-
tected from contamination through its design
and construction; this includes piped water,
boreholes or tubewells, protected dug wells,
protected springs, rainwater, and packaged or
delivered water.

• An improved sanitation facility is designed to
separate excreta from human contact, includ-
ing flush or pour flush to piped sewer systems,
septic tanks or pit latrines, ventilated
improved pit latrines, composting toilets, or
pit latrines with slabs.

As outlined in the final MDG Report (United
Nations 2015), the drinking water target was
achieved in 2010, and by the end of the MDG
period in 2015, almost 90% of the global popu-
lation had access to an improved drinking water
source. However, significant inequalities per-
sisted across the globe: sub-Saharan Africa, for
example, missed the drinking water target com-
pletely with only around 68% of the population
accessing an improved source in 2015. While
globally, urban dwellers achieved a higher level

of access to improved sources than those in rural
areas (96% compared to 84%). The MDG target
for sanitation was not achieved with around one-
third of the global population still using unim-
proved sanitation facilities in 2015, with a starker
contrast between urban and rural access to
improved facilities (82% compared to 50%).

Targets 6.1 and 6.2 of the SDGs go beyond
the aims of the MDGs for access to improved
services, introducing a service ladder (Table 6.3),
which ultimately aims for the much more ambi-
tious goal of safely managed services (note that
the MDG for improved services equates to a
limited level of service under the SDGs). Moving
to safely managed services is a considerable
challenge, with less than 30% of the population
in sub-Saharan Africa, and 71% of the global
population, estimated as having a safely managed
water source in 2017 (Joint Monitoring Pro-
gramme (JMP) 2019c). The SDGs also go
beyond the focus of the MDGs and incorporate
the sustainable management and protection of all
water resources. This is necessary not only to
achieve the drinking water target, but to balance
multiple competing demands for water while
maintaining the resilience and biodiversity of
water-related ecosystems (see SDG 15), which
provide many other services upon which humans
depend, such as carbon sequestration and

Table 6.2 SDG 6 indicators

Indicator Description of indicator

6.1.1 Proportion of population using safely managed drinking water services (see Table 6.3 for definition)

6.2.1 Proportion of population using safely managed sanitation services (see Table 6.3 for definitions),
including a hand-washing facility with soap and water

6.3.1 Proportion of wastewater safely treated

6.3.2 Proportion of bodies of water with good ambient water quality

6.4.1 Change in water-use efficiency over time

6.4.2 Level of water stress

6.5.1 Degree of IWRM implementation (0–100)

6.5.2 Proportion of transboundary basin area with an operational arrangement for water cooperation

6.6.1 Change in the extent of water-related ecosystems over time

6.A.1 Amount of water- and sanitation-related official development assistance that is part of a government-
coordinated spending plan

6.B.1 Proportion of local administrative units with established and operational policies and procedures for
participation of local communities in water and sanitation management
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storage, air and water pollution control, nutrient
cycling, erosion prevention, food, medicine,
livelihoods, recreation opportunities, and spiri-
tual health (Wood et al. 2018).

Target 6.3 aims to improve ambient water
quality to protect both ecosystems and humans
from harmful pollutants, including hazardous
substances. Progress towards this target is mea-
sured by the percentage of wastewater treatment,
including wastewater derived from households,
commercial and industrial activities, urban run-
off, and agriculture, and the percentage of water
bodies in a country with good ambient water
quality. Water quality is measured by a core set
of parameters: dissolved oxygen, electrical con-
ductivity, pH, nitrogen, and phosphorous for
surface water, and electrical conductivity, pH,
and nitrate for groundwater.

Target 6.4 addresses water scarcity by aiming
for sustainable withdrawals (withdrawals defined
as freshwater taken from surface or groundwater
sources, either permanently or temporarily, for
agricultural, industrial or domestic use) and in-
creased water use efficiency. Water use efficiency
is measured as a productivity metric, defined as a
country’s total gross domestic product (GDP) per

unit of freshwater withdrawal, where a high GDP
per unit of freshwater withdrawal indicates a
water-efficient economy. Water scarcity is indi-
cated by the level of water stress at a national scale,
defined as the ratio between total freshwater
withdrawal and total renewable freshwater
resources, after taking into account environmental
water requirements. A country would be consid-
ered water-stressed if 25–60% of renewable water
resources are withdrawn; if this proportion is
higher at 60–75% or > 75%, a country would be
considered water scarce or severely water scarce,
respectively. It should be noted that water scarcity
can also be considered in terms of economic or
institutional water scarcity—where water short-
ages are caused, not by a lack of water availability,
but by poor accessibility due to inadequate
investment or capacity to develop and supply se-
cure water sources.

Integrated water resources management
(IWRM), Target 6.5, seeks to bring together
stakeholders representing different sectors or
geographical regions to ensure collaborative,
cooperative, and coordinated management of
water resources at the scale of individual basins,
which may cross national borders. The degree of

Table 6.3 Service ladder for drinking water and sanitation. Outlined by the Joint Monitoring Programme (JMP) of the
World Health Organisation (WHO) and UNICEF

Service Level Drinking water definition Sanitation definition

Safely Managed Drinking water from an improved source that
is located on premises, available when
needed, and free from faecal and priority
chemical contamination

Use of improved facilities which are not
shared with other households and where
excreta are safely disposed in situ or
transported and treated off-site

Basic Drinking water from an improved source,
provided collection time is not more than
30 min for a round trip, including queuing

Use of improved facilities which are not
shared with other households

Limited Drinking water from an improved source for
which collection time exceeds 30 min for a
round trip, including queuing

Use of improved facilities shared between
two or more households

Unimproved Drinking water from an unprotected dug well
or unprotected spring

Use of pit latrines without a slab or platform,
hanging latrines, or bucket latrines

Surface Water
(6.1) / Open
Defecation (6.2)

Unsafe or unimproved drinking water directly
from a river, dam, lake, pond, stream, canal
or irrigation canal (example in Fig. 6.1)

Disposal of human faeces in fields, forests,
bushes, open bodies of water, beaches, and
other open spaces or with solid waste

Notes (1) an improved drinking water source has the potential to provide safe water as it is protected from
contamination through its design and construction; these include piped water, boreholes or tubewells, protected dug
wells, protected springs, rainwater, and packaged or delivered water. (2) An improved sanitation facility is designed to
separate excreta from human contact, including flush or pour flush to piped sewer system, septic tanks or pit latrines,
ventilated improved pit latrines, composting toilets, or pit latrines with slabs
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implementation is assessed through the four
components of IWRM: enabling environment,
institutions and participation, management
instruments, and financing. Target 6.6 aims to
protect water-related ecosystems (Fig. 6.2), by
halting degradation and destruction of ecosys-
tems, or regenerating those already degraded.
Water-related ecosystems include vegetated
wetlands, rivers, lakes, reservoirs, and ground-
water, with special mention of those occurring in
mountains and forests (linking to SDG 15). The
indicator for this target tracks changes over time
in the spatial extent of water-related ecosystems
and inland open waters, and the quantity and
quality of water in these ecosystems (overlapping
with indicator 6.3.2).

Means of Implementation 6.A and 6.B
recognise that international and local cooperation
is needed to achieve SDG 6, aiming for increased
funding for water and sanitation, particularly as
official development assistance to developing
countries, and increased involvement of local
communities in water and sanitation management

to ensure the needs of all people are being met.
Equality is a core principle of the SDGs, particu-
larly achieving gender equality and the empow-
erment of women and girls to enjoy equal access to
education, economic resources, employment, and
political participation (helping to deliver SDG 5).
This has particular relevance for SDG 6 due to the
unequal burden put on women and children to
collect water when sources are located off-site.

Achieving SDG 6 requires an understanding
of the interlinkages between targets within the
Goal, not simply consideration of the targets in
isolation (Fig. 6.3). For example, increased san-
itation must be accompanied by wastewater
treatment to ensure water quality is maintained
for both drinking water and ecosystem services.
Likewise, water resources must be managed
sustainably to ensure sufficient quantity for all
services, including drinking water and ecosys-
tems, but also other economic uses such as
agriculture, industry, and energy. IWRM links all
targets of SDG 6, providing a management
framework for addressing these linkages (both

Fig. 6.1 Surface water in Tanzania. Example of ‘surface water’ (see Table 6.3 for definition) used for drinking and
watering animals. © Joel Gill (used with permission)
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synergetic and conflicting) to balance competing
demands on water resources.

Understanding the linkages between SDG 6
and the other goals within the development

framework is also crucial for supporting decision-
making to achieve long-lasting development out-
comes. The SDGs are, by design, an integrated set
of goals and there are multiple intersection points

Fig. 6.2 Freshwater resources in Iceland. The targets of
SDG 6 emphasise both provision of safe and affordable
drinking water, and the protection of freshwater ecosystems.

Integrated Water Resources Management promotes a
coordinated approach to the management of water, land,
and related resources. Image by Free-Photos from Pixabay

Fig. 6.3 Interlinkages between targets of SDG 6. IWRM refers to Integrated Water Resources Management. Solid
lines refer to reinforcing relationships, and dashed lines are potentially conflicting relationships
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where individual goals, or targets within them, act
to reinforce, or in some cases conflict, with others.
There are multiple interlinkages between SDG 6
and the other 16 SDGs. Water and sanitation
underpin many areas of development and poverty
reduction—from health and well-being (SDG 3)
to economic growth (SDG 8) and food security
(SDG2). Schools have an important role to play in
improving WASH outcomes through education
and access to services, while the health benefits of
improved WASH lead to improved school atten-
dance, particularly for girls (see SDG 4). Agri-
cultural productivity can be increased by
expanding access to irrigation and increasing the
use of fertilisers and pesticides (see SDG 2), but
this increases the demand for water and potentially
pollutes freshwater resources. The strength and
nature of the interlinkages often depend on the
context, and therefore, vary geographically. A de-
tailed exploration of the interlinkages for SDG 6
can be found in ‘A Guide to SDG Interactions:
from Science to Implementation’ (International
Council for Science (ICSU, 2017) and ‘Water and
Sanitation Interlinkages across the 2030 Agenda
for Sustainable Development’ (UN-Water 2016).

In this chapter, we will look at global progress
towards the targets of SDG 6 in more detail and
introduce some of the key challenges for achiev-
ing this goal. We will then focus on groundwater
and the crucial role that it can, and is playing in
achieving SDG 6. We will explore the role that
geoscientists can play in improving groundwater
management and development so that the poten-
tial socio-economic benefits of groundwater are
realised without significant environmental degra-
dation and risk to future water resources.

6.2 Challenges and Progress
Towards SDG 6

6.2.1 Challenges to Achieving SDG 6:
Climate Change,
Population Growth,
and Conflict

The SDGs represent an ambitious set of targets for
sustainable economic, social, and environmental

development. For water and sanitation, these tar-
gets are set within the context of a changing cli-
mate (see SDG 13) and rapidly growing
population, which puts pressure on global water
resources both in terms of supply and demand. On
top of these pressures are challenges such as rising
inequality, environmental degradation, urbanisa-
tion, industrial production, agricultural intensifi-
cation, conflict and migration, and a lack of
investment and adequate governance, which affect
the availability, accessibility, and quality of water
resources globally.

Water resources are not spread evenly across
the globe. Not all areas have access to frequent
rainfall throughout the year to replenish reser-
voirs, rivers, and aquifers and sustain aquatic
ecosystems (Fig. 6.4). The availability of year-
round water, or the ability to store and transfer
water has a direct impact on a nation’s economic
development (Grey and Sadoff 2007). Much of
Africa and South Asia, are challenged by long
dry seasons or low annual rainfall. This uneven
global distribution is being further affected by
climate change.

The most recent climate change synthesis
report from the Intergovernmental Panel on Cli-
mate Change (IPCC 2014) states that global
warming is unequivocal and summarises the
impacts that are already being seen in the global
climate system. Multi-decadal globally averaged
land and sea surface temperatures increased
between 1880 and 2012. Precipitation over mid-
latitude land areas in the northern hemisphere has
increased since 1901 (there is low confidence in
precipitation trends at other latitudes). Glaciers
have continued to shrink worldwide. Global
mean sea level rose by 0.19 m between 1901 and
2010. An increase in extreme events has been
observed since 1950, with an increase in the
frequency of heatwaves across Europe, Asia, and
Australia, and more areas experiencing an
increase in heavy rainfall events compared to
those seeing a decrease in extreme precipitation.
Looking to the future, projected changes in
temperature and precipitation remain uncertain
and vary geographically, but it is very likely that
heatwaves will occur more often and last longer,
and that extreme precipitation will become more
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intense and occur more often in many areas.
Changes in average precipitation are more vari-
able, with some areas likely to experience an
increase in mean annual precipitation and others
likely to see a decrease. This has consequences
for global water resources, with an increased risk
of flood and drought, and in some areas (partic-
ularly dry subtropical regions), a reduction in
renewable water resources. Risks related to cli-
mate change disproportionately affect the poor in
part, because most developing countries are in
tropical or arid regions where the effects of cli-
mate change are likely to be most severe, but also
because poorer populations have less capacity to
adapt to, withstand, and recover from climate-
related risks such as flood and drought.

In 2015, the global population reached 7.3
billion. This is expected to increase to 8.5 billion
by 2030, 9.7 billion by 2050, and 11.2 billion by
2100, with more than half the growth occurring
in Africa (United Nations Department of Eco-
nomic and Social Affairs Population Division
2019). This puts obvious pressure on water
resources in terms of demand for drinking
water (Fig. 6.5), but will also increase the
amount of water required for food production
and other resources to ensure continued eco-
nomic and social development. Superimposed on
the global trend of population growth, is an

increase in the proportion of the population liv-
ing in urban areas, which is expected to increase
from around 55% in 2018 to 68% in 2050
(United Nations Department of Economic and
Social Affairs Population Division 2018). This
puts particular pressure on water and sanitation
services in urban areas, which are already
struggling to cope with rapid population growth
in many developing countries.

Whether caused by a lack of availability or
accessibility, the implications of water scarcity are
potentially significant and wide-ranging. In addi-
tion to hindering socio-economic development,
water scarcity, in extreme cases, can be a con-
tributing factor to migration, conflict, and
humanitarian crises, like that witnessed in
2015/16, in East Africa, during the El Nino-related
drought (Box 6.1). Even if not the primary cause,
water scarcity is often one of many complex
environmental, social, economic, and political
factors leading to unrest and conflict. One of the
most well-known examples of this is in theMiddle
East, with access to water a critical component of
the ongoing conflict in the West Bank and Gaza.
Much of the recharge to aquifers exploited in
Israel, occurs upstream in the mountains of the
West Bank, where abstraction is strictly controlled
to protect downstream flows. Similar tension
between upstream and downstream users occurs in

Fig. 6.4 Global distribution of rainfall showing the
number of months with limited (<25 mm) rainfall.
From: Hunter et al. (2010) Water Supply and Health.

PLoS Med 7(11): e1000361. https://doi.org/10.1371/
journal.pmed.1000361. Reproduced under a CC BY
license (https://creativecommons.org/licenses/by/4.0/)
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many river basins with the Nile Basin, Indus, and
Mekong river basins all sources of potential con-
flict. Considering the increasing pressures on
global water resources, particularly related to cli-
mate and land use change and population growth,
water scarcity is likely to become a more wide-
spread and significant issue, making the need for
sustainable management and protection of water
resources ever more critical.

Box 6.1. Impacts of El Niño in Eastern
and Southern Africa

What is El Niño? The El Niño Southern
Oscillation (ENSO) is a global climate
phenomenon that influences interannual
temperature and precipitation patterns
across the globe, most significantly in the
tropics. The ENSO has a neutral phase and
two opposite phases—El Niño and La Niña
—driven by changes in the sea surface
temperature gradient and atmospheric
pressure gradient over the tropical Pacific
Ocean (Met Office 2019). The impacts of
ENSO are felt beyond the Pacific region. In
Africa, El Niño episodes are generally
associated with drought conditions in
Southern Africa and the horn of Africa,
with extreme rainfall often occurring in
Tanzania, Uganda, and Kenya.

The 2015–16 El Niño event was one of
the strongest on record (Siderius et al.
2018). Rainfall perturbations, occurring on
top of multiple preceding dry years, resul-
ted in drought conditions across southern
Africa, as well as parts of Ethiopia,
Somalia, and Kenya. The hydrological
effects of this drought included reduced
river flows, unusually low lake levels,
exceptional soil moisture deficits, reduced
groundwater storage and reduced spring
flows across the region (Philip et al. 2018;
Siderius et al. 2018; Kolusu et al. 2019;
MacDonald et al. 2019).

Impacts of the 2015–16 El Niño event
were felt across southern and eastern

Africa. There was significant disruption to
the urban water supply in Gaborone,
Botswana, and hydroelectric load shedding
in Zambia (Siderius et al. 2018); severe
water shortages and water collection times
of more than 12 hours were experienced in
the Ethiopian Highlands (MacDonald et al.
2019); and crop failures caused food
shortages for millions of people across the
region. In Ethiopia, the government, along
with the United Nations, released a
Humanitarian Response Document in
2015, asking for emergency assistance for
over 10 million people. Continued below-
average rainfall means the region is still
experiencing a humanitarian crisis several
years later (ReliefWeb 2019). However,
people that had access to groundwater
through boreholes were much less severely
impacted, and many of the boreholes con-
tinued to function through the drought
(MacDonald et al. 2019).

6.2.2 Monitoring Global Progress

The monitoring framework for tracking progress
towards the SDGs is global, however, the review
process is voluntary and country-led, often sup-
ported by regional or sub-regional commissions
or organisations. In some cases, national baseline
data, against which progress is monitored, does
not exist and the SDGs call for increased support
for data collection at a national level to inform
the measurement of progress. In 2018, less than
half of Member States had comparable data on
progress towards meeting the targets of SDG 6;
just over 40% had data available for more than
four indicators, and only 6% had data available
on more than eight indicators (United Nations
2018). Targets for water, sanitation, and hygiene
(6.1 and 6.2), have a long history of data col-
lection under the MDGs, i.e., since 2000, but the
others generally have data available over much
shorter time periods, if at all.
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6.2.3 Global Progress: Drinking
Water and Sanitation

Despite the pressures described above, global
progress has been made towards achieving the
targets of SDG 6. The Joint Monitoring Pro-
gramme (JMP) of the World Health Organisation
(WHO) and UNICEF use the service ladders
shown in Table 6.3, to monitor progress towards
Targets 6.1 and 6.2. Continued use of the MDG
definitions of improved and unimproved services
allows comparison across the MDG and SDG
periods, showing a significant increase in the
percentage of the total population with access to
basic and safely managed drinking water services
since 2000, particularly in rural areas, across
Asia and sub-Saharan Africa (Table 6.4). A sim-
ilar trend is seen for sanitation services across
Asia, Latin America, and the Caribbean, while
progress has been less significant in sub-Saharan
Africa (Table 6.5).

There is still some way to go if we are to meet
these targets by 2030 (see Figs. 6.6 and 6.7). In
2015, 30% of the global population still lacked
access to safely managed drinking water services
and 12% lacked access to even basic services—
most of these in sub-Saharan Africa and Oceania.
More than 60% of the global population lacked
access to safely managed sanitation services,

while 32% lacked access to basic services—
again, mostly in sub-Saharan Africa and Ocea-
nia, although central and southern Asia also has
some way to go. Oceania is the only region to
have experienced a decrease in service levels,
which has occurred for sanitation across rural and
urban areas. Within these regions, levels of
access are significantly lower in fragile states.
For example, in sub-Saharan Africa, some of the
lowest service levels for drinking water and/or
sanitation are found in Chad, South Sudan,
Democratic Republic of the Congo, and Somalia,
which in 2019, were ranked in the top ten most
fragile states in the world (The Fund for Peace1).
Equally, Yemen and Afghanistan, are amongst
the most fragile states and have the lowest ser-
vice levels for drinking water and sanitation in
Western and Central Asia.

6.2.4 Global Progress: Sustainable
Management

The United Nations Synthesis Report (2018),
summarises progress towards all targets of SDG
6. In 2014, levels of water stress were highest in
Northern Africa and Western, Central and

Fig. 6.5 Queuing for water at a hand dug well in Northern Nigeria. Photo by Alan MacDonald. © UKRI/British
Geological Survey

1https://fundforpeace.org/.
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Southern Asia, and lowest in Oceania, sub-
Saharan Africa, Latin America, and the Car-
ibbean. In Northern Africa and Western Asia,
79% of available freshwater is withdrawn, while
in Central and Southern Asia, the proportion is
slightly lower at 66%. Twenty-two countries are
defined as water-stressed, indicating a high
probability of future water scarcity, with 15
countries already withdrawing more than 100%
of their renewable water resources. Most coun-
tries need to accelerate their implementation of
IWRM to achieve the 2030 target. Levels of
implementation are highest in Australia, New
Zealand, Europe, and North America, and the

lowest in Latin America and the Caribbean.
However, even in regions with low overall
implementation, there are examples of countries
with high levels of IWRM implementation,
highlighting that levels of development are not
always prohibitive. Levels of cooperation for
managing transboundary water resources are
generally higher for surface water than ground-
water, with around 59% of transboundary basins
covered by an operational agreement in 2017.
The highest levels of cooperation are seen in
Europe, North America, and sub-Saharan Africa,
again indicating that levels of development do
not have to prohibit effective water governance.

Table 6.4 Global progress towards Target 6.1 for drinking water services (Joint Monitoring Programme (JMP) 2019a)

Region % population with at least basic drinking water services
(safely managed services)

Total Urban Rural

2000 2017 2000 2017 2000 2017

Australia and New Zealand 100 (-) 100 (-) 100 (92) 100 (97) 99 (-) 100 (-)

Central and Southern Asia 81 (41) 93 (60) 93 (66) 96 (62) 76 (31) 91 (60)

Eastern and South-Eastern Asia 81 (-) 93 (-) 97 (91) 98 (91) 71 (-) 86 (-)

Europe and North America 98 (90) 99 (95) 100 (97) 99 (97) 96 (-) 98 (-)

Latin America and the Caribbean 90 (56) 96 (74) 96 (82) 99 (82) 71 (-) 88 (42)

Northern Africa and Western Asia 91 (-) 92 (-) 94 (-) 97 (-) 71 (-) 84 (-)

Oceania (not Aus/NZ) 54 (-) 55 (-) 91 (-) 92 (-) 40 (-) 44 (-)

Sub-Saharan Africa 46 (18) 61 (27) 78 (42) 84 (50) 30 (6) 46 (12)

Table 6.5 Global progress towards Target 6.2 for sanitation services (Joint Monitoring Programme (JMP) 2019a)

Region % population with at least basic sanitation services
(safely managed services)

Total Urban Rural

2000 2017 2000 2017 2000 2017

Australia and New Zealand 100 (61) 100 (72)

Central and Southern Asia 25 61 57 (-) 74 (-) 12 (7) 55 (40)

Eastern and South-Eastern Asia 61 (32) 85 (64) 81 (28) 91 (72) 47 (27) 75 (52)

Europe and North America 95 (69) 97 (76) 98 (79) 99 (85) 89 (-) 94 (48)

Latin America and the Caribbean 74 (12) 87 (31) 82 (15) 91 (37) 47 (-) 70 (-)

Northern Africa and Western Asia 77 (26) 88 (38) 88 (40) 95 (49) 64 (-) 76 (-)

Oceania (not Aus/NZ) 38 (-) 30 (-) 75 (-) 70 (-) 26 (-) 18 (-)

Sub-Saharan Africa 23 (15) 30 (18) 37 (17) 45 (20) 17 (14) 22 (18)
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Achieving all targets within SDG 6 will require
sufficient financing of the water sector and
between 2012 and 2016, funding to the water
sector dropped globally by more than 25%. In
2017, 80% of countries reported inadequate
financing to meet the targets of SDG 6.

6.2.5 Global Progress: The Role
of Groundwater

Groundwater makes a significant contribution to
water supplies for domestic, agricultural, and
industrial use globally. Reliable estimates of
groundwater abstraction are not readily available
at a global scale due to lack of monitoring,
however, in 2010, global withdrawals were
estimated to provide around 36% of domestic
water supply, 42% of irrigation water for agri-
culture, and 27% of industrial water supply (Döll

et al. 2012). In parts of the southern and eastern
UK, groundwater accounted for 100% of the
total public water supply in 2015 (British Geo-
logical Survey 2019). In the USA, California is
the state most reliant on groundwater, which in
2015, accounted for 21% of total freshwater
withdrawals (United States Geological Survey
2019). India is the largest user of groundwater in
the world, estimated to use more than 25% of the
global total, with 60% of irrigated agriculture and
85% of drinking water reliant on groundwater
(World Bank 2010). Although incomplete for
Africa, data from the JMP in 2015, indicated that
over 50% of the rural population in Africa, is
reliant on groundwater as a primary source of
drinking water (UPGro 2017).

Groundwater has an important role to play in
achieving SDG 6, as will be discussed further in
Sect. 6.3, but it is also relevant to other targets
through several reinforcing and conflicting

Fig. 6.6 Share of the population with access to
improved drinking water (as of 2015). An improved
water source includes safely managed, basic and limited
services under the SDG service ladder (Table 6.3). Credit

Ritchie and Roser (2019b), using data from World Bank,
World Development Indicators. Reproduced under a
CC BY License (https://creativecommons.org/licenses/
by/4.0/)
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linkages (Guppy et al. 2018). Groundwater has
the potential to increase resilience to water-rela-
ted disasters (namely floods and droughts) and
climate change as targeted by SDGs 1.5, 2.4, and
13.1. Through environmentally sound waste
management, as targeted by SDG 12.4,
improvements to groundwater quality will also
be achieved. Similarly, achieving sustainable
management and efficient use of natural resour-
ces, as targeted by SDG 12.2, will have positive
outcomes for groundwater, and water resources
more generally. As mentioned above, increased
agricultural productivity may have negative
implications for groundwater through increased
demand for groundwater-fed irrigation and pol-
lution by the use of fertilisers and pesticides.

6.2.6 Equity and Leaving no One
Behind

The SDGs are based on the principle of leaving
no one behind, paying particular attention to the
least developed countries, in particular African
countries, and to the most vulnerable members of
society, including children and youth, those with
disabilities, those living in extreme poverty, those
living with HIV/AIDS, older people, indigenous
peoples, refugees, and internally displaced per-
sons. While geoscience undoubtedly plays a
critical role in achieving the SDGs, and particu-
larly SDG 6, it is important to recognise and
understand the complex issues of equality and the
challenges associated with addressing inequality

Fig. 6.7 Share of the population with access to
improved sanitation facilities (as of 2015). An improved
sanitation facility includes safely managed, basic and
limited services under the SDG service ladder (Table 6.3).

Credit Ritchie and Roser (2019b), using data from World
Bank, World Development Indicators. Reproduced under
a CC BY License (https://creativecommons.org/licenses/
by/4.0/)
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in the effort to achieve the SDGs (see SDG 10). In
the case of SDG 6, this predominantly concerns
access to water services, which is highly unequal
across the globe. Addressing these inequalities
has long been an issue for academics and practi-
tioners alike, with many past failures in pro-
gressing towards universal access to safe and
affordable water attributed to errors or mis-
judgements by those in power (Chambers 1997).
Understanding the realities and prioritising the
needs of the most vulnerable members of society
is essential to achieving SDG 6. For this reason,
geoscientists are increasingly working alongside
social scientists with the skills and methods to
ensure that engineering or environmental solu-
tions to water supply are centred on the needs of
the most vulnerable.

6.3 Geology and SDG 6

6.3.1 Groundwater and the Water
Cycle

Science, and earth science, in particular, has an
important role to play in achieving SDG 6, with
each of the four main branches of study—litho-
sphere, hydrosphere, atmosphere, and biosphere
—contributing vital knowledge and understand-
ing for addressing one or more of the targets
within this goal. Of particular importance is an
understanding of the water cycle (Fig. 6.8): how
different components of the water cycle interact
with one another, and with people, to determine
the quantity and quality of water available and
how this varies over time and space. Geoscien-
tists can help answer critical questions such as:
(1) how much rainfall is lost to evapotranspira-
tion, how much becomes run-off to enter surface
water stores such as rivers, lakes, and reservoirs,
and how much infiltrates into the ground to enter
groundwater stores or aquifers? (2) What is the
nature of the subsurface and what does this mean
for groundwater flow and storage? (3) How much
water can be removed from an aquifer without
causing long-term depletion or environmental
degradation? (4) What is the natural quality of
water stored on the surface or underground, and

how is this affected by human activity? (5) How
often do extreme climatic events, such as heavy
rainfall or prolonged dry periods occur, and what
impact does this have on surface and ground-
water in terms of flood and drought? Answering
these questions to achieve the targets of SDG 6
requires expertise from many disciplines within
the geosciences—climate science, hydrology,
hydrogeology, hydrochemistry—as well as other
disciplines, such as engineering and the social
sciences, to address the technological, environ-
mental, social, and economic aspects of water
service delivery.

Groundwater plays a key role in achieving
SDG 6, particularly Target 6.1, because it is
widely distributed, resilient to drought, and
generally of good natural quality. The wide-
spread distribution of groundwater across the
globe (Fig. 6.9), means it can often be accessed
close to the point of use where other sources,
e.g., rainwater or surface water, are absent or
insufficient. This is particularly relevant for dis-
persed rural communities that are distant from
large-scale water supply infrastructure. Ground-
water sources are generally more resilient to
drought than surface water sources due to the
significant amount of water that can be stored in
aquifers compared to rivers, lakes, and reser-
voirs. This storage provides a buffer against
short-term rainfall variability, often allowing a
reliable supply of water when other sources fail
during prolonged dry periods. The quality of
groundwater is generally very good due to the
natural filtration process that occurs when water
infiltrates into the ground and flows through the
pore spaces in a rock. Being underground also
provides a level of protection from potentially
polluting activities at the surface, meaning that
groundwater often requires less treatment to
achieve safety standards for drinking than surface
water.

Exploiting groundwater for water supply,
whether for domestic, agricultural, or industrial
use, is not, however, always straightforward. The
groundwater environment is complex and needs
to be properly understood to ensure that aquifers
are exploited appropriately and sustainably,
without risk to the long-term quality or
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availability of the resource. A sound under-
standing of the groundwater environment is also
necessary for protection, integrated management,
and efficient use of groundwater resources, as
targeted by SDGs 6.3 to 6.6.

6.3.2 Key Groundwater Concepts

Groundwater—the freshwater stored in rocks and
sediments beneath the ground surface—accounts
for 30% of the total freshwater on Earth. Con-
sidering almost 70% of this freshwater is locked
up in ice caps, glaciers, permanent snow, and
permafrost, the majority (>98%) of accessible
freshwater exists as groundwater (Gleick 1996).
Hydrogeology, meaning water in rocks, is the
discipline within the geosciences concerned with
the study of groundwater. Groundwater can be
found, to some extent, in almost all rock types
but its potential usefulness as a resource is
dependent on the quantity, quality, and sustain-
ability of available water.

The amount of groundwater present at any
given location will largely depend on the
porosity and permeability of the rock and the
amount of water entering the ground as recharge
(see Box 6.2 for definitions). If the porosity,
permeability, and recharge are high enough,
water will accumulate in the pore spaces and
fractures in a rock, usually above an imperme-
able base layer. If the rock becomes fully satu-
rated, this forms an aquifer (Fig. 6.8).
Groundwater flows naturally through an aquifer
from the point of recharge to a point of discharge
—usually a spring, river or the sea. Where
groundwater is exploited for human use, wells or
boreholes also act as points of discharge. The
quantity of groundwater that can be stored and
transmitted through an aquifer to a discharge
point is dependent on the characteristics of the
aquifer: mainly the transmissivity, storage, and
3D architecture (Box 6.2). These characteristics
are largely controlled by geology. The depth and
lithology of an aquifer also determine how easily
accessible the groundwater is and what technol-
ogy is required to exploit it. Rocks that do not
transmit water easily are called aquitards.

Box 6.2. Basic Hydrogeological Con-
cepts

Porosity (%) is the total void space within
a rock and therefore defines the total
amount of groundwater stored within an
aquifer. Primary porosity refers to the pore
space between grains, while secondary
porosity refers to the space within
fractures.

Permeability (measured in m2)
describes the ability of a porous media to
allow fluids to pass through it.

Hydraulic conductivity (m/day)
describes the ease with which a fluid would
flow through a rock; it is dependent on the
permeability of the rock and the properties
of the fluid.

Transmissivity (m2/day) describes the
ability of an aquifer to transmit volumes of
water; it is calculated by multiplying the
hydraulic conductivity of an aquifer by its
saturated thickness.

Yield (m3/day or litres per second)
describes the average volume of water that
can be abstracted from an aquifer from a
borehole, well or spring.

Storativity (dimensionless) describes
the volume of water released from an
aquifer per unit drop in groundwater head
per unit area.

Depth to groundwater is the depth to
the water table (or to the top of a confining
layer where the water table has risen above
the top of an aquifer and is therefore under
pressure).

3D architecture describes the way in
which the properties of the aquifer (i.e.,
permeability and storativity) vary with
depth.

Piezometric level is a way of express-
ing the pressure in a confined aquifer. It is
the level at which water would rise in a
borehole drilled into the confined aquifer.

Water table is the upper surface of a
groundwater body in an unconfined aqui-
fer. It can be measured by the static water
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level in a well or borehole in an unconfined
aquifer.

Recharge describes the amount of
water that replenishes an aquifer, usually
from precipitation, but also from seepage
from rivers, lakes, or canals.

Discharge describes the amount of
water removed from an aquifer, either by
natural discharge to the environment (e.g.,
rivers, springs, lakes, wetlands), or through
abstraction for human consumption.

Aquifers are generally classified or mapped
according to the dominant groundwater flow
mechanism—whether flow occurs mainly
through the pore space or fractures in a rock—
often combined with a measure of the produc-
tivity of an aquifer, lithology, or average
recharge to an aquifer. As for geology, the
hydrogeology of any region is complex and
spatially variable, both laterally and vertically.
However, the main types of aquifer found across
the globe can be summarised into just a few key
hydrogeological environments, which are
described in Table 6.6, and illustrated in
Fig. 6.10. In some hydrogeological environ-
ments, for example, an alluvial plain that is
homogeneous, laterally extensive, permeable,
and receives significant recharge, groundwater is
readily available and easily accessed by a shal-
low hand dug well or manually drilled borehole.
In more complex hydrogeological environments,
such as deep, fractured basement rocks with low
primary porosity, developing a successful
groundwater source is more challenging. How-
ever, even relatively low permeability rocks can
be capable of providing sufficient flow to a well
to support an individual household or community
water supply, or small-scale irrigation scheme.

6.3.3 Water Supply

In those parts of the world with most work to do
to achieve SDG 6.1, the challenges of ground-
water development for water supply are different
in urban and rural contexts. In many urban areas,

the public water supply infrastructure cannot
expand fast enough to provide a piped water
supply to the rapidly growing population. As a
result, urban populations often obtain water from
multiple sources according to availability and
cost. Sources may include private water vendors,
utility stand-posts and kiosks (Fig. 6.11), and
unimproved shallow wells and surface water,
with many individuals drilling their own private
wells or boreholes to ensure they have a reliable
source of water for drinking and other domestic
uses (Box 6.3). Private borehole development is,
however, often completely unregulated resulting
in issues of over abstraction and contamination,
as documented in parts of Asia and Africa
(Foster and Vairavamoorthy 2013). Although in
many rapidly expanding urban areas, private
wells or boreholes are helping to bridge the gap
between supply and demand, there are equity
issues in terms of access as low-income house-
holds often lack the resources, both in terms of
land ownership and capital, to instal a private
well. Private borehole development may also
ultimately lead to a reduction in revenue for
water utilities, further reducing their ability to
expand piped water infrastructure and provide
lower tariffs to poorer households.

Box 6.3. Informal urban water supply
and sanitation in Lusaka, Zambia

In Lusaka, Zambia, repeated cholera out-
breaks during the rainy season, are linked
to contaminated drinking water. During an
outbreak in 2017–18, one of worst in
recent years, more than 5000 cases were
reported in Lusaka, eliciting an emergency
response (International Federation of Red
Cross and Red Crescent Societies 2018)
and requiring a multifaceted public health
response including increased chlorination
of municipal water supplies, provision of
emergency water supplies, a vaccination
campaign, and rapid training for health
care workers.

Lusaka sits on carbonate rocks that are
overlain by permeable superficial deposits
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of varying thickness (Nkhuwa et al. 2018).
Groundwater in the karstic aquifer flows
through a system of well-developed con-
duits and channels, making it a highly
productive aquifer, which satisfies more
than half the city’s water requirements.
However, its high permeability and lim-
ited protection also means that contami-
nants can easily infiltrate and be
transmitted through the aquifer. This,
combined with poor sanitation and waste
management, results in the aquifer being
extremely vulnerable to contamination.

As occurs in many rapidly expanding
African cities, inadequate water supply and
sewerage service provision has led many
residents across Lusaka to instal their own
private water supplies and on-site sanita-
tion facilities. These are largely unregu-
lated, often resulting in inadequately
protected pit latrines being located very
close to wells or boreholes (Fig. 6.12). This
can result in untreated sewage leaking or
discharging to the underlying aquifer,
which residents then use for water supply
(FRACTAL and LuWSI 2018).

Table 6.6 Hydrogeological Environments. Adapted from MacDonald et al. (2005)

Hydrogeological
Environment

Lithology Flow
Mechanism

Productivity Description

Crystalline
basement
aquifers

Highly
weathered/fractured
metamorphic or
magmatic rocks

Fracture flow Moderate Groundwater can be found in well-
developed fracture networks
and/or a thick weathered zone

Poorly
weathered/fractured
metamorphic or
magmatic rocks

Fracture flow Low Groundwater can exist in small
fractures and may be locally
important, but is difficult to find

Consolidated
sedimentary
aquifers

Sandstones Intergranular
or fracture
flow

Moderate to
high

Groundwater can be found in pore
spaces and fractures; productivity
will increase with coarseness and
degree of fracturing

Limestones Fracture flow Moderate to
high

Groundwater can be found in
fractures, which may be enhanced
by dissolution; limestones have
low primary permeability

Mudstones Fracture flow Low Groundwater can be found in
fractures in hard, consolidated
mudstones; often interbedded with
sandstone or limestone layers

Unconsolidated
sedimentary
aquifers

Major alluvial or
coastal sands and
gravels

Intergranular
flow

High Groundwater can be found in thick
unconsolidated sands and gravels
deposited in major rivers basins or
shallow seas

Valley and coastal
dune sands and
gravels

Intergranular
flow

Moderate Groundwater can be found in
smaller, dispersed sand and gravel
deposits found in many modern-
day river valleys and coastal dune
environments

Volcanic Lava, ash, and
pyroclastic deposits

Fracture flow Low to high Groundwater often found along
fractured contacts between lava
flows in complex layered aquifer
systems
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Low-income, high-density peri-urban
areas are most vulnerable to issues of
groundwater contamination as service
provision is lower and inhabitants can
often only afford to access shallow
groundwater through unprotected wells,
which are highly susceptible to contami-
nation (Nkhuwa 2006). However, ground-
water contamination due to inadequately
maintained septic tanks has also been
observed in high-income, low-density parts
of the city (Nkhuwa et al. 2015).

If the water quality and water supply
targets of SDG 6 are to be met, these issues
need to be addressed through increased
service provision, regulation, source pro-
tection, and water treatment.

In rural settings, where water supply infras-
tructure is sparse or non-existent, groundwater
often represents the only viable option for safe
and reliable water supply through either house-
hold or community wells or boreholes. In sub-
Saharan Africa, the majority of the rural popu-
lation source their drinking water from ground-
water through wells, boreholes, and springs.
Properly sited and constructed boreholes, equip-
ped with handpumps, have proved an excellent
method for increasing access to safe drinking
water, and have revolutionised rural water supply
over the past 50 years. However, questions still
remain about the best methods to maintain and
manage these supplies over the long-term and
how to increase their current low levels of
functionality. It should be noted that community
water points are considered a basic level of

Fig. 6.10 Hydrogeological Environments. a weathered
basement aquifer; b sandstone and mudstone sedimentary
aquifers; c major alluvial aquifer; d volcanic aquifer.

From MacDonald et al. (2005), used with permission
from ITDG publishing. © NERC
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service under the SDG indicators because water
is not available on an individual’s premises, but it
is likely that many rural populations will be
reliant on these for decades to come, particularly
in sub-Saharan Africa. As in urban settings,
achieving equitable access is a challenge in rural
areas, with the possibility of the location of a
community water point privileging some mem-
bers of the community over others.

Geoscientists have a key role to play in
improving access to safe drinking water. Exper-
tise is required in: planning and designing water
supply programmes; siting and commissioning
individual water points; mapping the location,
quantity, quality, and renewability of available
groundwater resources; and carrying out research
into the reliability and sustainability of supply. In
many areas, groundwater resources are relatively
easy to find and standard techniques and methods

can be used to develop sustainable supplies
(MacDonald et al. 2005), however, in other ar-
eas, groundwater resources can be much more
difficult to develop. Geoscientists, therefore, have
a vital role in helping to design appropriate
drilling programmes, ensuring the correct tech-
niques and methods are employed. Geophysics is
often used to site individual boreholes, and
pumping tests and water quality sampling
undertaken on individual sources. These methods
require qualified geoscientists to correctly apply
the methods and interpret the results. In many
parts of the world, groundwater resources are yet
to be mapped at a sufficient scale to be useful for
helping to design drilling programmes, with a
particular gap in water quality mapping. There
are still many unanswered questions for research
to address—particularly around the sustainability
of groundwater as demand for water increases—

Fig. 6.11 Water Kiosk in Chipata, Zambia. Credit GIZ Rahul Ingle (reproduced under a CC BY SA 2.0
License, https://creativecommons.org/licenses/by-sa/2.0/)
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and in the successful management of water ser-
vices, which requires geoscientists to work with
other disciplines to make progress.

6.3.4 Groundwater Quality

The natural, or baseline, quality of groundwater
is generally very good, but varies considerably in
different hydrogeological environments due to
reactions between the water and rock. Ground-
water naturally contains many dissolved con-
stituents, which at certain concentrations are not
harmful, and in fact, in many cases are essential
for human health. However, groundwater quality
can be affected by both naturally occurring and

human-induced contaminants, which at elevated
concentrations can have serious implications for
human and ecosystem health. The World Health
Organisation provides guidelines and standards
for drinking water, which set recommended
limits for microbial, chemical, and radiological
aspects of water quality (World Health Organi-
sation (WHO) 2017). Some of the major con-
taminants of concern for groundwater globally
are summarised below and in Table 6.7.

Chemical contaminants, which are naturally
occurring in the environment, can be introduced
to a groundwater system by natural and anthro-
pogenic processes. The main natural contami-
nants (also referred to as geogenic contaminants)
of concern globally are fluoride and arsenic.

Fig. 6.12 Close proximity of groundwater well and pit latrine in peri-urban area of Lusaka, Zambia. Credit
Kenedy Mayumbelo (reproduced under a CC BY 2.0 license, https://creativecommons.org/licenses/by/2.0/)
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Fluoride occurs in groundwater where it dis-
solves fluorine-bearing minerals such as fluorite,
apatite, and micas, which are particularly com-
mon in crystalline rocks such as granites. Ele-
vated fluoride is more likely to occur where
groundwater has a long residence time in an
aquifer as this provides more time for water-rock
interactions to occur. In active volcanic regions,
elevated fluoride in groundwater can also occur
due to mixing with hydrothermal fluids or gases.
Fluoride is an issue across many parts of the
world, particularly arid parts of northern China,
India, Sri Lanka, North Africa, the East African
Rift System, and Argentina (Box 6.4).

The occurrence of arsenic in groundwater is
complex and can be related to a number of natural
and anthropogenic processes. It can occur natu-
rally where groundwater interacts with arsenic-
bearing minerals such as sulphide minerals pre-
cipitated from hydrothermal fluids in volcanic
environments, and pyrite and iron oxides that
often accumulate in sedimentary environments.
Human activities such as mining (particularly for
coal and sulphide minerals), industry, and the use
of certain arsenic-bearing pesticides, can also be
sources of arsenic in groundwater. High arsenic
concentrations tend to occur in strongly reducing
(low oxygen) groundwaters or oxidising

groundwaters with high pH, which inhibit
adsorption of arsenic onto sediments and soils.
Arsenic is a well-documented issue in anaerobic
alluvial and deltaic aquifers in Bangladesh, West
Bengal (eastern India), Nepal, northern China,
Vietnam, and Cambodia, and in aerobic but high
pH loess (wind-blown sediment) aquifers in
Argentina and Chile.

Long-term exposure to elevated concentra-
tions of these elements can cause dental and
skeletal fluorosis in the case of fluoride, and a
vast number of dermatological, cardiovascular,
neurological, and respiratory issues, as well as
several cancers, in the case of arsenic.

Box 6.4. Health Impacts of Elevated
Fluoride in Groundwater, India

More than 200 people worldwide are
believed to be drinking water with fluoride
in excess of the WHO guideline of
1.5 mg/L (Edmunds and Smedley 2013).
India is one of the worst affected countries
(Podgorski et al. 2018), with parts of Sri
Lanka, China, Mexico, and East Africa
also significantly impacted.

Table 6.7 Summary of common chemical and biological contaminants in groundwater

Inorganic chemical constituents Pathogens Organic compounds Others

Major Elementsa
b:
Sodiumc

Sulphatec

Nitratec

Magnesiumc

Potassiumc

Trace
Elementsa:
Fluoridec

Ironc

Manganesec

Arsenic
Seleniumc

Cadmium
Nickelc

Chromiumc

Lead
Aluminium

Coxsackievirus
Echovirus
Norovirus
Hepatitis
Rotavirus
E. Coli
Salmonella
Shigella
Campylobacter jejuni
Yersinia
Legionella
Cryptosporidium
parvum
Giardia lamblia

Chlorinated solvents
Aromatic
hydrocarbons
Pesticides

Pharmaceuticals
Radionuclides
Salinity

aNaturally occurring in groundwater
bThe other major chemical constituents in groundwater, also considered essential for human health, are Bicarbonate
(HCO3), Calcium (Ca), Chloride (Cl), and Silicon (Si).
cEssential for human health at certain concentrations.
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Groundwater normally contains low
concentrations of fluoride (<1.5 mg/l),
which we require to maintain good dental
health. However, high fluoride concentra-
tions in drinking water can lead to health
complications when consumed over long
periods of time (BGS and WaterAid 2000;
Edmunds and Smedley 2013). Long-term
exposure to concentrations of 1.5–4 mg/l
can lead to dental fluorosis, the most
common issue associated with excessive
fluoride consumption, which in extreme
cases causes the tooth enamel to become
pitted and discoloured. Higher concentra-
tions (>4 mg/l) can cause skeletal fluorosis
—a bone disease causing painful damage
to bones and joints—or, in the worst cases
crippling fluorosis which can ultimately
lead to paralysis. Children under the age of
seven, whose teeth and are still developing,
are most vulnerable to dental fluorosis,
which can be exacerbated by calcium and
vitamin C deficiency.

Endemic fluorosis affects at least 17
States in India, with Andhra Pradesh,
Rajasthan, Haryana, and Gujarat being the
worst affected (BGS and WaterAid 2004).
Much of India is underlain by Precambrian
basement rocks, which mainly comprise
gneisses and granites, with lesser amounts
of metasedimentary rocks. In some areas
the basement is overlain by younger sedi-
mentary rocks and about half the land area
of non-peninsular India is covered by
Quaternary alluvial deposits. The alluvial
deposits form the most productive aquifers,
but Tertiary sediments and the Precambrian
basement are also widely used for water
supply. Elevated fluoride is most com-
monly (but not exclusively) associated
with groundwater circulation in granitic
basement rocks in arid and semi-arid areas
of the country.

Fluoride can be removed from the
water, but many individuals or countries

lack the resources to treat water ade-
quately. One of the best-known methods—
the Nalgonda technique—was developed
in India. This involves adding a combina-
tion of alum, lime, and bleaching powder
to contaminated water, which is stirred and
left to settle, allowing fluoride to be
removed through the process of floccula-
tion, sedimentation and filtration (BGS and
WaterAid 2000). This method can be
applied at the household level in a bucket,
and at the community level in defluorida-
tion plants.

Nitrate, although naturally occurring, is gen-
erally elevated in groundwater by human activi-
ties. The most common sources of nitrate in
groundwater are nitrogen fertilisers, sewage, and
wastewater. The use of nitrogen fertilisers to
increase crop yields has grown significantly since
the 1970s. Intensive application of fertilisers,
particularly where double or triple cropping is
practiced alongside poorly controlled irrigation,
can lead to leaching of nitrate from the soil to an
underlying aquifer. This occurs in agricultural
areas across the world (Box 6.5). Intensive live-
stock farming, through manure and slurry pit
leachate and effluent, is another potential source
of nitrate contamination in groundwater, along
with untreated sewage and wastewater. This is a
particular problem in urban areas where sanita-
tion infrastructure, much like water supply
infrastructure, cannot expand fast enough to meet
the needs of a growing population. In these cir-
cumstances, many households instal their own
private waste disposal facilities—usually a pit
latrine or septic tank—that can leak if not prop-
erly constructed and maintained. This poses a
potential threat to an aquifer, and ultimately hu-
man health, particularly where unimproved san-
itation facilities are combined or co-located with
unimproved drinking water services (as descri-
bed previously in Box 6.3).
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Box 6.5. The Nitrate Time-Bomb When
nitrate is leached from the soil it travels
through the unsaturated zone before
reaching the water table below. The travel
time will depend on the geology and
thickness of the unsaturated zone, and it
can take as long as 100 years for nitrate to
travel from the soil to an underlying aqui-
fer. This large delay is sometimes referred
to as the Nitrate Time-Bomb since the full
impact of nitrate contamination from the
use of nitrogen-based fertilisers, may not
be observed for many years to come.

In areas with a history of intensive
agriculture, such as Europe, North America
and China, a significant amount of nitrate
has built up in the unsaturated zone. This
may cause groundwater contamination
issues for decades to come, despite the
introduction of legislation to control the
use of fertilisers (Ascott et al. 2017). While
this is a more significant problem in agri-
culturally intense countries, it is an issue
that could become more severe in less
developed countries as agriculture

intensifies to meet the growing food
demand (Fig. 6.13).

Elevated nitrate in groundwater, which
ultimately discharges to rivers, lakes and
coastal areas, can cause significant damage
to ecosystems and increase the cost of
water treatment. There are also health
issues associated with high concentrations
of nitrate—most notably a rare condition
referred to as ‘blue-baby syndrome’,
whereby nitrate reduces to nitrite in the
stomach of young children, oxidising hae-
moglobin to methaemoglobin, which is
unable to transport oxygen around the
body. There are no reliable estimates of the
extent of the problem worldwide (WHO
2019).

Poor sanitation practices are also the primary
source of microbiological contaminants, particu-
larly in shallow aquifers in urban and peri-urban
areas (Lapworth et al. 2017). Pathogens that are
easily transported in groundwater and potentially
very harmful to human health include Norovirus,
Hepatitis, E. Coli, Salmonella, and Legionella.

Fig. 6.13 Build-up of nitrate in the unsaturated (vadose) zone over time. From Ascott et al. (2017). Reproduced
under a CC BY 4.0 License (https://creativecommons.org/licenses/by/4.0/)
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Other contaminants, such as heavy metals, syn-
thetic organic compounds, and a range of
emerging contaminants including food additives,
caffeine, pharmaceuticals, and synthetic hor-
mones, can be introduced to groundwater sys-
tems from industrial, agricultural, and domestic
sources, posing a potential threat to vulnerable
aquifers. Emerging contaminants in particular are
mostly unregulated and not effectively removed
by conventional treatment practices (Stuart et al.
2011), requiring an improved understanding of
how they behave in the environment.

Groundwater vulnerability is often considered
in the context of source-pathway-receptor. The
vulnerability of a receptor (this may be an aqui-
fer, well, borehole, spring, or river), will depend
on the pathways that exist to transport a con-
taminant from its source to the receptor. The
vulnerability of an aquifer to contamination from
any of the sources discussed above is dependent
on the properties of the soil and unsaturated
zone, through which contaminants have to travel
before reaching an aquifer, and the properties of
the aquifer itself. In high permeability rocks,
contamination can move quickly from the sur-
face to an aquifer, then through an aquifer to a
receptor (e.g., a borehole, spring, river, or wet-
land). Wells or boreholes in shallow fractured
aquifers located close to the source of contami-
nation will be highly vulnerable as there is little
opportunity for attenuation, either in the unsatu-
rated or saturated zone. Deep aquifers with low
permeability will provide greater opportunity for
attenuation between the source and receptor and
are therefore less vulnerable to contamination.

Groundwater salinity is a widespread prob-
lem, which at shallow depths can be a major
constraint on the development of groundwater
resources. Elevated mineral concentrations have
health impacts when water is routinely used for
drinking and can reduce the value of water for
industry and agriculture, causing damage to the
soil if used for irrigation. The processes that lead
to groundwater becoming saline are complex and
can be divided into two broad categories: natural
and those that are exacerbated by human activity.

The source of naturally occurring saline
groundwater can be marine, where seawater
enters coastal aquifers, or terrestrial, associated
with low rainfall, shallow water tables and high
rates of evaporation. Some aquifers have also
become increasingly saline due to irrigation,
either from leaching of salts in the soil, or
waterlogging and subsequent salinization. Pak-
istan and the Indus valley have seen some of the
worst increases in groundwater and soil salin-
ization due to a long history of irrigation.

Geoscience has a role to play in addressing
Targets 6.2 and 6.3 through groundwater and
source protection as part of IWRM, waste manage-
ment, and groundwater remediation. As described
above, there are many potential sources of contam-
ination than can negatively impact groundwater
systems, including human excreta and sewage from
poor sanitation practices,wastewater fromdomestic,
agricultural or industrial activities, solid waste, and
hazardous waste from industry.Management of any
type of waste requires capture, storage, transport,
treatment, and disposal or reuse, which may involve
simple domestic-scale systems such as pit latrines up
to large-scale infrastructures such as centralised
sewer systems, wastewater treatment plants, and
landfills.Whether considering small-scale storage of
human excreta and sewage in a pit latrine or large-
scale storage of solidwaste in amunicipal landfill, an
understanding is required of how this waste behaves
in the environment andwhatmitigationmeasures are
required to minimise any negative impacts on both
the environment and people. Geoscientists can help
answer questions such as.
1. What are the potential sources of contami-

nation and how close are these to environ-
mental or human receptors such as drinking
water sources, ecological sites, or areas used
for recreation?

2. Is there potential for contaminants to be
mobilised by water infiltrating at the surface?

3. If mobilised, how easily could contaminants
move through the subsurface?

4. Is the waste well contained given the nature
of the subsurface and what additional mea-
sures are required for safe storage?
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Again, these questions require inputs from
various disciplines within the geosciences, along
with others involved in the waste management
process.

6.3.5 Sustainable Groundwater
Management

Groundwater is not an easy resource to manage.
It is out of sight, and therefore, often overlooked
by both the public and governments. This can
lead to the misconception that wells, boreholes,
and springs will continue to supply high quality
water indefinitely, irrespective of how much
water is abstracted or polluting activities occur-
ring in the surrounding area (Smith et al. 2016).
At the catchment scale, groundwater can have
many users with competing demands: drinking
water, industrial production, and agriculture.
Trade-offs also develop between urban and rural
users, and between groundwater abstraction and
the ecological functioning of wetlands or base-
flow to rivers. Balancing these abstraction
demands, along with the environmental require-
ments for groundwater, is a challenge, but is
essential if all targets within SDG 6 (and other
linked goals, e.g., SDG 2, SDG 8, SDG 15) are
to be met. Achieving sustainable groundwater
management requires local groundwater users,
technical experts (including geoscientists) and
policymakers to work together to develop
understanding, drive change, and develop and
implement appropriate tools (Smith et al. 2016).

Pressures on groundwater are increasing from
both abstraction and pollution, and resources
need to be protected and managed. High
abstraction in parts of the world have led to
rapidly falling water tables, sometimes accom-
panied by land subsidence or degradation of
water quality through saline intrusion. Parts of
India, Pakistan, the USA, Iran, Saudi Arabia, and
China have been identified as experiencing sev-
ere overexploitation of groundwater (Gleeson
et al. 2012). In other areas, such as parts of sub-
Saharan Africa, groundwater resources remain
less developed, and opportunities exist to de-
velop groundwater for social, economic and

health benefits (Cobbing and Hiller 2019).
Changing land use—and in particular intensive
agriculture and urbanisation—have led to wide-
spread groundwater contamination (Morris et al.
2003). Nitrate concentrations are high in many
aquifers in agricultural areas; and beneath many
cities, groundwater has been polluted by a
cocktail of different organic and inorganic
chemicals. Because of the long residence times
of groundwater, it can take many years, decades
or centuries for contaminants to be flushed out of
an aquifer. Management of groundwater is
important not just for today but for future
generations.

Groundwater systems vary considerably—
based on the geology, climate, links to surface
water systems, and land use—which means they
respond differently to pressures and require dif-
ferent management solutions. The starting point
for groundwater management is, therefore, to
characterise how groundwater systems work:
what is the geological and hydrogeological
environment; how much recharge does the sys-
tem receive; how much groundwater is naturally
discharged, and where; and what is the vulnera-
bility of an aquifer to pollution? Using this
knowledge, effective monitoring systems can be
designed to bring to light the impact on
groundwater from abstraction and land use.
Given the nature of groundwater as a common
pool resource many different stakeholders then
need to be involved to develop reasonable
visions and plans for groundwater governance
that leave no one behind (Villholth et al. 2017).
As well as considering groundwater as a source
for human consumption, the role of groundwater
in maintaining ecosystems, which provide many
services to both humans and the environment, is
also of concern. Integrated Water Resources
Management (IWRM) provides a framework to
help manage water resources across catchments,
taking into account the uses of water from all
parts of the water cycle. This paradigm shift in
management approach moved the emphasis away
from individual well fields or aquifers to entire
water systems. The European Union has been at
the forefront of applying the principles of IWRM
to groundwater and are set out in the Water
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Framework Directive of 2000, and supplemented
by the Groundwater Protection Directive of 2006
(Quevauviller 2007). In summary, these approa-
ches manage the balance of abstraction from
groundwater with the recharge and unwanted
impact to others and the environment and protect
groundwater quality through groundwater
friendly rural land use, regulation to penalise
point source pollution, and the development of
precautionary engineering structures to contain
point source pollution such as landfill sites.

To achieve sustainable groundwater manage-
ment various methodologies have been devel-
oped and proved useful, for example, detailed 3D
mapping of aquifers and groundwater systems;
monitoring systems with in situ monitoring of
water levels and chemistry and the use of satellite
data such as InSAR, and GRACE; sophisticated
land zoning methods based on the vulnerability
of groundwater to contamination, or travel times
to abstraction boreholes; the development of
numerical groundwater models to test possible
future scenarios or track sources of pollution.
Some technical engineered interventions are also
sometimes used, such as rainwater harvesting
and managed aquifer recharge (MAR) to increase
the natural recharge to the system (Box 6.6); the
use of scavenger wells to control pollution par-
ticularly in saline areas; and the construction of
engineered structures to control pollution or
flooding. Geoscientists are fundamental to
developing and adapting these methods and
technologies.

Box 6.6. Managed Aquifer Recharge
(MAR)

MAR involves artificially recharging aqui-
fers with excess surface water during wet
periods, or in some cases treated wastewa-
ter, which is stored underground and can be
accessed during dry periods when surface
water is scarce. MAR is gaining increased
attention as an adaptation measure to im-
prove water security and resilience to cli-
mate variability. It is increasingly important
as a management strategy in conjunction

with demand management to maintain
stressed groundwater systems (Dillon et al.
2019). However, there are limitations to the
applicability of MAR, which always need
to be fully considered when assessing the
viability of this solution.

The International Groundwater Resour-
ces Assessment Centre (IGRAC2) docu-
ment over 1000 examples of MAR
schemes worldwide, which use different
methods and technologies to artificially
recharge an aquifer (Stefan and Ansems
2018). The application of MAR has grown
rapidly since the 1960s, with an estimated
capacity of 10 km3 per year in 2018 (Dil-
lon et al. 2019). However, with estimated
annual global groundwater abstraction of
800 km3, there is still room for growth.
Natural groundwater recharge through
rainfall and river and lake leakage remains
the overwhelming method by which
groundwater is renewed.

Techniques to enhance groundwater
recharge range in scale and sophistication
(Dillon et al. 2019). Enhanced recharge
from rivers is widely used across India,
where hundreds of thousands of con-
structed dams create ponds within the river
channel to increase infiltration. Recharge
can be further induced from the river by
drilling abstraction boreholes close to the
banks of the river. This pulls water from
the river into the aquifer and naturally fil-
ters the water through the aquifer material.
Water spreading is a method used to cap-
ture floodwater and spread it over a larger
area to increase soil moisture and promote
infiltration to an aquifer. Some schemes
involve dedicated recharge boreholes
which pump treated surface water directly
into the aquifer. All methods come with
risks of increasing contamination of the
groundwater and need to be monitored
carefully.

2https://www.un-igrac.org/.
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Although groundwater is essentially a local
resource with a flow rarely more than one metre
per day, aquifers do not respect international
borders. Large aquifers crossing international or
state borders (referred to as transboundary aqui-
fers) require some level of cooperation to be
successfully and sustainably managed. The level
of cooperation could extend from a shared
understanding of the extent and nature of an
aquifer to joint monitoring and agreed regulation.
Given the slow nature of groundwater move-
ment, transboundary aquifers can be viewed
more as a vehicle and opportunity for technical
cooperation, rather than a source of conflict.

6.4 Conclusions

Groundwater has an important role to play in
achieving the SDGs, particularly through meet-
ing the targets of SDG 6. Geoscientists have a
critical role to play in achieving safely managed
drinking water and sanitation for all (Targets 6.1
and 6.2), protecting the quality of the globe’s
water resources (Target 6.3), ensuring sustain-
able water use and reduction of water scarcity
(Target 6.4), achieving integrated water resour-
ces management (Target 6.5), and protecting
water-related ecosystems (Target 6.6). Under-
standing, characterising, monitoring, forecasting,
and communicating groundwater dynamics and
the connections with the wider ecosystem are not
straightforward. In addressing these targets,
geoscientists are required to work alongside
policymakers, and often water users, to ensure
the best evidence informs decisions about water
resource development and allocation. This may
happen from the local scale—where scientists
work alongside communities or local authorities
to inform water resources management in small
basins or catchments—up to the regional or
continental scale—where scientific evidence is
used by national governments to inform the
development and management of large trans-
boundary water resources. With an increasing
rate of global environmental change, the demand
for groundwater as a reliable source of water will
only increase.

6.5 Key Learning Concepts

• Water and sanitation are key components of
economic and social development

• Progress towards the targets of SDG 6 is
highly unequal across the globe and often, but
not always, related to levels of development

• There are significant challenges to achieving
SDG 6, such as climate change and population
growth, the effects of which are also unequal
across the globe

• Groundwater has a key role to play in
achieving SDG 6, particularly through the
provision of sustainable and climate resilient
water supplies

• Groundwater resources are out of sight and
often difficult to understand, requiring exper-
tise across a range of disciplines

• Overexploitation and pollution of groundwa-
ter is a global issue, but can be addressed
through IWRM and sound management and
governance strategies

6.6 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• From 1990 to 2015 (25 years), access to
improved drinking water in Tanzania has gone
from 53.90% to 55.60% of the population.3 At
this rate of progress, it will be 2667, before
Tanzania has 100% access to improved
drinking water. Explore the reasons for this
rate of progress and the actions (from

3https://ourworldindata.org/grapher/share-of-the-
population-with-access-to-improved-drinking-water?tab=
chart&time=1990..2015&country=OWID_WRL+IND
+KEN+BRA+TZA.
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geoscientists and others) that may help cata-
lyse action towards 100% access to improved
drinking water in Tanzania.

• Review the information in this chapter on
groundwater and fluoride. Prepare an infor-
mation sheet for NGOs drilling boreholes,
summarising key geological environments
associated with elevated fluoride.

• Integrated water resources management aims
to bring different stakeholders together to
ensure collaborative, cooperative, and coor-
dinated management of water resources.
Reflecting across the SDGs, and how demand
for water may change by 2030, consider the
range of stakeholder this may include, and
what priorities each may have in terms of the
quantity and quality of water required to fulfil
their needs. As a class, discuss what recom-
mendations you would make to resolve con-
flicting demands on water resources in an
equitable way, leaving no one behind, while
protecting resources for future generations.

Further Reading and Resources

Books and Articles

United Nations (2018) Sustainable Development Goal 6
Synthesis Report on Water and Sanitation. United
Nations, New York. https://www.unwater.org/
publication_categories/sdg-6-synthesis-report-2018-
on-water-and-sanitation/

MacDonald A, Davies J, Calow R, Chilton J (2005)
Developing groundwater: a guide for rural water
supply. ITDG publishing. https://www.
developmentbookshelf.com/doi/book/10.3362/
9781780441290

IAH Strategic Overview Series. https://iah.org/education/
professionals/strategic-overview-series

WaterAid/British Geological Survey Groundwater Qual-
ity Fact Sheets: Country. https://www.bgs.ac.uk/
downloads/browse.cfm?sec=9andcat=115. Element
https://www.bgs.ac.uk/downloads/browse.cfm?sec=
9andcat=116

GW-MATE Briefing Note Series, Case Profile Collection,
Book Contributions and Strategic Overview Series.
available via IGRAC. https://www.un-igrac.org/
special-project/gw-mate

Videos

IGRAC Groundwater, the Hidden Resource. https://www.
youtube.com/watch?v=tzkBvLXa8jsandt=13s

RWSN A borehole that lasts a lifetime. https://vimeo.
com/128478995

Tools and Online Resources

Africa Groundwater Atlas. https://www.bgs.ac.uk/
africagroundwateratlas/index.cfm

USGS Water Science School. https://www.usgs.gov/
special-topic/water-science-school

UK Groundwater Forum. https://www.groundwateruk.
org/

IGRAC Global Groundwater Information System. https://
www.un-igrac.org/global-groundwater-information-
system-ggis/

World-wide Hydrogeological Mapping and Assessment
Programme (WHYMAP). https://www.whymap.org/
whymap/EN/About/about_node_en.html
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Role of geoscience: to provide strategic knowledge that helps decarbonise

AFFORDABLE AND
CLEAN ENERGY7

Distribution of fossil fuels
greatly influences the 
economic development
and energy mix in the 
global South

There is a conflict between
energy production contributing
to greenhouse gas emissions
and supporting sustainable
food and water supplies for
economic development

Many developing countries 
lack power grid infrastructure
and regulation to develop
their energy potential

Governance and integrated
approaches are essential
to transitioning to clean
energy resources

Energy demand is projected to
grow to 2040, with 30% of the
growth in the developing world

There is likely to be a continuing
reliance on fossil fuels, including 
coal

There is a significant opportunity
in Africa for growth in renewable
energy resources (e.g., solar,
geothermal, hydropower)

Indigenous knowledge and
research can help to understand
national resources and capabilities,
underpinning regulation and 
environmental safeguards

Identification and monitoring
of suitable sites for Capture
and Storage of CO2

Utilisation of underground aquifers 
and geothermal gradient to 
provide cooling and heat

Rigorous science to underpin
regulation and support public
engagement and understanding

Resource mapping of
geothermal potential

Characterisation of underground
storage in caverns for hydrogen
and compressed air

Provision of geological 
solutions to the long term
storage of nuclear waste.
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7.1 Introduction

Before the industrial revolution, global energy
demand was limited and supplied essentially by
traditional renewable sources. The evolution of
simple steam engines accelerated in the seven-
teenth and eighteenth centuries and improve-
ments by Thomas Newcomen and James Watt in
the mid-1700s produced the modern steam
engine powered by coal, providing energy for
locomotives, factories, and farm implements.
Coal was also used for heating buildings and
smelting iron into steel. In 1880, coal powered a
steam engine attached to the world’s first electric
generator leading to the development of thermal
power stations which still provide most of the
world’s electricity and in the late 1800s, petro-
leum began to be processed into gasoline (petrol)
for firing internal combustion engines.

With the advent of cheap cars in the early
1900s, and the spread of electricity, energy
demand increased and by the 1950s, nuclear
power joined coal and petroleum to help satisfy
that demand. However, geopolitical concerns
over petroleum affected the pattern of energy
supply in the latter part of the 1900s, as well as
concerns over the safety of nuclear electricity
generation (Fig. 7.1). In addition, increased evi-
dence of anthropogenic climate change (IPCC
Fifth Assessment Report 2014), recognised that
the largest human influence has been the emission
of greenhouse gases such as carbon dioxide,
mostly related to the burning of energy fuels in
transport and electricity production. For a detailed
discussion of climate change, see SDG 13.

Despite the huge rise in demand and supply of
energy for electricity and transport, its global
distribution remains very uneven. In 2016, sub-

Fig. 7.1 Global Primary energy Consumption (measured in terawatt-hours, TWh). Credit Ritchie and Roser (2019a).
Reproduced under a CC BY License (https://creativecommons.org/licenses/by/4.0/)
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Saharan Africa and South Asia had approxi-
mately 600 million and 200 million people,
respectively, with no access to electricity (Ritchie
and Roser 2019a), while in the Global North this
figure was negligible. Approximately 800 million
Indians and 600 million sub-Saharan Africans,
use traditional biomass as their primary cooking
fuel (Kaygusuz 2012). Thus, a central industrial
and social challenge of the twenty-first Century
is to satisfy growing energy demand while
reducing emissions related to energy production,
but also to ensure that energy is available to all
(Fig. 7.2).

The Sustainable Development Goals (SDGs)
are a collection of 17 global goals set by the
United Nations General Assembly in 2015, for
the year 2030. SDG 7: ‘Ensure access to
affordable, reliable, sustainable, and modern
energy’ aims at improving energy access,
increasing renewables in the energy mix, energy
efficiency and integration, and international

cooperation, and has targets to 2030, and indi-
cators of progress. Many of the targets are clo-
sely associated with geoscience, for example, in
exploration and feasibility studies for subsurface
renewables such as geothermal, as well as sus-
tainable use of fossil fuels within strict carbon
budgets (Table 7.1).

Energy in its broadest sense enables business,
industry, agriculture, transport, communications,
and modern services such as health care; but it
also enables improvements in living standards.
SDG 7 is, therefore,intimately connected with
most of the other 17 SDGs (Fig. 7.3), mainly
through providing improved living standards,
economic growth and activity, and improved
environmental protection. The services that en-
ergy provides improve human, social, economic,
and environmental conditions; and final energy
use and the Human Development Index
(HDI) are correlated (Steckel et al. 2013), the
correlation implying early rapid gains in HDI

Fig. 7.2 Wind turbines in rural India. India is one of the largest producers of renewable energy, currently accounting
for approximately 35% of energy production Credit Vestas (CC BY 2.0, https://creativecommons.org/licenses/by/2.0/)
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with relatively small gains in energy usage, with
HDI levelling off at levels of energy usage
around 75 GJ/yr per capita.

On the negative side, energy (for example,
fossil fuel power and hydropower), can be pro-
duced and deployed in ways that pollute the
environment, affect land use, and increase
greenhouse gas emissions. Similarly, energy is

an element of the food-energy-water nexus and
thus its sustainability is tensioned against water
(SDG 6) and food (SDG 2). Finally, the financial
value that energy can release, can also be
syphoned into the ruling elites of kleptocracies
and autocracies, rather than be cascaded down to
benefit society at large. Thus, the benefits of
energy for sustainable development are strongly

Fig. 7.3 Relationship of
SDG 7 to other SDGs

Table 7.1 SDG 7 Targets by 2030

Target Description of Target (7.1 to 7.3) or Means of Implementation (7.A to 7.B)

7.1 By 2030, ensure universal access to affordable, reliable, and modern energy services

7.2 By 2030, increase substantially the share of renewable energy in the global energy mix

7.3 By 2030, double the global rate of improvement in energy efficiency

7.A By 2030, enhance international cooperation to facilitate access to clean energy research and technology,
including renewable energy, energy efficiency, and advanced and cleaner fossil fuel technology, and
promote investment in energy infrastructure and clean energy technology planning

7.B By 2030, expand infrastructure and upgrade technology for supplying modern and sustainable energy
services for all in developing countries, in particular, least developed countries, small island developing
States, and land-locked developing countries, in accordance with their respective programmes of support
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dependent on ethical governance and strong
institutions (SDG 16).

In general, the effectiveness of energy systems
to supply sustainable development depends on a
number of factors (illustrated in Fig. 7.4). These
include

• Availability, affordability, security, reliability,
and safety of energy supplies

• Environmental sustainability of the energy
supply

• Planning, design, construction, operation,
financing and pricing of energy-using build-
ings, industrial processes, and transport sys-
tems in end-use sectors

• Social and cultural norms of the use of energy

• Access to alternative technologies and energy
sources

• Investment assistance to develop and deploy
energy service

• Government policies that ensure energy sys-
tems develop in a way that best supports and
accords with sustainable development.

Geoscience has a direct role in several of these
areas including in establishing the geographical
distribution, geological habitat, geotechnical
feasibility of construction and infrastructure, and
environmental sustainability, of energy supply
(Table 7.2). Though it discusses affordable and
clean energy, which is a requirement across the
world to a greater and lesser extent, this chapter

Fig. 7.4 Energy for
sustainable development.
Reprinted from Renewable
and Sustainable Energy
Reviews, 16 (2), Kaygusuz,
K., Energy for sustainable
development: A case of
developing countries, 1116–
1126, Copyright (2012), with
permission from Elsevier
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concentrates on affordable and clean energy in
the Global South (so-called, developing coun-
tries), which has the most to develop in energy
and the most to gain economically. It also has the
most difficult challenges. In this chapter,
Sect. 7.2 will examine the distribution of present-
day energy resources and forecasts for future
supply and demand, and Sect. 7.3 the geoscience
implications of the main options for affordable
and clean energy, including research and devel-
opment needed, as well as training needs.

7.2 Energy Resource Distribution
and Use

7.2.1 Fossil Fuels in the Global South

The distribution of fossil fuels has a bearing on
the way that nations develop and the energy mix
that they develop, as well as on the human
capacity needed to develop and maintain sus-
tainable supplies. Amongst oil (Fig. 7.5), proven
reserves are concentrated in well-explored parts
of the Middle East, North America, Africa,
Northern Asia and South America. The occur-
rence of significant resources of unconventional
oil (from low permeability reservoirs) is notable
in North America, Eastern Europe and Eurasia,

and South America. Gas has a similar pattern
(Fig. 7.6). North America, Eastern Europe and
Eurasia, South Asia, and Asia-Pacific all have
large coal reserves (Fig. 7.7). Of relevance to
this chapter is that several of the largest devel-
oping countries: India, Indonesia, and South
Africa, have very large coal resources.

The International Energy Agency (IEA),
forecasts using three ‘scenarios’ which contain
predictions of energy infrastructure investment
and energy demand and supply, based primarily
on the need to reduce CO2 emissions and on
common assumptions of economic conditions
and population growth. The most relevant is the
New Policies Scenario which takes account of
broad policy commitments and plans that have
been announced by countries and their govern-
ments, including national pledges to reduce
greenhouse gas emissions and plans to phase out
fossil energy subsidies, even if the measures to
implement these commitments have yet to be
identified or announced. This might be regarded
as the most realistic and widely quoted of the
IEA’s scenarios.

The IEA’s 2016 World Energy Outlook New
Policies Scenario (IEA 2016), predicts an
increase in energy demand between now and
2040. 30% of this increase will be from the
Global South, particularly in Asia and Africa.

Table 7.2 SDG 7 Indicators and geoscience relevance

Indicators Geoscience link

7.1.1 Proportion of population with access to electricity Geoscience for exploration and sustainability of
renewable and appropriately used fossil energy
sources

7.1.2 Proportion of population with primary reliance on
clean fuels and technology

7.2.1 Renewable energy share in the total final energy
consumption

Geoscience to support the expansion of renewables,
e.g., geothermal, wind turbine ground conditions

7.3.1 Energy intensity measured in terms of primary
energy and GDP

Holistic planning involving the subsurface

7.A.1 Mobilised amount of United States dollars per year
starting in 2020, accountable towards the $100 billion
commitment

Improved links between geoscientists/geoscience
institutions and other energy specialists

7.B.1 Investments in energy efficiency as a percentage of
GDP and the amount of foreign direct investment in
financial transfer for infrastructure and technology to
sustainable development services

Improved links between geoscientists/geoscience
institutions and energy system specialists including
energy distribution specialists and finance sector
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Fig. 7.5 Oil Proven Reserves (as of 2015), measured in barrels Credit Ritchie and Roser (2019b), using data from BP
Statistical Review of World Energy 2016. Reproduced under a CC BY License (https://creativecommons.org/licenses/
by/4.0/)

Fig. 7.6 Natural Gas Proven Reserves (as of 2015), measured in trillion cubic metres. Credit Ritchie and Roser
(2019b), using data from BP Statistical Review of World Energy 2016. Reproduced under a CC BY License (https://
creativecommons.org/licenses/by/4.0/)
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According to the IEA, breaking this down into
types of energy including the three major fossil
fuels shows little change between now and 2040.
Important factors to note include the marked
increase in renewables, but also that all three of
the main fossil fuels do not decline but in fact
increase. Focussing on coal alone in the IEA’s
New Policies Scenario suggests a shift from the
developed to the developing world.

The drive for development, poverty allevia-
tion (SDG 1), and improved health (SDG 3) are
all connected with greater energy requirements.
Countries in the Global South that contain sig-
nificant fossil fuel resources will be able, through
conventional forms of commercialisation, to
realise those resources for electrical power and
other energy requirements (e.g., transport, heat or
air conditioning). Coal has particular appeal to
countries with large reserves and problems of
rural development, poverty alleviation, and
health.

Box 7.1. Coal in India and South Africa

India has very large coal resources and
problems of rural development, poverty
alleviation, and health. Much domestic
energy in India, comes from biomass
(firewood, crop residue, dung) and India
consumes 200 Mtoe (million tonnes of oil
equivalent) of biomass each year. One
hundred million Indian households still use
firewood to cook food, mainly in rural
areas (Kaygusuz 2012). Cooking with
firewood takes its toll on the health of
Indians with an estimated 50,000 deaths
per year (household fires, accidents, and ill
health). India’s rural electrification pro-
gramme aims to introduce healthier fuel in
households, to improve agricultural pro-
duction (for example, through better irri-
gation pumps), and to develop business

Fig. 7.7 Coal Proven Reserves (as of 2015), measured in tonnes. Credit Ritchie and Roser (2019b), using data from
BP Statistical Review of World Energy 2016. Reproduced under a CC BY License (https://creativecommons.org/
licenses/by/4.0/)
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and trade in agriculture. Significant inroads
into rural electrification have been made
with small scale solar, particularly to pro-
vide domestic lighting in rural areas (e.g.,
Kamalapur and Udaykumar 2011).

However, the forecasts of the IEA
(2016), suggest that at least some of India’s
future electricity supply will come from
coal (Fig. 7.8). At present coal provides
about 70% of India’s electricity but about
243 GW of coal-fired power is planned in
India, with 65 GW actually being con-
structed and an extra 178 GW proposed.
Shearer et al. (2017) surveyed this pro-
posed ‘fleet’ of coal power stations to
forecast the amounts of power that could
be provided should these power stations be
completed. Their survey shows average
annual capacity additions beginning in
1960, as well as future additions based on
proposed new plants. For the future,
Shearer’s survey shows that coal plants
under development could be producing

435 GW of coal power by 2025, and
assuming an average lifetime of 40 years,
the coal plants could be operating as far
ahead as 2065. South Africa, like India, has
a large number of rural people without
access to electricity (roughly 60% of South
African households), but also a strong
demand for electricity, particularly for the
mining industry. South Africa’s coal
reserves are large—28 billion tonnes—
which would allow 100 more years of
mining at current rates. According to the
IEA New Policies Scenario (IEA 2016),
South African coal production will be dri-
ven mainly by domestic demand for coal
for power supply. At present, more than
90% of electricity is generated by coal in
South Africa, and this will remain the case
well into the next decades. Coal production
is predicted to rise to a peak of around 230
Mtce by 2020, and then fall to 210 Mtce by
2035 (IEA 2011).

Fig. 7.8 Coal mining in India. India’s coal plants could be operating as far ahead as 2065. Credit Nitin Kirloskar (CC
BY 2.0, https://creativecommons.org/licenses/by/2.0/)
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Gas and oil resources in the developing world
are less certain than those of coal because there
have been fewer systematic surveys in these
areas. Having said this, there are well-established
producing areas in Africa and southeast Asia, for
example, Nigeria, Angola, Gabon, and Sarawak.
The IEA New Policies Scenario (IEA 2016),
forecasts gas and oil demand to grow to 2040 in
Africa and India, and a new gas province to
emerge offshore Mozambique and Tanzania.
Egypt’s gas production is expected to grow. The
potential for shale gas in Africa and Asia is not
known in detail but South Africa, India, Indone-
sia, and Pakistan are believed to have significant
resources (EIA 2013). The continued extraction
and use of gas and oil, like coal, depends on the
adherence to climate policies and more locally to
increasing standards of environmental assurance.

7.2.2 Renewable Energy Resources
in the Developing World

Solar energy uses concentrated solar power
(CSP) systems and photovoltaic (PV) systems.
Global horizontal irradiation data (Shahsavari and
Akbari 2018), indicate that much of the

developing world is suited to solar power (
Fig. 7.9). Global wind potential modelled with
wind climate data with high-resolution terrain
information shows high potential in coastal areas
and high latitude areas with rather lower potential
in the tropics and subtropics. Wind and solar
development require site-specific information to
aid investment decisions though suffer the same
need for site-specific information to aid invest-
ment decisions (Gies 2016).

Miketa and Saadi (2015) and the Africa Pro-
gress Panel (2015), note the challenges to realise
solar and wind as bankable technologies. The
locations of wind and solar resources in Africa
are not known in enough detail at present to
stimulate private investment by companies hop-
ing to select sites for projects. Another problem
is that Africa and the developing world lack big
electricity grids and transmission lines to move
large amounts of power within countries and
across regions (Gies 2016).

Hydropower plants are highly site-specific,
but can be broadly categorised into three. Storage
hydropower uses a dam to impound river water,
which is then stored for release when needed.
Storage hydropower can be operated to provide
base-load power, as well as peak-load through its

Fig. 7.9 Solar Power Plant Telangana II in the state of Telangana, India. Credit Thomas Lloyd Group (CC BY SA 2.0,
https://creativecommons.org/licenses/by-sa/2.0/)
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ability to be shut down and started up at short
notice according to the demands of the system. It
can offer enough storage capacity to operate
independently of the hydrological inflow for
many weeks, or even up to months or years.

Run-of-river hydropower channels flow water
from a river through a canal or penstock to drive a
turbine. Typically, a run-of-river project will have
short term water storage and result in little or no
land inundation relative to its natural state. Run-
of-river hydro plants provide a continuous supply
of electricity and are generally installed to provide
base load power to the electrical grid. Pumped-
storage hydropower provides peak load supply,
harnessing water which is cycled between a lower
and upper reservoir by pumps, which use surplus
energy from the system at times of low demand.
When electricity demand is high, water is released
back to the lower reservoir through turbines to
produce electricity, and thus a zero-sum electricity
producer.

Africa has abundant hydropower resources. It
is estimated that around 92% of technically fea-
sible potential has not yet been developed. Cen-
tral Africa has about 40% of the continent’s hydro
resources. At the end of 2014, there was 28 GW
of hydro capacity installed in Africa (IRENA
2015). Of the resources available, the Congo
River has the largest discharge of African rivers,
followed by the Zambezi, the Niger, and the Nile.

India’s economically exploitable and viable
hydroelectric potential is estimated to be
148,701 MW (Govt. of India 2018), but south
Asia hydropower is cross-border in nature due to
the size of catchments and so its development
involves geopolitical factors (Box 7.2).

Box 7.2. Indus hydropower cross-
border issues.

The large discharges that are needed for
hydropower are sustained best by very
large catchments which often span several
countries so that the building of hydro-
power dams have effects on downstream
countries. The Indus River is an example,
being one of the longest rivers in Asia. It

originates in the Tibetan Plateau and flows
through Ladakh, India, towards the Gilgit-
Baltistan region of Pakistan and the Hin-
dukush ranges, and south through Pakistan
to the Arabian Sea near Karachi. The riv-
er’s catchment is more than 1,165,000 km2

and its annual flow of 243 km3 is one of
the largest in the world. The river and its
catchment spans four countries and sup-
ports 215 m people. India and Pakistan, the
two main countries in the basin, divided
up rights to the various tributaries under
the Indus Water Treaty (IWT) of 1960.

India has approved major dams on the
Chenab, and Jhelum rivers, and the Indus
itself. However, the Nimoo Bazgo hydro
plant, situated at Alchi village (Fig. 7.10),
is under dispute. Pakistan says that the 57-
metre high 45 MW Nimoo Bazgo dam will
substantially reduce downstream water
flows in the Indus River, because the pro-
ject is designed to store 120 million cubic
metres of water. This Pakistan says will
allow India to regulate the water of Indus, a
situation which is “not acceptable to Pak-
istan.” Because the IWT treaty does not
provide a definitive solution, the two
countries have been in dispute. Down-
stream in the Punjab, India and Pakistan
share the alluvial Indo-Gangetic aquifer
(recharged partly by the Indus River)
which helps support the huge population of
the Indus region, accounting for 48% of all
water withdrawals in the basin.

Geothermal is an important renewable source
of energy with a strong geoscience aspect. It can
be divided into two types: heat that is sufficient to
generate electricity, and heat that is sufficient only
for supplementing heating systems in buildings or
for industrial processes. By 2017, about 13.4 GW
of geothermal electricity was being produced
from power stations globally; but a much larger
amount of power, about 28 GW, is provided for
direct heating of houses and public buildings,
spas, industrial processes, desalination, and glass
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houses (Dickson and Fanelli 2003). Conventional
electric power production is commonly limited to
fluid temperatures above 180 °C, but with binary
fluid technology, lower temperatures can also be
used to generate electricity down to about 70 °C.
For direct district heating, useful temperatures
range from 80 °C to just a few degrees above the
ambient temperature. At least 90 countries have
potential geothermal resources though only about
70 tap this potential. Electricity is produced from
geothermal energy in only 24 countries (Dickson
and Fanelli 2003).

In the developing world, geothermal potential
is considered high in East Africa, the Philippines,
and Indonesia. In the East African rift valley,
geothermal potential is considered greater than
20,000 MW of electricity, though currently, only
Kenya has operational geothermal power stations
(Omenda 2018). Slow progress in East Africa
relates to high start-up costs (including costs of

drilling), inability to secure finance and lack of
trained human capacity (Omenda 2018).

Tidal range resource potential varies consid-
erably across the globe and is amplified by basin
resonances and coastline bathymetry. Tidal en-
ergy has a relatively high cost but limited
availability of sites with sufficiently high tidal
ranges or flow velocities, but technological
developments and improvements, both in design
(e.g., dynamic tidal power, tidal lagoons) and
turbine technology (e.g., new axial turbines,
cross-flow turbines), extend the suitable loca-
tions and bring down costs. Historically, ‘tide
mills’ have been used in Europe and on the
Atlantic coast of North America. Tidal is not
well developed in developing countries, though
India is reported to have tidal energy potential of
around 8,000 MW (Energy World 2018). SDG
14 discusses Ocean Thermal Energy Conversion
Technologies.

Fig. 7.10 Nimoo Bazgo Power Project, situated at Alchi village, on the Indus River in Ladakh. Credit Mehrajmir13
(CC BY SA 4.0, https://creativecommons.org/licenses/by-sa/2.0/)
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7.2.3 Urbanisation and Climate
Change

Cities presently cover only approximately 3% of
the land surface but they account for >70% of
energy consumption and 75% of carbon emis-
sions and are, therefore, major contributors to
climate change (see SDG 11). Most future ur-
banisation will take place in the developing
world, having strong effects on supply and gen-
eration of energy.

A recent study in China (Zhao and Zhang
2018), showed that for every 1% increase in the
urban population relative to the total population,
national energy consumption rose 1.4% and also
that urbanisation increased energy consumption
through urban spatial expansion, urban motorisa-
tion, and increase in energy-intensive lifestyles.
Urban households consume 50% more energy
than rural households per capita, which indicates
that continued urbanisation in China, will increase
national energy consumption. This is likely across
the developing world. Urban policies are required,
therefore, to encourage compact urban growth,
green buildings, and low energy vehicles.

Smart grids will likely also improve energy
response to urbanisation. These are electricity
transmission networks that use digital technology
to allow two-way communication between sup-
plier and customers allowing the grid to respond
digitally to quickly-changing electricity demand.
This will also allow more efficient transmission
of electricity, quicker restoration of electricity
after power disturbances, lower power costs for
consumers, less energy wastage, and better inte-
gration of large-scale renewable energy systems.

Climate change (see SDG 13) adds another
level of complexity to urbanisation with impli-
cations for energy supply and usage including the
requirement for more cooling/heating, and for
power supply reliability.

7.2.4 Transport

Transport worldwide consumes about one-fifth
of global primary energy and increasing transport
demand is expected in the rapidly growing

economies of the developing world because
economic growth is strongly correlated with
growth in transport volumes (Aßmann and Sieber
2005). After the energy sector, transport is the
most important producer of carbon dioxide so it
is likely that an increasing proportion of global
emissions will come from transport. Transport is
also in many cases harder to decarbonise than
fixed infrastructure such as power stations or
cement works.

Thus, a sustainable transport strategy has to
take into account the growing transport demands
in developing countries and reduce emissions at
the same time. Technical solutions could include
(1) more efficient conventional engines, better
designed vehicles, improved inspection and
maintenance, and fuel quality; (2) renewable
fuels in transport, such as ethanol and biogas;
(3) better transport demand management, land-
use planning and fuel pricing; (4) lower carbon
natural gas vehicles; and (5) electric vehicles.

Of these options, only electric vehicles has
implications for geological science research or
human capacity, mainly because an understand-
ing of the primary resources used to make bat-
teries is crucial. These include deposits of
lithium, sodium, vanadium, copper, cobalt, and
nickel. Estimates based on electric vehicles being
30% of the global vehicle fleet by 2030 suggest
that an extra 2 million tonnes of copper, 1.2
million tonnes of nickel, and 260,000 tonnes of
cobalt will have to be mined per year into the
future (Financial Times 2017). These are con-
siderable increases on present production levels
and suggest that more resources will have to be
found, and that recycling of materials will have
to be improved.

7.3 Geoscience Research
for Affordable and Clean
Energy in Developing Countries

7.3.1 Fossil Fuels

IEA forecasts (IEA 2016), indicate that fossil
fuels will have a role to play in future energy
systems in the developing world and these are
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likely to be used as feedstock for chemical
industry and fertilisers, but also combusted in
transport, heating and in electricity generation
(with or without CCS, see below). As such,
geoscience research into fossil fuels will con-
tribute to SDG 7.1 ‘Proportion of population
with access to electricity’.

Coal, oil, and gas need similar geological
research and knowledge for their exploration and
extraction, for example, 3D seismic, resource and
basin analysis, and structural geology. Coal, oil,
and gas are also related in that research and
knowledge are commonly provided by commer-
cial, often multinational, companies following
earlier pre-competitive surveys done by in-
country geological survey organisations. How-
ever ‘home-grown’ knowledge and research, in
exploration techniques, for example, are needed
to be able to provide data on potential new
resources for inward investment, to ensure a
development pipeline of resources. Regulatory
bodies also need the technical capability to
maintain optimal environmental and sustainabil-
ity safeguards, and to ensure that commercial
negotiations over the development of resources
are done on an equal footing to ensure equitable
distribution of value between developer and
government.

7.3.2 Electrification

If electrification is seen as a solution in primary
energy in transport (electric vehicles) and heating
and cooling in the developing world, then it is
likely that demand for electricity will be very
high and that the production of electricity will
have to be fundamentally decarbonised. Geo-
science research that enables the decarbonisation
of electrification would contribute to SDG 7.1. In
a scenario with high renewables or nuclear
electricity, this would not be an issue, but for
countries in the developing world with large coal
or hydrocarbon reserves, for example, South
Africa, Indonesia, and India, decarbonising
electricity at source would require carbon capture
and storage on fossil fuel power stations (see also
SDG 13).

Geological storage of CO2 relies on the ability
to demonstrate that the storage operator can
predict the future evolution of the CO2 plume
within known limits of certainty. Doing this
requires robust and reliable observations of the
site behaviour before, during, and after injection
of CO2 (Holloway 2007). Geological CO2 stor-
age must also lead to the permanent containment
of the CO2. Fundamental to the safety of
achieving this reduction in atmospheric CO2

emissions is the need to select and characterise
geological sites that are expected to enable per-
manent containment. The largest stores are saline
aquifers, which require the displacement of the
in situ pore waters during CO2 injection. The rate
of injection and ultimately the mass of CO2 that
can be injected can be limited by the pressure
increases that can occur during injection.
Research is still needed to better understand the
limits on pressure increases, improved methods
for improving injectivity and managing pressure
increases in saline aquifers. In contrast, depleted
oil and gas fields that are subsequently used for
CO2 storage may require careful management
during injection due to a number of processes
that might limit injectivity, including Joule–
Thomson cooling, well integrity, and seal integ-
rity issues. Key challenges in CCS for the
developed and developing world include de-
risking the economic model for CCS and de-
risking the full supply chain, as well as looking
into public attitudes to CCS. In many cases, the
solution to these problems will involve the
development of industry-scale CO2 storage pilots
(Stephenson 2013; Holloway 2007).

Renewable energy that can feed directly into
electricity production includes high enthalpy
geothermal, solar and wind. Geological research
and knowledge input into solar is focused on the
raw materials needed for their production, and
for wind consists mainly of the provision of
geotechnical data for construction offshore and
onshore. However, to support high enthalpy
geothermal, geological studies will involve
accurate resource mapping, as well as a detailed
understanding of the fracture systems, geo-
chemistry, hydrogeological systems, and thermal
properties of the potential source rocks.
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Geological studies on geothermal would, there-
fore, contribute to SDG 7.1 and 7.2.

In the case of a greatly increased need for low
carbon nuclear electricity, geological considera-
tions are very important. Long-term, safe man-
agement of highly radioactive waste is a
significant challenge for countries with devel-
oped nuclear industries and will continue to be as
nuclear energy plays a role in the future energy
mix. Deep geological disposal is a key solution
to managing waste for the long term, but it
requires understanding and validation of com-
plex subsurface processes and their interactions
and feedbacks for up to one million years into the
future taking into account seismicity and vol-
canism, as well as climate-related processes such
as permafrost and ice loading and unloading
(e.g., McEvoy et al. 2016).

The isolation of waste from the geosphere
over long timescales requires fundamental
knowledge of flow paths from the waste canister,
through natural and induced discontinuities in the
engineered barriers and surrounding host rock, to
the surface environment. Geomechanics also
play an important role in the long-term evolution
of a repository and can strongly influence flow.
Key science questions include the influence of
stress state, burial history, and the generation and
behaviour of faults and fractures. The long-term
integrity of a repository and its surrounding
geological and surface environment is central to
developing safety arguments. Understanding
near-field (geological characteristics, hydrogeo-
logical regime) and far-field (plate tectonics,
climate) processes is required to build an inte-
grated understanding of the evolution of the
subsurface. Studies of deep geological disposal
would, therefore, contribute to SDG 7.1 and 7.2.

7.3.3 The Hydrogen Economy

The hydrogen economy encompasses fuel for
transport (road vehicles and shipping), stationary
power generation (for heating and power in
buildings), and an energy storage medium feed-
ing from off-peak excess electricity. A system for
hydrogen generation, salt cavern storage and

electricity generation can begin with wind and
solar energy. At times of excessive wind or solar
electricity production, electrolysers can use this
electricity to produce hydrogen and oxygen from
water. The hydrogen is stored below the plant in
a salt cavern. A gas combustion power plant
using hydrogen alone or combined with natural
gas can generate electricity. Excess renewable
electricity can also be used to produce hydrogen
from natural gas, through steam reforming
(Ozarslan 2012).

An important geological aspect of the hydro-
gen economy is the need for the large-scale, long-
term, and intermittent storage. The technology of
compressed hydrogen gas storage in salt caverns
is similar to that of natural gas, however, hydro-
gen energy density by volume is only one-third of
that of natural gas, and so gaseous hydrogen en-
ergy storage is more expensive. For an integrated
hydrogen economy, geological survey of salt
beds including detailed facies mapping would be
required mainly because salt cavern construction
and performance are strongly impacted by salt
heterogeneity. Studies are also required of the
response to salt of repeated pressurisation cycles
over long periods (Ozarslan 2012). Studies of
geological hydrogen storage would contribute to
SDG 7.1 and 7.2.

7.3.4 Energy Storage

With both electrification and hydrogen decar-
bonisation strategies, grid-scale energy storage
will be needed, including compressed air energy
storage (CAES). In CAES a storage pressure of
about 70 bar is envisaged. Salt caverns are
favoured because, being impermeable, there are
no pressure losses, and because there is no
reaction between the oxygen in the air and salt.
Again studies of the facies variation and
mechanical properties of the salt will be required
(Evans et al. 2009). For the siting of other grid-
scale storage options, for example, pumped
hydro storage schemes, detailed geotechnical and
seismic risk studies are required for dam building
and deeper geological site characterisation for
tunnels and underground installations. Studies of
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subsurface energy storage would contribute to
SDG 7.1 and 7.2. Holistic planning involving the
subsurface in relation to energy storage coupled
with smart grid electricity distribution could
contribute to SDG 7.3.

7.3.5 Ground Source Heat and Cold

Global energy demand from air conditioning is
expected to triple by 2050, with climate change
and developing country growth, requiring large
new electricity capacity (IEA 2018). Air condi-
tioning use is expected to be the second-largest
source of global electricity demand growth after
the industry sector, and the strongest driver for
buildings by 2050 (IEA 2018). Although elec-
tricity is likely to power many air conditioners, a
geothermal heat pump or ground source heat
pump that transfers heat to or from the ground
can also be used to cool and provide heat to
buildings. This is achieved by using the shallow
subsurface as a heat source (in winter) or a heat
sink in the summer (contributing to SDGs 7.1
and 7.2). Although the use of ground source heat
pumps is growing, common scientific and tech-
nical uncertainties that impede private invest-
ment include accurate estimates of the potential
of the subsurface and rates of natural replenish-
ment of extracted heat. In addition, the frequent
lack of regulation of ground source heat and cold
discourages investment.

7.3.6 Regulation and Compliance

Geological monitoring of the integrity and effi-
ciency of subsurface energy installations will be
important, as will mathematical concepts of risk
and uncertainty. In areas such as disposal
(CCS) and extraction (geothermal), geoscience
and society (including engagement and commu-
nication with the public, Government, industry,
and other stakeholders) will be important to
secure a social licence.

In data science and infrastructure, the moni-
toring for compliance of subsurface energy
installations will particularly demand more

capability in telemetry, data streaming techniques
and visualisation, as well as a greater ability to
store and manage very large amounts of data. To
understand the change in data (for example,
change points and anomalies in production or
containment behaviour), and in order to forecast
better, new statistical and artificial intelligence
techniques will be needed. To manage subsurface
energy installations a full suite of modelling
techniques will be needed from conceptual static
modelling to dynamic modelling, to forward
modelling, to simulation.

It is worth noting that improved energy effi-
ciency in buildings, industrial processes and
transportation could reduce the world’s energy
needs in 2050 by one third (IEA 2016), however,
at present geoscience and geological materials
have a little direct role in energy efficiency,
improvements in domestic appliances and
building design being more important.

Box 7.3 Study of the effects of geother-
mal development on the Maasai com-
munity of the Kenyan Rift Valley

The study carried out by the Kenya Elec-
tricity Generating Company Ltd, Olkaria
Geothermal Project (Mariita 2002) exam-
ined (1) the beneficial impacts of the project
(e.g., employment, provision of water and
infrastructure); and (2) the negative impacts
of the project (e.g., displacement, noise, and
pollution). On whether the geothermal pro-
ject has had any impact on their lives, many
respondents mentioned the positive benefits
such as water, shops, and school. Most said
that the noise or gas emissions did not dis-
comfort them in any way, nor have any of
their livestock been hurt by the project
facilities. Negative comments included
resentment due to resettlement, reduction in
their land for grazing and Maasai cultural
values being eroded by outsiders. Perhaps
most telling, some respondents complained
that they did not receive any of the energy
generated at the site (Fig. 7.11).
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7.3.7 Energy Governance

For many developing countries, rich resources
have often paradoxically lead to low economic
growth, environmental degradation, deepening
poverty, and in some cases, violent conflict (Pegg
2006; Fischer-Kowalski et al. 2019). Primary
resources such as oil and gas, apart from sup-
plying energy for a nation’s infrastructure, also
constitute a source of revenue. For oil and gas
revenue to contribute to a nation’s wealth, par-
ticularly for its poorer citizens, depends on a
number of factors including the manner in which
resource income is spent, system of government,
institutional quality and governance, type of
resources, and stage of industrialization (Torvik
2009). Similarly, for the benefits of rural elec-
trification or other affordable and clean energy to
be made available to the wider population, good
governance is needed. As an example, Van
Alstine et al. (2014), indicated that within the
emerging ‘petro-state’ of Uganda, four signifi-
cant governance gaps might allow a lack of
equitable development: (1) lack of coherence
amongst civil society organisations; (2) limited
civil society access to communities and the
deliberate centralisation of oil governance;
(3) industry-driven interaction at the local level;
and (4) weak local government capacity.

Improvements can be made in public sector
institutions like geological surveys, and

government departments such as mines, energy,
and water ministries through capacity building
programmes. These programmes aim at under-
standing the business of the organisation within
the context of government and regulation and can
initiate training needs analysis to improve the
qualifications and skills of staff (Box 7.4). Pro-
grammes can also advise on the functions of
organisations and parts thereof. The ways that
donor funds and projects are used can also be
optimised so that development projects are not
primarily organised to reflect donor agendas
rather than the needs of the recipient institution
(Stephenson and Penn 2005).

7.4 Geoscience Training
for Affordable and Clean
Energy in Developing Countries

An analysis of the training needed for modern
energy geoscience is shown in Table 7.3. The
table divides the geoscience energy disciplines
into 5 major categories: geothermal and renew-
ables, energy storage, radioactive waste disposal,
CCS, and hydrocarbon systems. Each of these
also has subtopics.

In general, the main skills needed include rock
volume characterisation and process understand-
ing in order to establish the geological feasibility
of different solutions to energy, decarbonisation,

Fig. 7.11 Olkaria Geothermal Project, Kenya © Chris Rochelle (used with permission)
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and low carbon industry, all of which have a strong
relationship to appropriate regional and site-
specific geology, and the processes associated
with that type of geology. For example, in
radioactive waste disposal and CCS, the site-
specific characterisation of rock masses is vital to
understand the feasibility of containment; simi-
larly, process understanding in relation to that rock
mass is vital to understand long term change in the
subsurface. In general, these areas of research and
activity will need a full range of qualification level
in the tertiary education sphere from BSc to Ph.D.
In rock volume characterisation and process
understanding the quantitative disciplines of geo-
science will be most important, including geo-
physics, geochemistry, geomechanics, and in
some cases petroleum engineering.

Beyond rock volume characterisation, exist-
ing and novel methods of monitoring will be
become important, as geological energy and de-
carbonisation options develop—as will concepts
of risk and uncertainty, thus requiring mathe-
matical and statistical training. Training in sci-
ence and society will be needed to understand the
social licence and public engagement (see SDG
4). Again for these areas of research and study,
the full range of qualification level in the geo-
science tertiary education sphere from BSc to Ph.
D. will be needed.

As well as developing home-grown training,
skills, and knowledge can be transferred between
the developed and developing world through

shared geoscience courses, integration of energy
industry expertise and training (e.g., visiting
professorships in the developing world) and
international cooperation. An example of such
cooperation is included in Box 7.4.

Box 7.4. Capacity Building in Afgha-
nistan.

Using experience in a number of developing
country and post-conflict contexts, a
methodology for Business Needs Analysis
was developed and used at the Afghanistan
Geological Survey in Kabul between 2003
and 2004 (Stephenson and Penn 2005). The
main aim of the analysis was to help the
AGS to function better in the post-conflict
context, providing independent information
on sustainable use of resources to the
Afghanistan government. Extensive stake-
holder analysis carried out as part of the
Business Needs Analysis gauged the orga-
nization’s strengths and weaknesses and
took account of the local social, political,
and business context. Trainingwas designed
to be tuned to business need, including
appropriate IT and communication skills,
technical and scientific (Fig. 7.12).

A vital part of the training was to foster
a corporate understanding of the private
sector in the AGS, so that it could interact
successfully with business and commerce.

Fig. 7.12 Capacity Building in Afghanistan. Left: The
Afghanistan Geological Survey, a crucial public sector
science institution providing independent information on

sustainable use of resources to the Afghanistan govern-
ment. Right: female Afghan students learning about
geological maps. Photos by author (M Stephenson)
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The analysis also established a system
allowing regular cyclical business/training
review, so that the AGS could adapt to
further change.

Following feedback from stakeholders,
it was considered important to help to
understand how donor projects (often from
very different donors with different priori-
ties and agendas) could be better organ-
ised, coordinated and tuned to the business
need of the institutions. Further informa-
tion on this collaboration is included in the
chapter exploring SDG 17.

7.5 Discussion and Conclusions

The concept of energy transition (e.g., Sovacool
2016), concerns the wholesale change of energy
supply from one source to another, for example,
from wood biomass to coal in the Industrial
Revolution of the eighteenth Century. According
to Sovacool (2016), amongst the stages that are
experienced are a period of extended experi-
mentation with small scale technology and a
diversity of design, followed by scale up of
technologies as designs improve and economies
of scale emerge, and finally by scaling up at the
industry level. As industry structure becomes
standardised and core markets become saturated,
further industry growth is driven by globalisation
and the diffusion of a successful design from the
innovation core to rim and periphery markets.

The speed of energy transition in developing
countries will be governed by the rate at which
new technology becomes available, knowledge
of the opportunities for new energy technologies
including the locations for suitable develop-
ments, as well as the opportunities for scale up
beyond the small scale which involves com-
mercialisation, addressing market failure and
strategic investment. In many ways, geoscience
can be expected to provide the strategic knowl-
edge that addresses market failure and encourages
investment, rather like the way, for example, that
the way that strategic public sector science

research investment in the 1980s and 1990s in the
US paved the way for a successful shale gas
industry (Stephenson 2015).

What kind of energy system will evolve in
developing countries? Will it be electricity-
dominated with primary decarbonised and cen-
tralised electricity sources (e.g., large fossil fuel
power stations with CCS), or dominated by more
distributed renewable resources, or based on
hydrogen as a fuel. How much will ground source
geothermal provide heat and air conditioning to
buildings? As in the developed world, these ques-
tions are not easy to answer. The forecasts of the
IEAsuggest that fossil fuelswill continue tobeused
for several decades in the developing world while
renewablesgainground. Facilities and technologies
for storing grid-scale electricity as well as trans-
porting it are mostly inadequate in the developing
world and will be needed whichever system is
adopted, even if (most likely) it is a hybrid.

It is also likely that much development in
subsurface energy will take place along devel-
opment or trade corridors in the developing
world, for example, the Nacala and Northern
corridors in East Africa (Stephenson 2018), and
so targeted regional geological studies will be
needed to support integrated decarbonisation and
resource management technologies (including
integrated hydrogen and CCS). Also, geotechni-
cal studies will be needed to support new rail-
ways, roads, pipelines and tunnels.

The present underinvestment in ‘home-
grown’ education and research will tend to con-
centrate expertise in the commercial sector,
which often being multinational, will not neces-
sarily encourage local expertise, and will take
away some of the ability of the government
institutions to deal with multinational companies
on an equal footing. So it seems clear that
increased investment in energy geoscience
training and research that has a clear application
in developing country energy challenges and
opportunities is needed.

In the compiling of this chapter, it became clear
early on that data on energy resources and energy
geoscience for developing countries is nowhere
conveniently stored or collated, being concentrated
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more often on particular areas of interest, for
example, Africa and India, as geographical cate-
gories. This means that the similarities and differ-
ences between developing countries cannot easily
be ascertained, so that useful generalisations are
difficult. This hampers planning and better under-
standing. For example, IEA and BP energy statis-
tics do not routinely contain sections on the
developingworld as a category. It is also true to say
that sectoral differences in energy—for example,
between the oil and gas industry and the geothermal
industry, or other renewables—makes a generalised
view difficult. Thus, it might be wise to institute
better developing country energy geoscience data
collation and storage.

7.6 Key Learning Points

• Energy in its broadest sense enables business,
industry, agriculture, transport, communica-
tions, and modern services such as health
care; but it also enables improvements in liv-
ing standards.

• Geoscience has a direct role in several of these
areas including in establishing the geograph-
ical distribution, geological habitat, geotech-
nical feasibility of construction and
infrastructure, and environmental sustainabil-
ity, of energy supply.

• The geographical distribution of energy
resources in the developing world indicates
large potential in fossil fuels, including oil and
gas but particularly coal, in several large key
developing nations.Whether these fuels will be
developed will depend on local needs and
emissions policies. Many renewable energy
resources are abundant in the developing world
but their development depends on market
conditions, often in tension with fossil fuels.

• Underpinning geological activities for afford-
able, reliable, sustainable, and modern energy
will need to gain an understanding of the
resource, but also how it can be used within
limits that do not damage the environment,
locally or through emissions, but still also be
affordable. Electricity will clearly be key and
decarbonisation of electricity could involve

carbon capture and storage on fossil fuel power
stations,whichwill involve in-depth geological
studies in resource and containment.

• Geological studies will be needed for other
low carbon electricity, for example, wind
turbines, geothermal, and nuclear power. For
the hydrogen economy, similar in-depth geo-
logical studies will be required.

• Geological studies will also have to feed into
appropriate regulation that manifestly protects
people and property, and regulations will need
to be enforced by strong, independent local
institutions. Facilities and technologies for
storing grid-scale energy (electricity), as well
as transporting it will be required, as will be
an understanding of the development corri-
dors where the most activity will take place.

• It is clear that increased investment in energy
geoscience training and research is needed;
and better data on energy geoscience research
and training needs for the developing world
would allow for better analysis and planning.

7.7 Educational Resources

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Think about some of the rocks you’ve
recently described as part of a petrology
practical class. What contribution could they
make to delivering SDG 7? What types of
geological environments (think of both rock
types and geodynamics) could be suitable for
(i) carbon capture and storage, (ii) contain-
ment of radioactive waste, and (iii) hosting
minerals used in solar panels?

• Prepare a review of information on energy
access, energy consumption, and energy
generation in (i) Zambia, (ii) Fiji, and
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(iii) Canada. How easy is to access informa-
tion for the three countries, and what may the
reasons be for any differences in the avail-
ability of statistics? With the information you
have collated, consider what steps each
country could take to tackle climate change?

• How may implementation of the 16 other
SDGs increase/decrease demand for energy?
Are these changes likely to be the same
everywhere, or affect particular regions? What
are the implications of your findings on geo-
science training?

• Explore the energy use per capita for different
locations around the world (e.g., Tanzania,
India, Vanuatu, and Australia)? Debate the
statement ‘it is unreasonable to prevent
countries with very low energy use per capita
from increasing their use of fossil fuels’.
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Abstract

1900 1950 2000 2050

Decent work boosts economic growth, which helps to sustain livelihoods:

Decent work and economic growth helps to facilitate sustainable development

Sustainable and resilient economies are achieved through:

DECENT WORK AND
ECONOMIC GROWTH8

Economic growth and employment 
enables investment in healthcare,
education and infrastructure

Decoupling economic growth from
environmental degradation provides
new opportunities

Decent, well-paid and fulfilling jobs
boosts development and well-being
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Economy
Cycle

Recycle

Extend Life
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end of

life

Job creation is critical to 
meet growing demand, 
particularly in the Global 
South

Reduced consumption 
of natural resources 
(e.g., minerals, water)

Improved understanding of the 
complex interactions between 
the environnment and society

Economic diversification, 
reducing the impacts of 
economic and environmental 
shocks

Technological upgrading, 
knowledge exchange and 
research to improve 
economic productivity

More jobs will support environmental 
sustainability, decarbonisation and the 
circular economy

Sustainable geotourism 
also provides new jobs

Workplaces must be safe 
and secure, and free of 
violence and harassment 
of all kinds
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8.1 Introduction

Strong, sustainable, and resilient economies are
key to sustainable development, together with
inclusive social development and environmental
integrity. Strong and productive economies
enable increased investment in healthcare, edu-
cation, and infrastructure. Sustainable and resi-
lient economies ensure that growth does not
come at a high environmental cost, and can
withstand environmental, social and economic
changes, and shocks. Meeting the aims of SDG 8
will, therefore, enable progress across a suite of
SDGs. This progress is secured through
improved access to economic services, economic
diversification (not relying on one income

source), the creation of decent and fulfilling jobs,
and the valuing and implementation of good
practice regarding labour standards and work-
place safety. These factors are represented in the
targets and means of implementation of SDG 8,
in Table 8.1, which aims to ‘promote sustained,
inclusive and sustainable economic growth, full
and productive employment, and decent work for
all.’

The geological environment and geoscience
profession contributes both directly and indi-
rectly to economic growth, For example, geo-
scientists help societies to access the natural
resources—including groundwater, minerals, and
hydrocarbons—that underpin our economies,
and are essential to the manufacturing of goods

Table 8.1 SDG 8 targets and means of implementation

Target Description of target (8.1 to 8.10) or Means of implementation (8.A to 8.B)

8.1 Sustain per capita economic growth in accordance with national circumstances, and in particular, at least
7% gross domestic product growth per annum in the least developed countries

8.2 Achieve higher levels of economic productivity through diversification, technological upgrading, and
innovation, including through a focus on high-value added and labour-intensive sectors

8.3 Promote development-oriented policies that support productive activities, decent job creation,
entrepreneurship, creativity and innovation, and encourage the formalisation and growth of micro-, small-,
and medium-sized enterprises, including through access to financial services

8.4 Improve progressively, through 2030, global resource efficiency in consumption and production and
endeavour to decouple economic growth from environmental degradation, in accordance with the 10 Year
Framework of Programmes on Sustainable Consumption and Production, with developed countries taking
the lead

8.5 By 2030, achieve full and productive employment and decent work for all women and men, including for
young people and persons with disabilities, and equal pay for work of equal value

8.6 By 2020, substantially reduce the proportion of youth not in employment, education or training

8.7 Take immediate and effective measures to eradicate forced labour, end modern slavery and human
trafficking and secure the prohibition and elimination of the worst forms of child labour, including
recruitment and use of child soldiers, and by 2025, end child labour in all its forms

8.8 Protect labour rights and promote safe and secure working environments for all workers, including
migrant workers, in particular, women migrants, and those in precarious employment

8.9 By 2030, devise and implement policies to promote sustainable tourism that creates jobs and promotes
local culture and products

8.10 Strengthen the capacity of domestic financial institutions to encourage and expand access to banking,
insurance and financial services for all

8.A Increase Aid for Trade support for developing countries, in particular, least developed countries, including
through the Enhanced Integrated Framework for Trade-related Technical Assistance to Least Developed
Countries

8.B By 2020, develop and operationalize a global strategy for youth employment and implement the Global
Jobs Pact of the International Labour Organisation
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and provision of services that contribute to
GDP. With the increasing demand for energy
(including ‘green technologies’ such as solar
panels) and ongoing industrialisation in the
Global South (see SDG 7 and 9, respectively),
the demand for natural resources is likely to
continue and increase. The transition to electric
vehicles, for example, will increase demand for
many raw materials used in lithium-ion batteries
(e.g., lithium, cobalt, nickel, manganese, and
graphite) and in power generation, grid storage,
and charging infrastructure (e.g., copper, cobalt,
and nickel) (BGS 2018). As progress is made
towards a circular economy (see SDG 12), but
geoscientists will be critical to guiding this pro-
cess and improving resource use efficiency. The
subsurface will play a more significant role in
society given restrictions on urban expansion. By
2030, approximately 60% of the world popula-
tion will live in an urban setting (see SDG 11),
with cities needing to expand downwards and
increasing numbers of activities moved under-
ground (e.g., transportation, storage, parking,
shopping). The subsurface will also be crucial in
the energy transition, providing solutions for
large and long-term subsurface energy and heat
storage (see SDG 7).

Other aspects of the natural environment
contribute indirectly to economic activity
through ecosystem and geosystem services, for
example, helping to sequester carbon or cycle
nutrients (Everett et al. 2010; Van Ree and van
Beukering 2016). A good understanding and
sound assessment of geohazards are essential to
take measures of risk reduction to create a more
resilient economic system. Consideration of
geodiversity helps inform the development of
nature-based solutions to environmental chal-
lenges and increasing demand for resources
(Schrodt et al. 2019). Geoscientists in research,
industry, and the public sector play a funda-
mental role in understanding geological systems
and their relationships with ecosystems, as well
as the approaches needed to manage these to
support economic activity that is decoupled from
environmental degradation. Natural landscapes,

shaped by geological processes, are often fun-
damental to tourism, particularly geotourism.
Research, education, and outreach that connect
tourists to the geological environment can
enhance the understanding of Earth systems and
planetary boundaries.

This chapter explores these themes. We
describe the role of geoscientists in supporting
economic growth and examine economic diver-
sification from the perspective of natural
resources (Sect. 8.2). We explore the future of
work, opportunities for geoscientists in ensuring
environmental sustainability, and the opportuni-
ties that geoheritage and geotourism offer to
broader job creation (Sect. 8.3). We conclude by
discussing safe and secure work environments,
profiling particular challenges faced by geo-
science sectors, and recognise the responsibilities
of geoscientists in ensuring workplaces free of
harassment, discrimination, and modern slavery
(Sect. 8.4).

8.2 Strong, Sustainable,
and Resilient Economies

The first target of SDG 8 advocates for per capita
economic growth to be sustained in accordance
with national circumstances, with a pre- COVID-
19 ambition of sustaining 7% GDP growth per
year in the world’s least developed countries
(Target 8.1). The World Bank (2019a), estimates
that GDP growth averaged across all least
developed countries has only met this target in
four of the last 29 years (2005–2008). The
average GDP per capita growth in least devel-
oped countries over the last decade is 2.3% per
year, which although higher than OECD mem-
bers’ average growth (0.9% per year), is still well
below the SDG 8 ambitions (World Bank
2019b). So while there is an overall trend of
increasing economic growth, further actions are
needed to (i) increase the rate of growth,
(ii) sustain that higher growth rate, and (iii) en-
sure that increased, sustained economic growth is
sustainable by decoupling it from environmental
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degradation (Target 8.4). Here, we first explore
the role of geoscientists in enabling green and
inclusive economic growth and then consider
how economic diversification and technological
upgrading can help to increase and sustain eco-
nomic growth.

8.2.1 Green and Inclusive Economic
Growth

The European Commission (2011), defines the
green economy as an ‘economy that can secure
growth and development, while at the same time
improving human well-being, providing decent
jobs, reducing inequalities, tackling poverty, and
preserving the natural capital upon which we all
depend’. The emphasis is, therefore, not just on
economic growth and environmental sustain-
ability, but also on social development and
equity (Avis 2018). The economic growth
required to enable other SDGs cannot be pro-
moted in isolation from social and environmental
considerations, and should operate within plan-
etary constraints to avoid irreversible and costly
environmental damage, and be resilient to the
effects of natural hazards (Avis 2018). The green
economy focuses on resource efficiency and
enhanced management of natural capital, under-
pinned by an acknowledgement that environ-
mental degradation undermines long-term
economic growth and threatens human develop-
ment (European Commission 2018).

Rather than setting up a conflict between
environmental conservation and economic
growth (i.e., protecting the environment damages
growth), this approach highlights that there are
significant economic and development opportu-
nities from environmentally-sensitive policy-
making (European Commission 2018). For
example, businesses will benefit from more effi-
cient production practices. Decoupling economic
growth from environmental degradation (SDG
8.4), and investing in environmental protection,
can in itself drive economic growth while also
achieving environmental objectives (European
Commission 2018). Such decoupling requires
key environmental variables to be stable or show

decreasing degradation while the economy con-
tinues to grow (Everett et al. 2010). For example,
economic growth may continue to rise while
carbon emissions fall, or water quality improves.

Decoupling environmental degradation from
economic growth requires an understanding of
the complex interactions between the natural
environment (including the subsurface) and
economic growth. This understanding can help to
minimise environmental impacts of economic
activities, reduce resource consumption (see
Box 8.1), and ‘avoid breaches in critical
thresholds beyond which natural assets cannot
be replaced and can no longer support the
desired level of economic activity’ (Everett et al.
2010, p. 7). Understanding socio-environmental
interactions requires enhanced characterisation of
Earth resources, processes, and systems to inform
environmental, human, and economic modelling
and to explore interactions between these. New
partnerships are, therefore, needed between those
with environmental expertise (including geosci-
entists) and human, behavioural, and economic
sciences.

Geoscientists may also be involved in inno-
vations that combine economic opportunity and
environmental and social responsibility. For
example, improving the management and use of
electronic waste (or e-waste) could be an eco-
nomically important opportunity, with the World
Economic Forum (2019), noting that the material
value of e-waste is more than the GDP of many
countries. Boliden, a mining and smelting com-
pany has been recycling scrap metal since the
1960s and has leveraged this expertise to become
a global leader in capturing metals from e-waste.1

Geoscience expertise can contribute to the tran-
sition to a circular economy, minimise the envi-
ronmental impact of new technologies that
themselves drive economic growth (e.g., mobile
communications), and generate new economic
opportunities. For further discussion and exam-
ples of resource efficiency, see SDG 9 (sustain-
able industrialisation) and SDG 12 (responsible
consumption and production).

1https://www.boliden.com/sustainability/case-studies/
largest-electronic-material-recycler-in-the-world/.
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Box 8.1. The 10 Year Framework of
Programmes on Sustainable
Consumption and Production (10YFP)

Adopted by Heads of States at the UN
Conference on Sustainable Development
(Rio + 20) in June 2012, the 10YFP is a
global framework for action to enhance
international cooperation and accelerate the
shift towards sustainable consumption and
production patterns, and resource efficiency,
in both developed and developing countries,
at national and regional levels. The 10FYP
aims to support the decoupling of environ-
mental degradation and resource use from
economic growth, in turn, supporting
enhanced productivity, poverty eradication,
social development, and environmental sus-
tainability. With capacity building and
technology transfer at the heart of the
10FYP, it is hoped that innovation and
cooperation will result in a major shift to
sustainable consumption and production
patterns. The 10FYP is written into the
SDGs, with reference in SDGs 8.4 and 12.1.

An interim report on the 10FYP was
published in 2014, by the UN Department of
Economic and Social Affairs (UNDESA
2014). It highlighted work on six programmes

• Sustainable Public Procurement
• Consumer Information
• Sustainable Tourism
• Sustainable Lifestyles and Education
• Sustainable Building and Construction
• Sustainable Food Systems

The implementation of these pro-
grammes aims to support resource effi-
ciency and decoupling of economic growth
with environmental degradation. It
demonstrates the need for us all, but higher
income countries, in particular, to take
actions to reduce per capita consumption
and the environmental footprint of eco-
nomic activities (Fig. 8.1). It also high-
lights that this is a shared responsibility of
consumers, businesses, and governments.

8.2.2 Economic Diversification

Diversifying an economy and moving away from
a reliance on a single income source towards
multiple income sources can have a positive and
stabilising effect, boosting employment and
reducing vulnerability to economic, social, and
environmental shocks. For example, local
economies that are dependent on a small number
of crops could be badly impacted if the region is
affected by a particular pest or disease. National
economies that are heavily dependent on one or a
small number of mineral exports are particularly
susceptible to commodity price fluctuations or
falling demand, which can create economic
instability (Hausmann and Rigobon 2003). In
contrast, economic diversification can help to
reduce vulnerability at local to global scales, and
provides an opportunity to move towards prod-
ucts, markets, and jobs that produce less carbon
emissions and are more climate resilient
(UNFCCC 2016).

Natural resources (including minerals, metals,
and hydrocarbons) provide many countries with
an important source of income. Countries that are
resource-rich are not necessarily resource-de-
pendent, which depends on the extent of eco-
nomic diversification. The International Council
on Mining and Metals (ICMM) defines resource-
dependence to be where a country has 20% or
more of export earnings coming from natural
resources, or where resource rents account for
more than 10% of GDP (ICMM 2018a).
Table 8.2 shows 53 countries that have been
resource-dependent over the entire period of
1995–2015, accounting for 30% of the global
population and 230 million people living on less
than $1.90 a day (ICMM 2018a). For example,
mineral rents in Suriname equated to 24% of
GDP in 2016, with exports of metallic minerals,
metals, and coal equating to 53.5% of export
earnings (ICMM 2018b). The Extractives
Industry Transparency Initiative (or EITI, see
SDG 16) note that revenue from extractives
makes up more than 80% of the total government
revenue in Chad, Iraq and Timor-Leste (EITI
2019).
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Fig. 8.1 Installation of solar panels as part of sustainable building practices. Image by skeeze from Pixabay

Table 8.2 Resource-dependent countries over the entire period of 1995–2015 (from ICMM 2018a)

Hydrocarbons Metals and Minerals Both

Sub-Saharan
Africa

Angola, Cameroon, Congo, Gabon,
Equatorial Guinea, Libya, Nigeria

Botswana, Central African Republic,
Democratic Republic of Congo,
Ghana, Guinea, Mauritania,
Namibia, Niger, South Africa, Togo,
Zambia

Asia Brunei Darussalam, Indonesia,
Turkmenistan

Mongolia Australia, Papua
New Guinea,
Uzbekistan,
Kazakhstan

Latin
America and
the
Caribbean

Colombia, Ecuador, Trinidad and
Tobago, Venezuela

Bolivia, Chile, Guyana, Jamaica,
Peru, Suriname

Middle East
and North
Africa, and
Europe

Algeria, Azerbaijan, Egypt, Iran,
Iraq, Kuwait, Norway, Oman, Qatar,
Russia, Saudi Arabia, Syrian Arab
Republic, United Arab Emirates,
Yemen

Armenia, Georgia Bahrain
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Extractive sectors generally require large
amounts of capital, but do not always strengthen
the broader economy (World Bank 2015). ‘Dutch
Disease’ describes declining activity in one or
more sectors (e.g., manufacturing, agriculture) as
it becomes less competitive due to an increase in
the value of the national currency as a specific
sector is heavily invested in and develops (e.g.,
natural resources). The term is named after the
Netherlands which, following the discovery of
major petroleum resources, experienced a decline
in manufacturing as non-oil products became less
competitive on the world market due to the
strong Dutch Guilder. The declining sectors
cannot compete internationally as a country fails
to use appropriate monetary and fiscal policy to
manage exchange rate fluctuations following
rapid investment in natural resource development
(Corden and Neary 1982).

Extractive sectors also do not generally gener-
ate large amounts of employment relative to their
contribution to GDP (Fine et al. 2012; World Bank
2015). For example, they account for just 1% of
Africa’s workforce despite mining, oil, and gas
contributing approximately 7.1% to Africa’s GDP
in 2015, through resource rents (Fine et al. 2012;
Montt et al. 2018). There may be opportunities to
create new jobs in industries related to resource
extraction (e.g., processing minerals and manu-
facturing products) and sectors working to min-
imise the effects of resource extraction on the
natural environment (e.g., water management
agencies). Diversification will likely also require
job creation in broader sectors, such as services,
tourism, and research and development.

Investment in extractive sectors is still critical,
however, if we are to address other sustainable
development challenges, such as accessing the
raw materials needed for renewable energy
technologies (Nickless 2017). Governments can
help to protect themselves from economic
slumps from commodity price drops by using
revenues from resource extraction to develop
human capital and diversify their economy
(World Bank 2012). The seven biggest Latin
American mineral exporters were identified as
significantly underperforming in terms of growth
following the collapse in commodity prices in

mid-2008 (Camacho and Pérez-Quirós 2013).
A country can shield itself to such price collapses
through effective monetary policies (Roch
2017). Chile is considered to be resource-
dependent, but it is also a highly diversified
economy with a policy environment that has
enabled the export of more than 2800 distinct
products to more than 120 countries, including
fruit, fish, wine, and chemicals (Fruman 2017).

8.2.3 Technological Upgrading

Research to develop new technologies and adapt
existing technologies is critical to improving pro-
ductivity and supporting economic growth. Where
access to technologies is limited, there are oppor-
tunities for upgrading and technology transfer
across different geographical settings, and from
one discipline to another. Technologies are
required both in the workplace and the home,
recognising that for many workers the home is the
workplace. Social or environmental factors may
mean that the most appropriate technology in one
context is not suitable in another context. Tech-
nological upgrading, therefore, requires (i) knowl-
edge exchange, (ii) research and development, and
(iii) access to economic capital to occur.

i. Knowledge Exchange. In many contexts,
technology already exists to increase pro-
ductivity and may be in place within the
same or a different sector elsewhere.
Improved knowledge exchange between
sectors, and different national contexts, can
help to build awareness of different tech-
nological possibilities. The occurrence of
natural hazards, for example, can have a
negative impact on economic growth and
disrupt income generating activities thus
reducing productivity. Many technologies
are being used around the world to monitor
volcanic activity, understand evolving
meteorological conditions, and communi-
cate with the affected population when an
earthquake is detected. Not every country
affected by natural hazards has access to or
understanding of all the currently available
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technologies that may help to better charac-
terise, reduce, or manage risk. It is often low-
income countries that lack access to such
technologies and need effective knowledge
and technology transfer to upgrade and pro-
tect economic assets and livelihoods. Sup-
ported by the World Bank and the British
Embassy in Guatemala, scientists and engi-
neers from the Universities of Bristol and
Birmingham (UK), have worked with Gua-
temalan scientists at the National Institute for
Seismology, Volcanology, Meteorology, and
Hydrology (INSIVUMEH) to demonstrate
how drones can be used to map Fuego vol-
cano.2 In a further example, UNESCO laun-
ched the International Platform on
Earthquake Early Warning Systems (IP-
EEWS) initiative in 2015, to create a space
that enhances collaboration and knowledge
sharing within the scientific community and
between scientists, decision- and policymak-
ers in order to promote the development of
early warning systems in earthquake-prone
regions and countries and strengthen com-
munities’ preparedness and resilience against
natural hazards. For more information on
sharing information, experiences, best prac-
tices, and policy relating to science, technol-
ogy, and innovation, see the section on the
UN Technology Facilitation Mechanism in
SDG 17.

ii. Research and Development. While many
technologies already exist that can help to
increase economic productivity, in some
cases research and development is needed
to create new or advance existing tech-
nologies. Gil et al. (2018) highlight intelli-
gent systems to be an essential research
agenda for the geosciences, noting that
geoscience data is often uncertain, inter-
mittent, sparse, multi-resolution, and multi-
scale. They argue that approaches to
understanding interactions between Earth
processes and human activities may be
limited due to the complexity of geoscience

data. Machine learning, sensing, and
robotics can help to enrich geoscience data
and support the improved characterisation
of links between Earth systems and human
activities. For example, climate and Earth
system models can be improved using new
models that combine artificial intelligence
and physical modelling (Reichstein et al.
2019), to support decision-making related
to climate action (SDG 13).

iii. Access to Economic Capital. Upgrading
technology also requires access to financial
services, such as bank accounts and loans.
Only 35% of adults in low-income countries
have access to an account at a bank or other
financial institution (UN 2018a). Innova-
tions such as microfinance and mobile
money agents are increasing access to and
the ability to transfer capital, which can be
used to fund technological upgrading in the
workplace at home. Economic productivity
is seriously hindered by a lack of access to
clean, safe water, and associated health
implications. In 2016, UNICEF estimated
that women and girls spend 200 million
hours every day collecting water, reducing
the time available for education and
income-generation (UNICEF 2016). Initia-
tives such as WaterCredit are providing
microfinance to improve householder water
and toilet facilities (Water.Org 2019). By
providing access to upgrade household
technologies, microfinance is improving
health and productivity.

Technological upgrading, therefore, requires
multiple approaches, and their application at dif-
ferent scales. While technology is fundamental, we
should not ignore the important contribution that
other forms of innovation make to increased pro-
ductivity. This could be more research and
development workers, novel partnerships, and
improved methods to integrate western and
traditional/indigenous scientific knowledge (see
SDG 9 and SDG 17). For example, Robbins
(2018), cites the example of a researcher using
traditional ecological knowledge from indigenous
communities to gain a more holistic understanding

2https://www.bristol.ac.uk/cabot/news/2018/drone-
expertise-volcanic-eruptions.html.
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of the complex interactions between species.
Knowledge exchange, research and development,
and access to economic capital are critical for
facilitating technological upgrading, but also con-
tribute to a broader innovation that drives inclusive
and sustainable economic growth.

Box 8.2 Handheld X-Ray Fluorescence
Spectrometry Technology for
Improved Productivity

Handheld X-ray fluorescence spectrometry
(XRF) testing is now common in a variety of
geoscience contexts as a field portable geo-
chemical analytical tool (Fig. 8.2). If used
effectively, it can provide geoscientists with
live, geolocated data on the geochemical
composition of rocks and soils.

This can be used to determine appro-
priate measures and types of fertiliser to
use to enhance agriculture. It can also be
used in mineral exploration to more

effectively target zones with high-grade
potential, reduce the environmental impact
of sampling programmes and reduce the
need to transport large volumes of samples
to laboratories. This sampling method can
boost productivity allowing exploration
teams to design sample programmes to
rapidly cover underexplored areas from a
regional to local scale. The technology can
also be applied in other contexts such as
diamond drilling, mining, or investigating
contaminated land (Young et al. 2016).

8.3 The Future of (Geo)Work

8.3.1 Employment Challenges
and Opportunities

The creation of decent jobs—livelihoods that are
stable, pay a fair wage, with safe working

Fig. 8.2 Handheld XRF device. In this example the
handheld XRF is used to evaluate the amount of metal

contaminants in the soil. Photo by the US Department of
Agriculture (Public Domain)
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conditions—are central to SDG 8 and critical to
eradicating poverty, boosting economic growth,
recovering from the impact of the COVID-19
pandemic, and ensuring the necessary tax rev-
enues to improve services and infrastructure. The
global labour force has grown by nearly 50%
between 1990 and 2018, from 2.32 billion to
3.46 billion people (World Bank 2019c). In the
world’s least developed countries during the
same timeframe, this growth was 112%, from
196 million to 416 million people (World Bank
2019c). The growth in the labour force is
expected to continue, particularly in the Global
South where populations are growing.

Creating jobs, however, is not enough to
deliver SDG 8. UNDP (2019), estimates that in
2018, 700 million workers earned less than
$3.20/day and still live in extreme or moderate
poverty. Jobs must, therefore, pay enough to lift
people out of poverty, have decent terms and
conditions, and take place in safe and secure
work environments. Globally, more than 60% of
workers operate in the ‘informal economy’—
generally not taxed or monitored by the gov-
ernment, with a lack of social protection, rights at
work and decent working conditions (ILO
2018a). Informal employment can make it harder
for workers to complain about poor treatment,
access finance or support from official institu-
tions, and escape extreme poverty.

The creation of jobs is influenced by some key
trends shaping the future of work (see the Fur-
ther Reading section of this chapter for more
information). The first is the impact of artificial
intelligence and robots on future employment.
The Organisation for Economic Cooperation and
Development (OECD 2019), suggests 14% of
jobs in OECD countries are at high risk of
automation, and a further 32% of jobs could be
radically transformed due to automation. Some
reports suggest that increases to productivity
from automation will enable increases in work-
force capacity, but acknowledge that reskilling of
staff may be needed (Watson et al. 2019). New
technologies have been introduced throughout
history, improving productivity and creating new
jobs (UNDESA 2017). The impacts of such
technologies are uncertain, but policy and

institutional responses (e.g., improved access to
training and professional development for low-
skilled workers), together with strategic foresight
could help these technologies be used to leverage
new and better opportunities for all (UNDESA
2017).

A second trend is the growth of the so-called
gig economy, or “labour market activities that
are coordinated via digital platforms” (Hunt
et al. 2017), such as websites or smartphone
applications. Customers use these platforms to
request a service from an available worker, and
the organisation operating the platform takes a
fee or commission upon completion and payment
(Hunt et al. 2017). This can provide flexibility for
many workers, but often at the cost of workplace
protections and benefits (e.g., sick pay). Esti-
mates suggest that the ‘gig’ economy workforce
in the UK doubled between 2016 and 2019, from
4.7 to 9.6% of workers (SSCU-HBS 2019). The
extent of the gig workforce in the Global South is
unclear (Hunt and Samman 2019). High levels of
informal self-employment across Africa have
been reported (Fine et al. 2012), with this much
greater in scope than the gig workforce, but with
similar challenges, such as the lack of social
safety nets.

A third trend, particularly pertinent to geo-
scientists and geoscience-based sectors is a move
towards sustainability, climate resilience, and the
‘greening’ of jobs. Strong links exist between
environmental degradation, poverty and
inequalities, with approximately 1.2 billion jobs
around the world directly depending on ecosys-
tem services (ILO 2018b; Montt et al. 2018).
Failing to address environmental challenges will,
therefore, impact current jobs and hinder the
generation of new ones. This is discussed in
detail in Sect. 8.3.2.

The creation of decent work, responding to
the trends set out above, requires a strong
enabling environment, including appropriate ed-
ucation, political stability, investment in inno-
vation, and partnerships for development.
Completing secondary and tertiary education
(SDG 4) is important to increasing formal em-
ployment, with many of those in informal em-
ployment either having no education or only
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completing primary education (ILO 2018a). This
education must be fit-for-purpose, with young
people having access to appropriate high-quality
education and vocational training that provide
the skills to do the jobs available in the coming
decades. Strategic job creation, aligned with
appropriate education and training, can expedite
the delivery of many SDGs, for example, by
ensuring there is the technical and human capital
required to design, build, and maintain infras-
tructures such as road, energy, or sewer net-
works. Job creation will also be supported by
political stability (SDG 16), enhanced innovation
spending (SDG 9), and technology transfer
(SDG 17).

8.3.2 Job Creation
and Environmental
Sustainability

There is a strong push from UN frameworks
(top-down) and both consumers and communi-
ties (bottom-up) to adopt policies that tackle
ongoing environmental degradation and advance
environmental sustainability, including decar-
bonisation and transitioning to a circular econ-
omy. This will affect the jobs created and lost in
the future, with an overall net increase in jobs
expected but this vary by region and sub-sector
(ILO 2018b; Montt et al. 2018). Some sectors
employing geoscientists will likely experience
job demand growth, and others a decline in job
demand. For example, AGI (2019) project that
the total US geoscience workforce will increase
by 6.2% between 2018 and 2028, but the oil and
gas extraction industry is projected to decrease
by 9.4%. It is of critical importance that geo-
science educators and professional societies
understand potential changes to future labour
markets so that they can support geoscientists
(particularly, but not limited to students) to have
the skills and disciplinary knowledge required to
gain employment.

The ILO (2018b) suggest decarbonisation will
result in a net increase of jobs in the energy
sector by 2030, with growth in the construction
sector (6.5 million new jobs), mining of copper

ores and concentrates (1.2 million new jobs), and
the production of electricity by hydropower (0.8
million new jobs). Other industries set to expe-
rience job demand growth as a percentage of the
current workforce, include most types of elec-
tricity generation other than those using fossil
fuels, including production by geothermal energy
and wind (0.4% job demand growth), and pro-
duction by nuclear energy (0.3% job demand
growth). Spalek et al. (2013) project that the
number of geothermal experts required in EU
member states and associated countries would
increase from 2500 in 2012 to 35,000 by 2030.
The development of new energy infrastructure,
including both energy generation and storage,
sourcing of the raw materials to enable this, and
ongoing environmental management of the waste
generated by these growth industries will all
require geoscientists.

The ILO (2018a) have also published esti-
mates of how a transition to the circular economy
will affect employment in different regions and
sectors by 2030. This projection indicates net
employment growth in the Americas and Europe,
and net employment losses in Africa, the Middle
East, Asia, and the Pacific (Montt et al. 2018),
which underlines the importance of economic
diversification to mitigate this potential impact
on jobs and reduce employment losses. ILO
(2018b) identify sectors benefitting from the
transition to a circular economy to be those
engaging in reprocessing of metals, repair and
maintenance, and research and development. The
same report identifies sectors suffering from the
transition to a circular economy, with these
almost entirely consisting of sectors linked to
primary mining and hydrocarbon extraction.

Global ambitions are to transition to a more
sustainable way of operating by 2030, but the
impact on jobs will be felt before that. From the
ILO (2018b) projections, and a broader look at
the ambitions of the SDGs, sectors employing
geoscientists will both grow and decline as we
decarbonise and transition to a circular economy.
Based on the targets within the SDGs, and our
understanding of current progress in achieving
these goals, it is likely that there will be an
increased emphasis on environmental data
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collection, management, integration, and access
to understand and manage complex environ-
mental and social challenges (Gill et al. 2019).
Improved subsurface mapping and environmen-
tal monitoring networks can support action to
improve water and food security, decarbonise,
reduce poverty, improve health, enable regener-
ation, and ensure resilient infrastructure. This is
likely to mean increased demand for applied
environmental geoscientists (including specialists
in hydrogeology, engineering geology, geologi-
cal hazard assessment, and contaminated land
assessment), with experience in different geo-
graphic domains (e.g., coastal, marine, and urban
environments), and the particular sustainable
development challenges they contain.

In all contexts, there will be an increasing
need for geoscientists who can integrate an
understanding of sustainability (or social geo-
science) into their professional practice (Stewart
and Gill 2017). This will require a renewed
emphasis on partnership building, training geo-
scientists to work effectively with varying disci-
plines (including the human and behavioural
sciences) and sectors. These are skills that will
also increase their employability prospects
beyond traditional jobs for geoscientists. Geo-
science graduates could help to meet the
increasing demand for sustainable development
specialists, given their ability to integrate diverse
data, think across scales, apply lessons from the
past to future thinking, and work in an interdis-
ciplinary manner.

8.3.3 Job Creation and Sustainable
(Geo-)Tourism

Sustainable tourism is expressed as a priority
within the SDGs (Target 8.9), providing an
opportunity to create new jobs that celebrate
local culture and create new markets for local
products. The UN World Tourism Organisation
(UNWTO) defines sustainable tourism to be
“tourism that takes full account of its current and
future economic, social and environmental
impacts, addressing the needs of visitors, the
industry, the environment and host communities”

and emphasises the need to optimise the use of
environmental resources, maintain essential eco-
logical processes, and conserve natural heritage
and biodiversity (UNEP/UNWTO 2005). As
UNEP/UNWTO (2005) states, this requires

• Investment in socio-economic benefits:
Ensuring a fair distribution of stable employ-
ment, income-earning opportunities and social
services to the host communities (including
indigenous communities), while contributing
to poverty alleviation.

• Respecting socio-cultural authenticity: The
host community have built and living cultural
heritage and traditional values that should be
conserved, contributing to intercultural
understanding and tolerance.

• Decarbonisation. Increased use of renewable
energy and the decarbonisation of transport to
minimise the carbon emissions associated
with tourism.

• Resource management: Effective management
of the natural resources required by tourists
(e.g., potable water) to ensure these are pro-
tected, used in a sustainable manner, and the
immediate and long-term needs of local
communities are met. Waste reduction and
management is also needed, including reduc-
ing the use of plastic and minimising food
waste.

• Environmental management: Effective man-
agement of geological and biological diversity
in a given region (e.g., protecting landscapes,
and the environmental integrity of water
courses), which can help to draw people to a
region.

• Disaster preparedness and risk reduction:
Increased understanding of natural hazards in
the region, and the steps needed to protect the
lives and livelihoods of those living and
working there, as well as visitors.

• Promotion and monitoring of sustainable
tourism practices: Informed participation of
all relevant stakeholders, consensus building,
promotion of sustainable tourism practices,
monitoring of the impacts and implementing
corrections or preventive measures where
needed.
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Geotourism has been defined by the Arouca
Declaration written by the Global Geoparks
Network in November 2011, as tourism which
‘sustains and enhances the identity of a territory,
taking into consideration geology, environment,
culture, aesthetics, heritage and the well-being of
its residents’ (Arouca Declaration 2011). Geo-
logical tourism is just one of the multiple com-
ponents of geotourism. Geotourism helps to
conserve, disseminate, and cherish planet Earth.
Geotourism enables visitors to grow in their
understanding of Earth’s 4.6 billion year history
and to collectively explore shared futures for the
Earth and humanity. UNESCO Global Geoparks
(Box 8.3) play an important role in the devel-
opment of geotourism.

Box 8.3 UNESCO Global Geoparks

UNESCO Global Geoparks are ‘single,
unified geographical areas where sites and
landscapes of international geological
significance are managed with a holistic
concept of protection, education, and sus-
tainable development’ (UNESCO 2017).
Geoparks include geological heritage of
international significance, and explore,
develop, and celebrate the links between
geology and the area’s natural, cultural and
intangible heritages. In 2019, there were
147 UNESCO Global Geoparks in 41
countries. Some examples include

Brazil: The Araripe UNESCO Global
Geopark, holding large numbers of well-
preserved fossils from the Lower Creta-
ceous, with a highly diverse paleobiology.
The region has a distinct cultural identity,
promoted through the Environmental
Education and Interpretation Center of
Araripe UNESCO Global Geopark. This
centre provides an integrated understand-
ing of the historical, cultural, socio-
environmental, paleontological, and land-
scape aspects of sites with the Geopark.

Iceland: The Katla UNESCO Global
Geopark includes volcanoes such as Katla
and Eyjafjallajökull, large lava flows,
waterfalls, and glaciers. The geography of
this region resulted in the isolation of
communities due to unbridged glacial riv-
ers that were hard to cross, fostering in-
novation, entrepreneurship, and an
understanding of geological processes.

Mexico: The Mixteca Alta, Oax-
aca UNESCO Global Geopark is considered
one of the most complex regions of Mexico
from a geological perspective, with deposits
from the Precambrian to the Cenozoic.
Many sites within this Geopark are related to
processes and landforms linked to land-use
and farming by the Mixteca civilization,
flourishing between the second century BC
and fifteenth century AD.

Vietnam: The Dong Van Karst
Plateau UNESCO Global Geopark, home
to 17 ethnic groups, includes high moun-
tains and deep canyons, with diverse geo-
morphological features and palaeontology.
The diverse geology is complemented by a
unique and rich cultural heritage.

UNESCO Global Geoparks can gener-
ate new job opportunities, new economic
activities, and additional sources of income
to local communities living within and in
the surroundings of the Geopark, espe-
cially in rural regions. Information on all of
the UNESCO Global Geoparks is available
through the UNESCO website: www.
unesco.org/geoparks (Fig. 8.3).

Geotourism can help to support economic
growth and diversification. The financial benefits
of UNESCO Global Geoparks were examined in
a study by the UK National Commission for
UNESCO (2013). While the cost of the
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UNESCO status for these Geoparks was esti-
mated to be £330 k, the estimated annual finan-
cial benefit is estimated to be £19.17 m (UK
National Commission for UNESCO 2013). This
study was done prior to the official ratification by
UNESCO of UNESCO Global Geoparks in
November 2015, potentially increasing their
value to the UK economy as a result of having
greater recognition. A further study, commis-
sioned by the Geological Survey of Ireland,
showed that geotourism is a major contributor to

the Irish economy (Table 8.3). Total revenues
(expenditure by visitors) directly attributable to
geotourism amount to over €370 million in 2016,
with the sector contributing almost €240 million
to the Irish economy GVA/GDP.

Geotourism can also crease new employment
opportunities, including for geoscientists.
UNESCO Global Geoparks employ geoscientists
in roles such as Geopark managers, educators,
facilitators, and scientists. Staff need a transfer-
able skill set that allows them to communicate

Fig. 8.3 Education activities at Mixteca Alta, Oax-
aca UNESCO Global Geopark, Mexico. Field trip
between local children, their parents and teachers, local
authorities and guides in the Santa María Suchixtlán

Geopark community ©Mixteca Alta, Oaxaca UNESCO
Global Geopark, Mexico, Xóchitl Ramírez Miguel (used
with permission)

Table 8.3 Economic
impact of geotourism in
Ireland, 2012–16 (€
million)

Revenue from 2012 2013 2014 2015 2016

Top Fee-Paying Sites 17.0 19.7 22.8 28.2 33.6

Top Free Sites 1.2 2.4 5.2 6.8 7.3

Hiking and Cross-Country Walking 149.8 189.8 225.1 286.3 329.8

Total Revenue 167.9 211.9 243.1 321.3 370.7

Gross Value Added 108.6 137.0 163.6 207.7 239.6

Source Indecon (2017)
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with local stakeholders including local authori-
ties, business owners, citizens, visitors, and aca-
demics. This variety of skills is currently not
adequately taught at the university level during a
geoscience degree, and further professional
development will likely be required. UNESCO
Global Geoparks also create jobs (directly and
indirectly) for other members of the local com-
munity. Many UNESCO Global Geoparks
employ local inhabitants as guides or rangers.
Locals have grown up in the region and often
know the Geopark better than anyone else, with
the enthusiasm and willingness to learn more
about the geological, natural, and cultural heritage
of the landscape and territory. In Mixteca Alta,
Oaxaca UNESCO Global Geopark (Mexico),
local inhabitants, some of them unable to write or
read, have been trained to become Geopark
guides, and provided with training on the local
geology, geography, fauna and flora, history, and
its many traditions. This provides additional
opportunities to generate income. Guides are able
to link their new geological knowledge with local
indigenous knowledge and traditions. The Mix-
teca Alta, Oaxaca UNESCO Global Geopark has
had a positive impact on what is a very poor
region of Mexico. Many men have left the region
to find jobs in the city or outside the country,
resulting in a population of women, children, and
elderly. The Geopark has helped to provide new
opportunities for young people, and additional
income-generating opportunities for the elderly
and women living there.

Local citizens are also encouraged to expand
or start new businesses connected to the Geop-
ark, such as small hotels, outdoor sports services,
restaurants serving local cuisine, and the sale of
local crafts to visitors. Many UNESCO Global
Geoparks support and encourage the formation
of women’s cooperatives. In the Qeshm
Island UNESCO Global Geopark in Iran, a local
women’s cooperative runs the Star Valley visitor
centre. They also display and sell their traditional
handicrafts such as Golabaton, needlework por-
traying mostly flower patterns. This is a skill
passed from one generation to another (Fig. 8.4).

The cooperative runs the local café, providing
catering to one of the many Geopark guest-
houses. The cooperative allows and empowers
the women to actively contribute to the life of the
community.

8.4 Safe and Secure Working
Environments

The development of safe and secure working
environments (Target 8.8) means creating spaces
where injuries are prevented, and workplace
violence and harassment of all kinds are elimi-
nated. The International Labor Organisation
(ILO) describes key standards that aim to ensure
equity, non-discrimination, security, freedom,
and dignity for all (ILO 2019a), with the SDG
target aiming to ensure compliance in law and
practice with these fundamental standards. Geo-
scientists have the right to expect a safe and
secure work environment, and the responsibility
to facilitate this in the diverse sectors and inter-
national contexts they operate in.

Safe and secure work environments are free
from preventable fatalities and injuries. Geosci-
entists work in many dangerous situations,
including mining (see Box 8.4), tunnelling, and
oil and gas fields (both onshore and offshore).
Geoscientists also conduct field research in
extreme environments such as at high-altitudes,
in active volcanic settings, and in Polar Regions.
Effective planning and field safety preparations
can help to reduce the likelihood of an accident
and minimise the impacts of any accidents that
do occur. Risk assessment and field safety is an
essential part of the education of many geosci-
entists, however, there is no universal access to
comprehensive courses and continued profes-
sional development to ensure all geoscientists
can plan appropriately. Geologists should also be
vigilant of practices that fail to take appropriate
actions to mitigate the risks to their colleagues
(e.g., companies not providing personal protec-
tive equipment), and report breaches in health
and safety.

198 K. A. Heirman et al.



Box 8.4 Safe and Secure Environments
for Mineworkers

Despite considerable efforts in many
countries, the rates of death, injury and
disease amongst those working in the
mining sector remain high (ILO 2019b).
Many mineworkers work underground
with limited access to natural light and
ventilation, with others working close to
cut-slopes with varying degrees of stabil-
ity (Fig. 8.5). Problems include traumatic
injury hazards, ergonomic hazards, psy-
chosocial hazards, and exposure to extreme
noise, heat, radon, solar ultraviolet, coal
dust, crystalline silica, cyanide, mercury,
and hydrofluoric acid (Donoghue 2004).
Mining, therefore, remains one of the most
hazardous occupations in the world.

Accounting for 1% of the global work-
force, mining is responsible for about 8%
of fatal accidents at work.

Large-scale companies, responsible for
larger mining operations, are generally
compliant with national and international
work laws and regulations. Further
improving the work environment of large-
scale formal mining is important, with the
International Council on Mining and
Metals (ICMM) and its members commit-
ted to reducing operational fatalities to
zero. ICMM is an international organisa-
tion dedicated to a safe, fair and sustainable
mining and metals industry, with 26 min-
ing and metals companies and 35 regional
and commodities associations as members.
Amongst their members, ICMM reported

Fig. 8.4 Qeshm Island UNESCO Global Geopark,
Iran, Golabaton, needlework portraying mostly flower pat-
terns, is an art transferred from generation on generation in

Qeshm Island UNESCO Global Geopark, Islamic Republic
of Iran © Qeshm Island UNESCO Global Geopark,
Iran/Asghar Besharati (used with permission)
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63 fatalities in 2016, 51 fatalities in 2017,
and 50 fatalities in 2018 (ICMM 2019a).
The number of recordable injuries in 2018,
increased from 7,515 to 7,751.

Artisanal and small-scale mining
(ASM) is also of great importance,
expanding rapidly and often informally in
many developing countries. ASM activities
may be outside of legal and regulatory
frameworks, with little monitoring and
conditions not conforming to international
labour standards (ILO 2019b). Small-scale
mining employs large numbers of women
and children, with accident rates estimated
to be 6–7 times higher than in larger
operations (ILO 2019b).

Safe and secure work environments are also
free from modern slavery (including forced or
compulsory labour). Approximately 20.9 million
people around the world are still in forced labour,
with more than half of these being women and
girls (ILO 2019c). Modern slavery is a loss of
personal freedom, resulting in diverse forms of
exploitation from forced prostitution and forced

marriage to forced labour and debt bondage.
Forced labour is used in a variety of sectors,
including mining and stone quarrying (Mendel-
sohn 1991; Upadhyaya 2004). The mining sec-
tor’s high exposure to the risk of slavery is driven
by large supply chains with suppliers having little
incentive or ability to tackle exploitation (ICMM
2019b), as well as the overlap between sites of
mineral extraction and active conflicts.

When mining takes place in active conflict
zones, such as the Democratic Republic of
Congo (DRC), instability can result in the use of
forced labour. Demand for laptops and smart-
phones results in a corresponding demand for the
natural resources integral to such consumer
electronics (e.g., cobalt, gold, tantalum). In situ-
ations where regulation and governance are
weak, the exploitation of natural resources can
create profit for armed groups with human traf-
fickers exploiting vulnerable communities. The
Council on Foreign Relations (2018), note the
use of both refugees and Congolese as forced
labour in DRC mines, as well as women and
children, being the victims of sexual slavery and
the use of children as soldiers. A study in the
south of Sierra Leone showed that in almost all

Fig. 8.5 Opencast coal mining in Siberia, Russia Image by Aнaтoлий Cтaфичyк from Pixabay
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the mines visited, children were used as labour in
breach of both the National Mining Act and
international laws (Sheriff et al. 2018). Geosci-
entists share a responsibility with all of society
for the eradication of modern slavery and must
remain vigilant and report such practices in the
sectors and geographic regions they operate in.

Safe and secure work environments do not
tolerate harassment of any form. Harassment
endangers the personal, profession, physical, and
emotional well-being of individuals and their
communities, and can have, especially injurious
effects in disciplines with low diversity, such as
geoscience. Studies show disturbing numbers of
scientists who have experienced (sexual)
harassment (e.g., Archie and Laursen 2013;
Clancy et al. 2014), with many more cases
reported in the media. In a 2010, member survey
of the Earth Science Women’s Network
(ESWN), 51% of almost 500 respondents indi-
cated to have experienced sexual harassment
sometime during their career (Archie and Laur-
sen 2013). Harassment is disproportionately tar-
geted at groups that are already underrepresented
in the geoscience community, such as women. In
engineering, a bad workplace climate and culture
resulted in 20% of women engineers leaving
their field and thereby impacting the number of
practicing women engineers (Fouad et al. 2012).
In a 2014, survey of scientists conducting
research in field settings (including social, life,
and earth science disciplines), 71% of women
respondents and 41% of men reported receiving
inappropriate comments and 26% of women and
6% of men reported experiencing sexual assault
while conducting field research (Clancy et al.
2014). Effective and enforced codes of conduct
and grievance policies are often missing or
lacking (Clancy et al. 2014). Harassment is fur-
ther discussed in SDG 5 (gender equality).

8.5 Conclusions

The natural environment is explicitly embedded
into the targets and ambitions of SDG 8, recog-
nising that sustainable economic growth requires
resource efficiency and a decoupling from

environmental degradation. This depends on
effective environmental monitoring, geoscience
research, and geoscience engagement in innova-
tive technologies, practices, and policies. The
breadth of geoscience engagement in SDG 8 is,
however, much broader than the environmental
references made in Target 8.4. As articulated in
this chapter, improving economic growth,
diversification, and ‘greening’ depends on
improved understanding of geological processes
and resources (Targets 8.1 to 8.4). For a nation
considering how to increase economic growth,
sustain growth, build resilience into growth, and
reduce the environmental impact of growth, it is
imperative to understand natural capital (includ-
ing both bio- and geodiversity) and how to
manage this in a sustainable manner.

Targets 8.5 to 8.9 focus on full and produc-
tive employment and the provision of decent
work for all. For all sectors, including those
employing geoscientists, there is a need to ensure
decent work conditions, provide safe and secure
work environments, and remain vigilant to the
use of modern slavery. Implementation of the
SDGs will result in the creation and loss of jobs
as major transitions are made around the world to
end poverty, ensure inclusive growth and social
development, and tackle environmental chal-
lenges. Geoscience professional and learned
societies, geoscience unions, and bodies repre-
senting major sectors employing geoscientists
should evaluate the implications of these transi-
tions in order to support the geoscience com-
munity to adapt, mitigate potential challenges,
and respond to increasing opportunities. For
example, the focus on sustainable tourism in
Target 8.9 provides an opportunity for enhanced
protection and celebration of our geological
heritage. The UNESCO Global Geopark initia-
tive provides one such opportunity for geo-
science and geoscience’s connection with culture
to generate employment while simultaneously
supporting environmental protection.

Delivering SDG 8 requires an integrated
approach, and recognition that its progress
depends on engagement by diverse sectors (in-
cluding geoscientists) and progress in other
SDGs. Figure 8.6 illustrates some of the other
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SDGs that act as enablers of SDG 8 (including
improved health, education, industrialisation,
equalities and partnerships) or reinforce progress
towards this goal. Figure 8.6 also illustrates the
SDGs that depend on improved economic
growth and decent work (amongst other factors)
if they are to be achieved. This figure not only
demonstrates the interconnectedness of the
SDGs, through the lens of SDG 8, but also the
critical role of geoscience research and practice
to their ambitions and targets.

8.6 Key Learning Concepts

• Strong, sustainable and productive economies
are secured through improved access to eco-
nomic services, economic diversification, the
creation of decent and fulfilling jobs, and the

valuing and implementation of good practice
regarding labour standards and workplace safety.

• Diversifying an economy can have a positive
and stabilising effect on economic growth and
employment, and reduce vulnerability to
economic, social, and environmental shocks.
The economies of many countries are depen-
dent on natural resources. Governments can
help to protect themselves from economic
slumps from commodity price drops by using
revenues from resource extraction to develop
human capital and diversify their economy.

• Technological upgrading can help improve
economic productivity. Improving access to
appropriate technologies requires knowledge
exchange, research and development, and
access to financial services. This is comple-
mented by broader innovation, including
improved blending of western and indigenous

EXAMPLE INPUTS DELIVERING SDG 8 FACILTATES

INVESTMENT

AN IMPROVED ENVIRONMENT

SOCIAL DEVELOPMENT

e.g.,

e.g.,

e.g.,

Fig. 8.6 Links between SDG 8 and other SDGs. The
delivery of economic growth and decent work requires
diverse inputs from improved infrastructure (SDG 9) to
gender equality (SDG 5). In turn, progress in SDG 8

delivers resources to invest in infrastructure, an improved
natural environment, and enhanced social development.
SDG icons developed by the United Nations. The authors
support the Sustainable Development Goals
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science and better integration of geoscience
into policy.

• Sustainable development requires the creation
of decent jobs, livelihoods that are stable, pay
a fair wage, and have safe working conditions.
Implementation of the SDGs will shape the
future of work, and the types of jobs available
to geoscientists. Geoscience educators and
professional societies should seek to under-
stand potential changes to labour markets so
that they can support geoscientists to gain
suitable employment. Growth areas are likely
to link to applied environmental science and
sustainability science.

• Geoheritage is an opportunity to boost sustain-
able tourism and build awareness of links
between the natural environment, history, and
culture. UNESCO Global Geoparks are playing
an important role in the development of sus-
tainable geotourism and help to create diverse
livelihoods for those living in or near the
geopark.

• The development of safe and secure working
environments means creating spaces where
injuries are prevented, and workplace violence
and harassment of all kinds are eliminated. The
field-based nature of many geoscience careers
means access to the appropriate field safety
training should be included in the education and
ongoing professional development of all geo-
scientists. Geoscientists should be vigilant of
poor practice that increases risks to colleagues
and report health and safety breaches.

• The extractives industry has a high exposure
to the risk of slavery, driven by complex
supply chains and the demand for minerals
found in active conflict zones where gover-
nance and regulation are weak.

• Effective and enforced codes of conduct relat-
ing to harassment and discrimination are also
required to create decent work environments.

8.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios

that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Chile and Zambia are two of the biggest
producers of mined copper. Prepare a one-
page briefing note that contrasts Chile and
Zambia and outlines (i) their natural resource
endowment, (ii) differences in their economic
diversification, and (iii) lessons learned that
would support a third country to responsibly
govern their copper source.

• Reflect on the technologies that you use to
assist your study of geoscience (e.g., hard-
ware, software, laboratory equipment), and
consider the productivity implications if these
were not available. Research the global dis-
tribution of some of these technologies, and
evaluate what steps may be needed to upgrade
technology in one or more national contexts.

• Research the concept of ‘technology readiness
levels’, and consider how these relate to
technology upgrading in key geoscience
industries.

• Hold a debate in class about ‘future employ-
ment prospects for geoscientists’, exploring
how demand for geoscientists may differ 10 or
30 years from now in terms of specific skills
or themes of expertise. What actions could
you take (e.g., online learning, module selec-
tion, extra reading) to help prepare you for a
changing sector.

• Write a job description for a graduate ‘Earth
sustainability scientist’ employed in a sector
of your choice, thinking about what this job
may involve and the skills and knowledge that
may be requested.

• Prepare a comprehensive risk assessment and
field safety plan for a geological mapping
programme in a country of your choice.
Consider the process you followed to prepare
this plan, and design a simple training course
that you could run with international col-
leagues to build capacity in safe work
practice.
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• Outline a geotouristic route (e.g., a hiking
path or bike route) that highlights at least one
geoheritage site, a site of natural and/or cul-
tural value and another local attraction. Create
a short information leaflet for visitors that
explains what can be seen, making sure you
use terms and wording that non-scientists
understand.
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Abstract
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Infrastructure for Sustainable  Development
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management

INDUSTRY, INNOVATION
AND INFRASTRUCTURE9

There is significant disparity in the
extent of national resources allocated
to research and development

Increase productivity and generate jobs

Manufacturing uses energy, labour and innovation to
convert natural resources into other products

Improve access to clean
water and healthcare

Geological ground models can help to ensure infrastructure is of high quality, reliable and sustainable

Industrialisation can create jobs and help
economies to diversify, while generating
products to improve lives

Sustainable industrialisation is
energy and resource efficient,
ensuring appropriate
management of waste

In 2015, Guatemala had 22 researchers
(per million worker) where as France
has 4307 (World Bank, 2019b)

Geoscientists can help to build capacity 
and strengthen the quantity and quality
of the research community

Sustainable Industrialisation

Improved infrastructure can:
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9.1 Introduction

Investment in energy, water and sanitation,
telecommunications, transport, and waste man-
agement infrastructure is essential to efforts to
improve economic growth and human develop-
ment. Poor transport infrastructure adds 30–40%
to the cost of goods traded amongst African
countries, and current infrastructure constraints
reduce economic productivity in the least devel-
oped countries of Africa by approximately 40%
(Ayemba 2018). Improved infrastructure can
increase productivity and generate jobs, sup-
porting the ambitions of SDG 8. For example, if
India were to increase investment in infrastruc-
ture by 1% of GDP, this could result in an esti-
mated 3.4 million new jobs (EIU 2019). Reliable
energy networks, resilient transport systems, and
fast telecommunications are necessary for the
expansion of industrialisation, the realisation of
efficiency improvements, and the movement of
goods to national and international markets.

Such industrialisation can create jobs and help
economies to diversify (see SDG 8), as well as
generating the products (e.g., solar panels, bat-
teries, electric vehicles) required to decarbonise
societies (see SDG 7), reduce food waste, and
ensure well-resourced health and education facil-
ities (see SDGs 3 and 4). For industrialisation to
contribute to economic, social, and environmental
sustainability, however, there needs to be close
integration with research and development (or
‘innovation’), including that by the geoscience
community. Scientific research has enabled the
development of technologies to increase the effi-
ciency of industrial processes and reduce the
environmental impact of industry. Innovation has
resulted in diverse renewable technologies, water
treatment facilities, and new materials that will
underpin many future hubs of industry.

The specific targets of SDG 9: Build resilient
infrastructure, promote inclusive and sustain-
able industrialisation and foster innovation are
shown in Table 9.1, and focus on three themes
(infrastructure, industrialisation, and innovation),
but recognise the need for an integrated approach
to all three.

The targets in Table 9.1, also emphasise a
suite of cross-cutting themes, outlined below.

• Resilience. Quality infrastructure and industry
should be resilient to external shocks, such as
natural hazards or increases in raw material
costs.

• Equitable Access. SDG 9 emphasises the need
to assist poorer and more vulnerable popula-
tions to better access and benefit from infras-
tructure, industry and innovation, recognising
the ‘leave no one behind’ theme that is within
all the SDGs.

• Resource Efficiency and Sustainability. Both
industry and infrastructure consume natural
resources, and consideration must be given to
make construction and manufacturing as
energy and resource efficient as possible.

• Knowledge Exchange between Countries.
Achieving SDG 9 requires the free exchange
of ideas, science, technologies, and innovation
within and between countries. This includes
effective management of transborder infras-
tructure, as well as international scientific
collaborations.

These themes are not unique to SDG 9, but
form a core part of the 2030 Agenda, and as such
are characterised throughout this book. This
chapter explores the targets in Table 9.1, and the
cross-cutting themes above from the context of
the geological sciences, highlighting the impor-
tance of involving geoscientists in diverse sectors
(e.g., academia, the public sector, consultancy,
and commercial practice), with different spe-
cialisms (e.g., engineering geology, hydrogeol-
ogy, resource geology, and geohazards).
Resilient infrastructure and industry facilities
demand a comprehensive understanding of
ground conditions, including the location of dif-
ferent geological materials and the geotechnical
characteristics of these materials, as well as the
dynamics of ground and surface water. Industry
needs raw materials (e.g., industrial minerals,
metals) and energy to manufacture products.
Both infrastructure development and industriali-
sation require effective waste management,
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protecting soils, water, and air from an array of
contaminants.

Delivering SDG 9 requires diverse inputs
beyond geoscience. Resilient and sustainable
infrastructure and industries will require econo-
mists, social scientists, ecologists, and engineers
(i.e., economic, human, and environmental
aspects), as well as the integration of geological
understanding into planning. These additional
factors are beyond the scope of this chapter, but
we encourage the reader to explore an integrated
perspective on infrastructure, industry and inno-
vation through further reading. In this chapter,
Sect. 9.2 focuses on infrastructure for sustainable
development, setting out the key geological
considerations to ensure infrastructure is reliable
and resilient. Section 9.3 explores sustainable
industrialisation, and Sect. 9.4 discusses the
contribution of scientific research and develop-
ment to sustainable development. We integrate
these three themes in Sect. 9.5, focusing on the
example of development corridors.

9.2 Infrastructure for Sustainable
Development

9.2.1 Types and Benefits
of Infrastructure

Infrastructure is a set of structures and facilities
required for a society to function. This includes
both hard infrastructure (e.g., roads, power sta-
tions, sewage treatment plants), and soft infras-
tructure (e.g., health facilities, financial systems,
museums). Improved infrastructure results in
economic, social and environmental dividends
(EIU 2019).Infrastructure helps to create jobs
and improve productivity. Infrastructure can
support decarbonisation, reduce pollution, and
increase resilience to natural hazards. Infrastruc-
ture can also improve quality of life, through
better health and education. Improved infras-
tructure therefore directly and indirectly con-
tributes to many of the SDGs, as outlined in

Table 9.1 SDG 9 targets and means of implementation

Target Description of Target (9.1–9.5) or Means of Implementation (9.A –9.C)

9.1 Develop quality, reliable, sustainable, and resilient infrastructure, including regional and transborder
infrastructure, to support economic development and human well-being, with a focus on affordable and
equitable access for all

9.2 Promote inclusive and sustainable industrialisation, and by 2030, significantly raise the industry’s share of
employment and gross domestic product, in line with national circumstances, and double its share in the
least developed countries

9.3 Increase the access of small-scale industrial and other enterprises, in particular, in developing countries, to
financial services, including affordable credit, and their integration into value chains and markets

9.4 By 2030, upgrade infrastructure and retrofit industries to make them sustainable, with increased resource-
use efficiency and greater adoption of clean and environmentally sound technologies and industrial
processes, with all countries taking action in accordance with their respective capabilities

9.5 Enhance scientific research, upgrade the technological capabilities of industrial sectors in all countries, in
particular developing countries, including, by 2030, encouraging innovation and substantially increasing
the number of research and development workers per 1 million people and public and private research and
development spending

9.A Facilitate sustainable and resilient infrastructure development in developing countries through enhanced
financial, technological, and technical support to African countries, least developed countries, landlocked
developing countries, and Small Island Developing States

9.B Support domestic technology development, research, and innovation in developing countries, including by
ensuring a conducive policy environment for, inter alia, industrial diversification, and value addition to
commodities

9.C Significantly increase access to information and communications technology and strive to provide
universal and affordable access to the Internet in the least developed countries by 2020
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Table 9.2. For example, ensuring universal
access to clean water and safe sanitation (SDG 6)
will require a suite of water and sanitation in-
frastructure in both rural and urban areas. Tack-
ling climate change (SDG 13) will require a
culture change away from the use of cars to
instead using clean, efficient, mass transit
mechanisms. Effective solid waste management
infrastructure can help to reduce pollution and
protect both terrestrial and ocean ecosystems
(SDGs 14 and 15).

Improved information and communications
technology (ICT, Target 9.C), benefits education
(SDG 4), economic growth (SDG 8), and effec-
tive governance (SDG 16, for example, through
the provision of online services). The rapid
growth of distance learning, for example,
through massive open online courses, is very
exciting for continued professional development

and lifelong learning. It offers access to teaching
and educational resources from world-leading
institutes. Courses currently on the FutureLearn
website include.

• The Earth in My Pocket: an Introduction to
Geology (The Open University)

• Data Science for Environmental Modelling
and Renewables (University of Glasgow)

• Causes of Climate Change (University of
Bergen)

• Exploring Possible Futures: Modelling in
Environmental and Energy Economics
(University of Basel)

• How to Survive on Earth: Energy Materials
for a Sustainable Future (University of
Wollongong)

• The Challenge of Global Water Security
(Cardiff University)

Table 9.2 Infrastructure and the SDGs

Infrastructure Examples Examples of direct and indirect and contribution to SDGs

Energy Power stations SDG 7. Energy infrastructure is needed to eliminate energy poverty, and
ensure access to reliable, clean technologiesPipelines

Power lines

Transport Ports SDG 8. Improved transport infrastructure can help products access new
markets, supporting economic growth
SDG 13. Reliable public transport can reduce the use of cars, and make more
efficient use of renewable energy

Airports

Roads

Train networks

Water Pipelines SDG 6. Water infrastructure is needed to ensure universal access to safe
water and sanitation
SDG 5. Water infrastructure can improve gender equality by reducing the
time spent collecting water
SDG 3. Water infrastructure improves health and well-being, through a
reduction in waterborne diseases

Water
Treatment
Plants

Solid waste Landfill sites SDG 14. Effective solid waste infrastructure is needed to reduce the amount
of solid waste entering into and polluting the world’s oceans
SDG 15. Effective solid waste infrastructure is needed to reduce the amount
of solid waste entering into and polluting terrestrial ecosystems

Recycling
plants

Digital
communications

Wireless
broadband

SDG 2. Access to information via mobile applications and technologies can
improve agricultural efficiency (e.g., weather and pest information)
SDG 4. Access to ICT can improve education, and enable greater freedom to
pursue distance and online learning
SDG 8. Access to broadband can improve connectivity and economic
productivity
SDG 13. Information about hazards (droughts and flooding, landslides)

Mobile access
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These, and many other online courses, could
enrich the understanding of geoscience and sus-
tainable development both by geoscientists and
by those shaping development policy. Making
the most of these opportunities depends on reli-
able, high quality internet access, currently not
available to many. While access to the internet in
Africa has significantly increased since 2000, it is
still far from universal. For example, 0.02% of
the Ethiopian population had access in 2000 with
this increasing to 18.62% by 2017; and 5.35% of
the South African population had access in 2000
with this increasing to 56.17% by 2017 (ITU
2018). Planned investment in ICT, through sub-
marine fibre cables and terrestrial networks, aims
to further increase telecommunication and inter-
net access. For example, the African Develop-
ment Bank Group (AfDB) is supporting the
Trans-Saharan fibre-optic backbone, increasing
access to high-speed and affordable broadband,
establishing and reinforcing ICT links between
Niger, Chad, Algeria, Nigeria, Benin, and
Burkina Faso (AFDB 2016).

When planning infrastructure to support sus-
tainable development, it is helpful to think across
different scales to ensure affordable and equitable
access. In the context of transport, this may mean
(i) improving regional access (e.g., investing in
high quality, smaller roads to improve the con-
nectivity of rural communities), (ii) investing in
nationally important infrastructure (e.g.,
improving the efficiency of key ports, airports,
and rail terminals), and (iii) international, trans-
border routes (e.g., working with neighbouring
countries to develop a coherent plan for an
integrated transportation network).

Many rural communities lack access to (are
more than 2 km away from) an all-season road,
and therefore connectivity to support economic
and social development. World Bank (2016)
examined six countries in sub-Saharan Africa
and found that rural access (as defined above)
varied: Ethiopia (22%), Kenya (56%), Mozam-
bique (20%), Tanzania (25%), Uganda (53%),
and Zambia (17%). This demonstrates a signifi-
cant infrastructure gap, with a combined total of

148 million people in these six countries lacking
access to roads (World Bank 2016). For many
people living within 2 km of an all-season road,
particularly those with disabilities, the elderly
and other vulnerable groups, these distances will
mean roads are still not accessible (Fig. 9.1).

For many countries, key national infrastructure
includes power generation and transmission,
transport hubs (e.g., airports), and the supply of
potable water. The island of St Helena (population
approximately 4500) in the Southern Atlantic is
very remote. A monthly shipping service was the
primary form of transport arriving into and leaving
St Helen, running from Cape Town (South
Africa). In 2017, an airport (Fig. 9.2), opened and
with a weekly scheduled flight from Johannesburg
(South Africa) to St Helena, via Windhoek
(Namibia). This improved transport connection
aims to improve tourism and economic develop-
ment. In India (population approximately 1.3
billion people), there are 163 million people
lacking access to safe water. India has a major
desalination plant near Chennai, producing 36.5
million m3 of water each year. This single piece of
infrastructure is therefore essential to responding
to increased demand for water.

In many contexts, infrastructure cuts across
national borders. Target 9.1 emphasises the need
for regional and transborder infrastructure,
with Target 9.C noting the need for support to
be given to ‘developing countries’ to enable
infrastructure development (see Table 9.1).
Roads or railways may stretch from a landlocked
site of production in one country to a major port
in another country. For example, Kenya, is the
largest exporting nation in East Africa, with the
major port of Mombasa, handling approximately
30 million tonnes of cargo in 11 months (Akwiri
2019). The East Africa Railways Master Plan
proposes connecting the ports of Mombasa and
Lamu in Kenya, with other parts of Kenya,
Uganda, Rwanda, Burundi, the Democratic
Republic of Congo, South Sudan, and Ethiopia.
The plan also proposes enhancing the connec-
tivity of ports in Tanzania. This will allow a more
efficient export of goods from these countries,

214 J. C. Gill et al.



reducing transport costs and times. It will also
improve the efficiency of imports to landlocked
countries from the same ports. China’s Belt and
Road Initiative (Box 9.3), includes land and
maritime infrastructure corridors which cross
more than 70 countries.

Infrastructure can, therefore, catalyse many
aspects of sustainable development, but this
requires action at multiple scales, with the
engagement of diverse local and national stake-
holders, often across national boundaries (see
SDG 16).

Fig. 9.2 St. Helena Airport. Credit Paul Tyson, CC BY 3.0, https://creativecommons.org/licenses/by/3.0/deed.en

Fig. 9.1 Road construction in Tanzania. Credit Joel C. Gill
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9.2.2 Geoscience for Quality,
Reliable, Resilient,
and Sustainable
Infrastructure

While the extent or distribution of infrastructure
needs to increase, it must also be high quality,
reliable, resilient, and sustainable. Infrastructure
should conform to recognised quality standards, to
ensure that it is safe and fit-for-purpose. It should
take into account locally relevant environmental
conditions (e.g., hydrology, seismic hazards) so
that it is reliable and resilient—as well as make use
of appropriate materials and designs, engineering

methods, and safety mechanisms. To be sustain-
able, infrastructure designs should also embed
social, economic, and cultural factors that may
affect the type of infrastructure that is appropriate,
and changing demographics that may affect how
infrastructure is used. Sustainable infrastructure is
emphasised in Target 9.4, with this requiring
understanding of raw material (e.g., aggregates,
sand, and water) sources and flows, discussed in
detail in SDG12, andwastemanagement. Quality,
reliable, resilient, and sustainable infrastructure,
therefore, requires geoscientists (see Table 9.3),
from a range of sectors, as well as engineers,
architects, planners, and others.

Table 9.3 Geoscience for quality, reliable, resilient, and sustainable infrastructure

Infrastructure
characteristics

Role of geoscientists (Examples)

Quality Inform, adhere to, and monitor against internationally recognised standards for
infrastructure design and development. For example, the European Standards include
Eurocode 7 for geotechnical design, setting out how to conduct a ground investigation and
testing and design geotechnical structures

Reliable Infrastructure should perform to an optimum for as long as possible. This requires an
understanding of the subsurface and other environmental conditions. A tunnel closed
regularly for repair work due to water ingress is not ‘reliable’. In contrast, constructing a
tunnel with a comprehensive understanding of groundwater dynamics in the vicinity, and
appropriate mitigation measures put in place during construction is not likely to suffer the
same problems

Resilient Infrastructure should be able to withstand a set of external pressures likely to occur in a
given region. Examples include soil creep, shrink-swell soils, scour, seismic shaking, and
loading by volcanic ash. For example, landslides in Panama resulted in large amounts of
sediment entering and closing down the water treatment plant of Panama City for almost a
month. Infrastructure should also be climate resilient (IHA 2019)
The initial role of a geoscientist is in understanding the geohazards that may occur in a
given region, and their characteristics (e.g., spatial and temporal distribution, magnitude,
potential impacts on built infrastructure). This includes desk-based reviews of existing
literature, monitoring of instrumental data, and detailed site investigations and associated
testing
Infrastructure can itself change the natural landscape and environmental processes, to have
negative impacts. For example, a hydropower dam may change sediment flux and the
transport of nutrients into downstream ecosystems (Kummu and Varis 2007), loading or
unloading during construction may increase the likelihood of landslides being triggered
during a storm of an earthquake (Gill and Malamud 2017)

Sustainable Consider the sourcing of geological materials for construction (e.g., aggregates, water), and
any environmental implications of extraction. For example, if construction requires large
amounts of water, abstracted from already stressed aquifers, this could increase the risk of
saline intrusion
Consider if geotechnical designs take into account changing infrastructure use (i.e., due to
increasing populations, or a changing proportion of people commuting to work), ensuring
it is fit-for-purpose in the future. For example, a bridge installed today may carry 200
cars/day, but by 2030, this could have increased to 2000 cars/day. The foundation and
bridge construction should use guidance from socio-economic scientists to inform design
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The development of a conceptual ground
model is one way in which the characteristics
outlined in Table 9.3 are integrated and commu-
nicated. Groundmodels (see Dearman and Fookes
1974; Fookes 1997; Brunsden 2002) integrate
geological and geomorphological mapping, the
results of detailed site investigation testing (con-
ducted in accordance with recognised standards),
and any existing literature relevant to the project
(e.g., on resources, hazards, contamination) to
capture and visualise our best understanding of the
subsurface. Conceptual ground models inform
decisions about the need for further invasive
testing (e.g., to assess the spatial distribution of
expansive soils), with these results then improving
the next iteration of the ground model. Conceptual
ground models then inform the overall project
design, helping the early identification of

challenging ground conditions and ensuring that
the budget and design reflects these conditions.
This helps to create reliable and resilient infras-
tructure, and offer good value for money.

Two examples of ground models in the UK are
shown in Figs. 9.3 and 9.4. Merritt et al. (2013)
generated a three dimensional ground model of a
site with an active landslide, integrating geo-
physical, geomorphological, and geotechnical
investigations (Fig. 9.3). Linde-Arias et al.
(2019) generate a ground model of the subsurface
to inform the excavation of an open face cross
passage on the underground Elizabeth Line in
London, UK (Fig. 9.4). Both of these UK
examples integrate diverse geological data to
characterise the subsurface and inform geohazard
management and infrastructure development.
Linde-Arias et al. (2019) note that their ground

Fig. 9.3 3D ground model of the Hollin Hill study site based on geophysical, geomorphological and geotechnical
investigations. Reprinted by permission from: Springer Nature, Landslides, 3D ground model development for an active
landslide in Lias mudrocks using geophysical, remote sensing and geotechnical methods, Merritt, A.J., Chambers, J.E.,
Murphy, W., Wilkinson, P.B., West, L.J., Gunn, D.A., Meldrum, P.I., Kirkham, M. and Dixon, N., 2014. 3D ground
model development for an active landslide in Lias mudrocks using geophysical, remote sensing and geotechnical
methods. © Springer-Verlag Berlin Heidelberg 2013, 2013
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model resulted in changes to groundwater man-
agement during construction, which provided
safer conditions for those working underground.

The development of ground models may be
challenging in many global south contexts where
pre-existing data to inform the ground model
may be sparse, access to sites may be difficult
(e.g., due to security concerns or the terrain), or
due to the high costs of completing invasive
testing. An initial conceptual ground model can
be developed and informed by geological field
mapping, descriptions of materials, and the
development of cross-sections. The extent to
which this model can be used to inform decision-
making will depend on the purpose and may be
restricted if it is solely based on inference from
limited surface observations (Hearn and Massey
2009). For example, a lack of subsurface ground
investigations in difficult, mountainous terrain in

Bhutan, made it challenging to use a ground
model to understand deep-seated landslides
(Hearn and Massey 2009). Many ‘least devel-
oped countries’ will face similar challenges.
Where ground models are incomplete, their
limitations not fully understood, and used to
inform decisions about the siting of infrastructure
this can result in costly delays, projects failing, or
poor quality, unreliable infrastructure that is not
resilient to external shocks.

National data repositories and geological
surveys can help to address some of these chal-
lenges by collating and improving access to
existing information, while reducing some
duplication of costly drilling and testing.
Depositing spatially referenced borehole records
and materials, together with site investigation
reports, into national data repositories can
enhance capacity to inform the development of

Fig. 9.4 2D ground model to inform the excavation of an open face cross passage on the underground Elizabeth Line,
London, UK. Reprinted from Tunnelling and Underground Space Technology, 86, Linde-Arias et al., Development of a
ground model, targeted ground investigation and risk mitigation for the excavation of an open face cross passage on the
underground Elizabeth Line, London, 209–223, 2019, with permission from Elsevier
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conceptual ground models, and advise on
infrastructure development.

Box 9.1 Resilient Road Infrastructure
in Nepal

Road construction is a key part of rural
development in Nepal. This landlocked
country, in the Himalayas, has 57,632 km
of rural roads, with only 3.5% of these
roads (2004 km) covered in tarmac as of
2016. Most of the roads in Nepal have not
been constructed to international standards.
Most rural roads are constructed through
community participation, with little tech-
nical supervision. 74% of rural roads (as of
2016), are earthen roads and only serve
people during the dry seasons when using
an appropriately equipped vehicle. Roads
and other transport have been identified as
a major sector for investment to support
development in Nepal. This requires public
and future needs to be given careful con-
sideration, and not just the needs or
demands of donors.

Nepal has challenging geographic con-
ditions that make road construction and
maintenance difficult.

• Nepal is a tectonically active, multi-
hazard region, with active faulting
generating earthquakes. The Mw = 7.8
earthquake on 25 April 2015 resulted in
553 aftershocks with Mw > 4 in the
following 45 days (Adhikari et al.
2015), together triggering snow ava-
lanches and thousands of landslides, as
well as increasing the probability of
further landslides during monsoon rains
(Bilham 2015; Collins and Jibson
2015). Triggered landslides blocked
rivers and resulted in upstream flooding
(Collins and Jibson 2015).

• Geological factors contribute to land-
slides and failures of cut slopes.
Extreme rainfalls, loose soil deposits on
slopes, rock discontinuities, and the
overall structure of the rock mass all
contribute to landslides, alongside the
undercutting of slopes by humans.

• Extreme rainfall events are common in
Nepal, with over 500 mm of rain falling
in just 24 h, and 80% of annual rainfall
falling in the three-month monsoon
period.

• Climate change adds extra pressures,
with infrastructure needing to cope with
changing hydro-meteorological patterns
including extreme heat, rain, snow,
flooding, and storms.
This hazard landscape, together with the

effects of climate change and difficult
topography, resulting in a complex com-
bination of threats to infrastructure,
including roads and hydropower projects.
These challenges apply to both smaller
rural roads and large national high-
ways (Fig. 9.5). In 2000, a large landslide
blocked a major national road, carrying
5000 vehicles a day. This landslide
blocked road access to Kathmandu for
11 days, resulting in an acute shortage of
daily commodities. Prior to the landslide in
2000, the road was closed 18 separate
times (for a total of 160 h). Geotechnical
and engineering geological evaluations are
essential to understand ground conditions
and potential hazards, including landslides.
Engineering geological mapping, disconti-
nuity mapping in rock masses, and field
and laboratory soil tests can help to
understand ground conditions and obtain
design parameters for engineered
resilience.
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9.3 Sustainable Industrialisation

Industrialisation is a set of social and economic
changes that result in manufacturing (the large-
scale production of goods) becoming a primary
economic activity of a country. Manufacturing
takes natural resources and uses energy, labour,
and innovation to convert these into more useful
and higher-value products. For example, the
manufacture of glass uses sand (SiO2), limestone
(CaCO3), and soda ash (Na2CO3). Other com-
panies may take products from one or more other
manufacturing companies and integrate these to
develop a new product, creating a complex sup-
ply chain. For example, a company making fur-
niture may purchase glass, cut and treated wood,
and machine processed metal (i.e., screws and

nails), which are then assembled to make display
cabinets or tables. In the latter example, the
manufacture of power tools and chemical wood
preservation treatments also require separate
industries and their own supply chains.

Inclusive and sustainable industrialisation is
the focus of SDG Targets 9.2 and 9.3. The
United Nations (2016) have identified industri-
alisation to be an imperative for the African
continent to help achieve economic and social
development targets, including ending extreme
poverty (see SDG 1). Many African economies
are reliant on the production and export of raw
commodities, and therefore, vulnerable to com-
modity price fluctuations or falling demand, and
subsequent economic instability (Hausmann and
Rigobon 2003). The importance of economic
diversification for economic growth and social

Fig. 9.5 Low-cost mitigation measure in Krishnabhir Landslide at Prithi Highway connecting Kathmandu and
Pokhara. The gabion retaining wall and associated bioengineering have helped to reduce the likelihood of slope
disasters on this particular section of the landslide. Credit Ranjan Dahal

220 J. C. Gill et al.



development is described in the previous chapter
(SDG 8). A key aspect of that diversification is
the transition from producing and exporting raw
materials to processing raw materials and man-
ufacturing goods for regional and global trade.

In advocating for more industrialisation, SDG
9 is careful to note that this should be sustain-
able, with economic, human, and environmental
considerations. The United Nations (2016), note
a significant opportunity for Africa, to adopt
alternative economic pathways to industrialisa-
tion, setting out a strategy for ‘greener industri-
alisation’ that considers (i) increased energy
efficiency, (ii) increased resource efficiency, and
(iii) better waste management. These require an
interdisciplinary suite of solutions, drawing in
part on the skills and experiences of geoscien-
tists. We discuss each of these themes below
(recognising overlap and interactions), and
briefly extend our discussion of resilient infras-
tructure in the previous section, to also consider
the need for resilient industries. In each theme,
there is an emphasis on technological innova-
tions and more detailed understanding of physi-
cal processes. Enhanced research and
development capabilities (the focus of Sect. 9.4),
in all countries, are critical to ensuring industri-
alisation is facilitated and sustainable.

9.3.1 Industrialisation and Energy
Efficiency

Industry accounted for approximately 37% of
total global energy use in 2017 (IEA 2019).
Many industries that extract raw materials (e.g.,
mining) and process raw materials into new
products (e.g., manufacturing cements, iron and
steel, glass, or chemicals) are energy-intensive
(Jouhara et al. 2018). Growing industrialisation,
particularly in emerging economies and the
Global South will drive an increase in demand
for energy in the next few decades meaning
efficiency and greater use of renewable resources
is essential to meet demand (SDG 7) and
simultaneously tackle climate change (SDG 13).

Wind turbines, solar panels, hydropower,
biogas, and geothermal energy sources (Fig. 9.6)
will become increasingly important in industrial
operations, reducing the use of fossil fuels and
emission of greenhouse gases. For industries
where lower temperatures are needed to enable
processing (e.g., processes such as drying,
evaporation, distillation, washing), geothermal
offers an excellent alternative if the heat source
and industrial operation are close (IRENA 2015).
Geoscientists can support land-use planning by
advising on where there may be the potential to
use geothermal energy. For industries where
higher temperatures are needed (e.g., the iron and
steel sector), there are fewer methods capable of
providing the sufficient temperatures (IRENA
2015), needed within the production process.
Biomass (i.e., charcoal) is one possibility, how-
ever, production would need to be significantly
scaled up to meet the technical substitution
potential by 2030 (IRENA 2015). Coal and
hydrocarbons are, therefore, likely to remain a
key requirement for some forms of industrial
development with carbon capture, storage, and
use infrastructure required to minimise the
environmental impact of this. Processing tem-
peratures for other metals, however, are much
lower (e.g., 140–280 °C for aluminium), poten-
tially lending themselves to better integrate with
renewable technologies (IRENA 2015).

Whether using renewable or non-renewable
energy resources, greater energy efficiency is
critical to sustainability. Energy efficiency
requires the minimum amount of energy to be
used to generate maximum productivity. This can
be achieved through the design of efficient
buildings and operations, and strategies to cap-
ture waste products (e.g., heat, CO2) generated
through industrial processes. Jouhara et al.
(2018) review the different heat recovery tech-
nologies available for capturing waste heat, not-
ing that this can be used to provide an additional
energy source and reduce energy consumption.
For example, Nordursalt in Iceland produce salt
from seawater using hot wastewater from a
nearby seaweed factory (otherwise discarded),
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and geothermal energy (Jóhannesson and
Chatenay 2014), making this an energy-efficient
manufacturing process.

The example of Nordursalt demonstrates how
integrated development strategies and industrial
partnerships can help to increase efficiency.
Green industrialisation, including energy effi-
ciency, requires thinking across and progress in
multiple SDGs. For example, United Nations
(2016), note that ‘well-planned urban agglom-
eration can help ensure energy efficiency and
facilitate resource efficiency in industrial pro-
duction by enabling intra- and inter-industry
interactions’ (p. 33). Many cities in the world’s
least developed countries have yet to be built.
Sustainable and smart urban planning (SDG 11)
can make it more cost-effective to implement
greener technologies, and manage demand for
energy resources, as well as enforce regulations
that set minimum standards for energy efficiency
in new buildings.

We refer the reader to SDG 7 for a broader
discussion of energy demand and challenges,
SDG 11 for a discussion of sustainable urbani-
sation, and SDG 13 for discussion of climate
change actions.

9.3.2 Industrialisation, Resource
Efficiency, and Waste
Management

In addition to energy efficiency, industrialisation
also needs to consider efficiencies in the broader
array of natural resources being used, reducing
consumption and appropriately managing waste
generated during manufacturing, from packag-
ing, and the product itself (if not consumable)
when it stops being useful. Industrialisation has
the potential to produce large amounts of waste.
Another aspect of resource efficiency is finding
uses for this waste and ensuring waste is

Fig. 9.6 Geothermal power generation in Iceland. Image by falco (from Pixabay)
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managed in an appropriate way to prevent air,
water, and soil pollution. This aligns with at least
four other SDG targets.

• SDG 3.9. Substantially reduce the number of
deaths and illnesses from hazardous chemi-
cals and air, water, and soil pollution and
contamination.

• SDG 8.4. Improve progressively, through
2030, global resource efficiency in consump-
tion and production and endeavour to de-
couple economic growth from environmental
degradation.

• SDG 12.4. By 2020, achieve the environ-
mentally sound management of chemicals and
all wastes throughout their life cycle, in
accordance with agreed international frame-
works, and significantly reduce their release
to air, water, and soil in order to minimise
their adverse impacts on human health and
the environment.

• SDG 12.5. By 2030, substantially reduce
waste generation through prevention, reduc-
tion, recycling, and reuse.

Efficiency could be achieved by reducing the
amount of a particular resource in a product or
replacing a resource with an alternative and more
sustainable material. These actions should not
reduce the quality of a product, or reduce its
lifetime, which could result in more resources
being needed overall. Replacing Portland cement
in concrete, for example, with blast furnace slag
waste from the production of steel and fly ash
waste from coal power generation can reduce
carbon emissions associated with using Portland
cement by an estimated 90%.1 The product is
also noted to have improved durability and
increased fire resistance, thus contributing to the
development of sustainable, resilient, and high
quality infrastructure.

Slag waste left over from metal smelting or
refining, is not only a useful addition to concrete.
Research by the United States Geological Survey
(USGS) has noted that the high calcium content

of slag can neutralise the acid from acid mine
drainage or help slag absorb excess phosphates in
the water when too much fertiliser is used (USGS
2017). Carbon8, a British company, is using a
patented carbonation technology to support the
circular economy by sequestering waste CO2

gases and using this in their carbonation process
to generate an improved aggregate source or treat
contaminated soil and waste (Carbon8 2019). In
the latter two examples, understanding of geo-
logical and geochemical processes is informing
the development of innovative technologies to
reduce waste.

Resource efficiency could also be achieved by
increasing a product lifetime so that less raw
materials are consumed over time. Modular
technologies, such as Fairphone,2 demonstrate
resource efficiency principles with a focus on
increasing how easy it is to repair a phone. The
Fairphone is constructed using a set of modules
that can be easily replaced rather than needing to
replace the whole phone. Fairphone note:

Consumer electronics are often viewed as semi-
disposable objects, to be upgraded or discarded as
soon as something better comes along. We’re
fighting against a market trend where the average
phone is replaced every 18 months, creating a
huge environmental impact. As technology
advances rapidly, consumers are losing the ability
to modify, repair, and truly understand how they
can keep their devices longer.3

Given our understanding of the energy
required to extract and process metals, and the
waste generated, geoscientists should be the
greatest advocates of approaches which minimise
the extent of (unnecessary) mining that is
required to replace products that could be easily
repaired or a component replaced.

Resource efficiency could also include effec-
tive planning which repurposes waste and
infrastructure after an initial industry closes. For
example, mining generates infrastructure which
can subsequently be used for large-scale fish
farming in abandoned open pits and underground
agriculture (mushroom farming) utilising aban-
doned underground tunnels and shafts

1https://www.wagner.com.au/main/what-we-do/earth-
friendly-concrete/efc-home.

2https://www.fairphone.com/en/.
3https://www.fairphone.com/en/our-goals/design/.
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(Engineering News 2002; Otchere et al. 2004;
Centre for Development Support 2004). Some
mine waste can also be repurposed. Waste from
mining is used to make bricks and paving, or as
fill in dams or subsided land (Zhengfu et al.
2010; CSIR 2019). Waste tips can also be
reworked to extract new metals or more of the
same metal, due to improved economic condi-
tions or extraction techniques. Bell and Donnelly
(2006) note examples of reworking of gold
mining waste in South Africa, for additional
gold, and reworking of galena mining waste in
the UK, for barite and fluorspar, used in the
offshore oil and steel industries, respectively.

We refer the reader to SDG 12 for a broader
discussion of responsible consumption and pro-
duction, including waste management.

9.3.3 Resilient Industrialisation

In addition to infrastructure being resilient to
external shocks (such as natural hazards), in-
dustries also need to be resilient to avoid neg-
ative economic, social, and environmental
impacts. The priority actions within the Sendai
Framework for Disaster Risk Reduction
(UNISDR 2015), make widespread reference to
businesses and the private sector. For example,
Priority 1 (understanding disaster risk) empha-
sises the need to build the knowledge of the
private sector in disaster risk and Priority 3 (in-
vesting in disaster risk reduction for resilience)
explicitly notes the need to ‘increase business
resilience and protection of livelihoods and
productive assets throughout the supply chains,
ensure continuity of services and integrate dis-
aster risk management into business models and
practices’.

Resilient industrialisation, therefore, needs to
consider the resilience of.

• Industrial Buildings (e.g., the factory build-
ing). As with any infrastructure, industrial
facilities are threatened by a range of external

pressures (e.g., seismic shaking, loading by
volcanic ash, flooding, subsidence). Geosci-
entists help businesses to understand the spa-
tial and temporal distribution of geohazards,
and potential magnitudes and impacts of
hazards. This information can inform the
design of industrial facilities to help them
withstand environmental shocks and avoid
major technological disasters.

• Industrial Operations (e.g., the processing of
chalcopyrite to produce copper). Commodity
price fluctuations or increased demand may
affect industrial operations through reduced
availability of a given natural resource. This
could be a raw material used within the pro-
duct, or the energy required for processing.
Resilient industrial operations may develop
their own energy sources (e.g., through solar
or geothermal) to help withstand price and
demand fluctuations. Resilient operations also
take into account changes to social license,
recognising that operations are less likely to
be stopped by public or government pressure
if appropriate environmental regulations are
adhered to.

• Supply and Delivery Chains (e.g., shipping
copper to an industrial plant for further pro-
cessing, and then shipping these to cus-
tomers). For example, disruption to a transport
network due to landslides triggered by heavy
rain may hinder natural resources from
reaching an industrial plant and cause them to
cease operations temporarily. This could be
financially costly and result in reputational
damage if orders are delayed or cancelled.
Access to and understanding of hazard maps
could help businesses to plan alternative
routes less likely to be affected by landslides
during storms.

In all three cases, geological knowledge can
inform the understanding of disaster risk, with
geoscientists working alongside planners and
logisticians to inform contingency plans.
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9.4 Innovation for Sustainable
Development

Science, research, and innovation are common
themes throughout the SDGs, with multiple ref-
erences within the SDG targets, particularly in
the context of knowledge exchange (e.g., Tar-
gets 2.A, 3.B, 7.A, 14.A). SDG 9 includes a
specific target (9.5) focused on enhancing broad
research and development (R&D) capabilities.

Enhance scientific research, upgrade the techno-
logical capabilities of industrial sectors in all
countries, in particular developing countries,
including, by 2030, encouraging innovation and
substantially increasing the number of research and
development workers per 1 million people and
public and private research and development
spending (Target 9.5).

There is significant variation in the extent of
national resources currently allocated to R&D.
Figure 9.7 shows R&D expenditure as a per-
centage of GDP, from 2000 to 2015, for OECD
members (solid line, top), the global average
(dashed line, second from top), low and middle-

income countries (dotted line, second from bot-
tom), and Latin America and the Caribbean
(dashed and dotted line, bottom). While OECD
members spend an average of 2.4% of GDP on
R&D, in low and middle-income countries, this
is closer to 1.4% of GDP, and in Latin America
and the Caribbean, it is approximately 0.78% of
GDP. The largest increase between 2000 and
2015, however, was in low and middle-income
countries growing from approximately 0.6% to
1.6% of GDP. Within this group, however, there
is also significant variation. In 2015, Tajikistan
spent 0.11%, Senegal spent 0.75%, and China
spent 2.06% of GDP on R&D (World Bank
2019a).

The number of researchers per million work-
ers, in a given country, also shows a large varia-
tion between Global North and Global South
regions (World Bank 2019b). For example, North
America (as of 2015) had 4313; European Union
(as of 2016) had 3749; Latin America and the
Caribbean (as of 2013) had 550; and South Asia
(as of 2015) had 225 researchers per million
people. In some countries, the number is
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Fig. 9.7 Research and Development expenditure (% of
GDP) from 2000 to 2015. Information for OECD
members (solid line, top), the global average (dashed
line, second from top), low and middle-income countries

(dotted line, second from bottom), and Latin America and
the Caribbean (dashed and dotted line, bottom). Data from
World Bank (2019a)
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substantially lower. For example, in Togo (as of
2017), there were 38 researchers, in Guatemala
(as of 2015) there were 22, and in the Democratic
Republic of Congo (as of 2015) there were 11
researchers in R&D, per million workers. In
contrast, France (as of 2015) had 4307 research-
ers in R&D, per million workers, more than 391
times that of the Democratic Republic of Congo.

Meeting the ambitious demands of the SDGs
will require an increase in all countries in the
proportion of GDP spent on R&D and the
number of researchers per million workers
engaged in research. This requires political will
and investment, demonstrating the importance of
strong scientific institutions (see SDG 16) who
often have greater advocacy power than indi-
vidual geoscientists. At an individual level, it
requires effective partnering and capacity build-
ing (see SDG 17) by the geoscience community.
By working with existing researchers in coun-
tries such as the Democratic Republic of Congo
or Guatemala, scientists help them to grow their
own networks, sources of funding, and opportu-
nities for dissemination. This can contribute to
increased research income for scientists in the
Global South to hire and train additional research
staff, thereby strengthening the quantity and
quality of the research community. Science
graduates can be hired as research assistants,
gaining experience and qualifications (e.g.,
graduate degrees), while being integrated into
national and international science communities.
Box 9.2 illustrates an example of international
cooperation to strengthen science capacity,
focused on managing and responding to volcanic
hazards, which threaten infrastructure and
industry in many regions.

Box 9.2. USGS Volcano Disaster Assis-
tance Programme

The USGS Volcano Disaster Assistance
Programme (VDAP4) builds international
partnerships between the United States and
nations affected by volcanic hazards and

disasters. The programme provides support
during volcanic crises, trains those working
on hazard monitoring and risk reduction in
partner countries, and helps countries to
establish and/or enhance capacity to mon-
itor volcanoes, educate officials, and pre-
pare for and manage volcanic events.
Aspects of capacity building include.

• Travel grants, to support attendance at
an annual 7-week training course in
Hawai’i

• Sponsorship of workshops in the US
and in partner countries on diverse
topics such as seismology, volcanic gas
emissions, lahar (mudflow) modelling,
hazards mapping, volcano deformation,
remote sensing, and monitoring of cra-
ter lakes.

• Mentoring to assist partners in writing
and publishing their research.
VDAP partners include Argentina,

Chile, Colombia, Costa Rica, Democratic
Republic of Congo, Ecuador, El Salvador,
Guatemala (Fig. 9.8), Indonesia, Mexico,
Nicaragua, Papua New Guinea, Peru, and
the Philippines.

Geoscientists should also look at the structural
barriers hindering researchers in the Global
South (e.g., the costs and visa barriers preventing
attendance at major science conferences), as
described in the chapter exploring SDG 10.
Supporting increased innovation in the Global
South can also require changes in collaboration
practices—embedding the lessons articulated in
SDG 17 for effective and equitable partnerships.
In 2015, a Nature Geoscience editorial (Vol.
8) reflected on how the geoscience community
can strengthen geoscientific capacity in the Glo-
bal South. This article showed the global distri-
bution of Nature Geoscience author affiliations
from January 2008 to May 2015, with no authors
from many parts of the Global South (including
much of sub-Saharan Africa). An overview of
the same articles, however, shows that research

4https://volcanoes.usgs.gov/vdap/about.html.
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was conducted in, or relevant to, some of these
same geographical locations. Tanzania, for
example, has no co-author affiliations and yet
there are at least three studies published between
2008 and 2015, that likely included some form
of collaboration with individuals in Tanzania.

There may be circumstances to explain why
Tanzanian scientists supporting and contributing
to data collection were not co-authors on the final
publications. Research conducted by scientists in
countries outside their own, however, often relies
on the goodwill and support of in-country sci-
entists and technicians (e.g., from universities,
geological surveys). While scientists in the Glo-
bal South are often included in the collection of
data, they may not have the same opportunities to
help analyse the data and contribute to the
resulting publications. Addressing this lack of
equity can help to enhance scientific research.

Strengthening scientific capacity, and in-
creasing innovation for sustainable development,

may involve changes in the Global South, but it
also requires changes in broader scientific prac-
tice. For example, improving data sharing and
encouraging co-authorship with scientists at host
institutions based overseas. We all benefit when
the international geoscience literature reflects the
insights and intellect of a broader subset of the
scientific community (Hewitson 2015).

9.5 Integration of ‘Infrastructure,
Industry, and Innovation’
Through Development
Corridors

Sustainable development requires resilient
infrastructure, sustainable industrialisation, and
enhanced innovation, but also coherent thinking
across all three factors. This is exemplified by
‘development corridors’—infrastructure net-
works that facilitate the movement of goods

Fig. 9.8 Fuego Volcano in Guatemala. The USGS volcano disaster assistance programme (Box 9.2) has included
collaboration with the Instituto Nacional de Sismología, Vulcanología, Meterología e Hidrología (INSIVUMEH,
National Institute for Seismology, Volcanology, Meteorology and Hydrology) in Guatemala. Credit Joel C Gill
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between sites of production (e.g., a copper mine,
a gas field), processing zones, and national and
international economic hubs (Enns 2018).
Development corridors typically include trans-
port (railways, roads, ports, airports) and energy
infrastructure (pipelines, power generation, and
transmission networks). Depending on the extent
of integrated planning, they may also involve
strategic investment in industry, innovation, and
basic services to maximise the economic and
social development opportunities arising from
the resource extraction. Development corridors
will likely be defined by multiple factors, linked
to both the natural environmental and societal
demand and constraints.

In sub-Saharan Africa, there are more than 30
development corridors at different stages of
completion, with many of these cutting across
national borders (Laurance et al. 2015). Fig-
ure 9.9 illustrates these corridors, and the extent
to which they were completed (A), planned (F) or
being upgraded (U) as of 2015. International
cooperation at both political and technical levels
is essential to the success of corridors, given their
transboundary nature. This can be challenging,
with the potential for conflict over the extraction
and management of natural resources (including
water), and political priorities changing when
governments change.

A development corridor may solely focus on
the transport of raw materials from the site of
production and initial processing, to a transport
hub for export. Alternatively, the corridor may
involve multiple value addition industries that
convert raw materials into a suite of manufac-
tured goods, adding value and sending these to
national and international markets. The latter is
clearly preferable, resulting in more jobs, more
economic activity, and more investment that has
wider benefits. For example, industries will cre-
ate jobs for local populations, generate greater
tax revenues to invest in schools and hospitals,
and drive investment in associated infrastructure
(e.g., potable water, electricity, telecommunica-
tions) that benefits the wider community.
Transport not only allows goods to flow from the
site of production to economic hubs, but also

makes it easier for people and their goods (e.g.,
handicrafts, agricultural products) and services
(e.g., tailoring, car maintenance) to access bigger
markets.

Geoscientists play a critical role in informing
development corridors, and supporting long-term
and integrated planning to achieve sustainable
development. For example.

• Understanding where future development
corridors may occur, and how they may
develop. Given the importance of natural
resources to many development corridors,
understanding potential geological environ-
ments in which minerals or energy resources
(including hydrocarbons) form, and their
geographic distribution, can contribute to
future planning and a proactive (vs. reactive)
planning approach. Development corridors
may actually follow geological features due to
similar mineral and energy resource opportu-
nities. Examples include trans-continental rift
structures, large shear zones which host min-
eralisation, Archean cratons, or belts of
granitic intrusions. Goodenough et al. (2016)
outlined Europe's rare earth element resource
potential, by examining environments of for-
mation of alkaline igneous rocks and carbon-
atites, major hosts of many rare earth element
deposits (Fig. 9.10). Such analyses can help
inform the geographic locations where future
extractive industries may be concentrated, and
development corridors emerge. Gunn et al.
(2018) reviewed the mineral potential of
Liberia by (i) understanding the geology of
Liberia, and (ii) contrasting this with similar
geological environments in other countries,
particularly in West Africa. This demonstrated
that Liberia’s geology is favourable for the
occurrence of mineral and metal deposits
including gold, iron ore, diamonds, base
metals, and bauxite. Both examples demon-
strate the importance of fundamental geolog-
ical research, including geological mapping,
as well as the need to connect this with socio-
economic data (e.g., demographic projec-
tions) to inform sustainable development.
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• Informing analyses of resource flows to
improve corridor sustainability. The con-
struction and sustainability of development
corridors rely on an adequate flow of resour-
ces, including construction materials, water,
energy, and food. Through this book, we

describe the role of geoscientists in each of
these (see SDGs 12, 6, 7, and 2, respectively).
For example, working together with water
management professionals to estimate how
much water a development corridor may be
required to support both domestic and

Fig. 9.9 Development Corridors in Sub-Saharan Africa. The status of each corridor at the time of original publication
of this figure is indicated in parentheses (A, already active; F, planned for the future; U, upgrade planned or underway).
Reprinted from Current Biology, 25 (24), William F. Laurance et al., Estimating the Environmental Costs of Africa’s
Massive “Development Corridors, 3202–3208. 2015, with permission from Elsevier
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industrial use, how this may change over time,
and how to meet this need through both
ground and surface water supplies.

• Characterising the subsurface to ensure re-
silient infrastructure and sustainable surface
and subsurface land use planning. Geological,
hydrogeological, geophysical, and geotechni-
cal data can integrate with environmental and
socio-economic data to inform land use plan-
ning and infrastructure design (e.g., pipelines,
roads, rail networks). The installing of sensors
can facilitate real-time monitoring of ground
conditions to assess how construction and/or
infrastructure use is affected by or causing any
change to the natural environment. This can
inform ongoing construction, any mitigation
steps required, and strategies to reduce envi-
ronmental degradation.

• Characterising coastal and near-shore envi-
ronments. Ports often form an important part
of many development corridors, enabling the
maritime export of raw materials and manu-
factured products. The dynamic nature of
coastal zones means location-specific research
on coastal and near-shore environmental pro-
cesses will be needed to design resilient and
quality marine infrastructure (Benveniste et al.
2019).

• Supporting innovation through capacity
building, knowledge exchange, and technol-
ogy facilitation. Development corridors can
help to catalyse innovation, through invest-
ments in associated research and development
(e.g., in approaches to improve the efficiency
of metal extraction from ores), resulting in
spin-off companies, attracting research insti-
tutes to set up campuses within the region, and
the development of new environmental pro-
tection monitoring services (including in the
public sector). Geoscientists involved in rele-
vant research can work alongside these
organisations to build capacity in data col-
lection, management and analysis, share
resources and disseminate ideas. Public–pri-
vate research partnerships can help to explore
innovative technologies while also encourag-
ing these to be embedded within the industry.
We discuss partnerships for development in
detail in SDG 17.

Well-planned development corridors bring
many socio-economic benefits, therefore, but
they are not without problems. Development
corridors may result in new environmental pres-
sures on land used within the corridor, threaten-
ing carbon sinks or biodiversity (Laurance et al.

Fig. 9.10 Schematic diagram to illustrate the main environments of formation of alkaline igneous rocks and
carbonatites, major hosts of many rare earth element deposits From Goodenough et al. (2016), https://doi.org/10.1016/j.
oregeorev.2015.09.019, used under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/)
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2015). Enns (2018) notes that development cor-
ridors can result in.

• Additional competition for some struggling to
earn a living. For example, the inward
movement of large amounts of seafood from
ports to rural communities can threaten the
livelihoods of those in rural communities
reliant on fishing for an income.

• The forced movement of populations. Devel-
opment corridors are land intensive and may
involve the displacement of communities.

• Migration of people towards corridors,
including to engage in illegal activities, to
reside in informal settlements where there are
no services, and away from vulnerable
dependents in communities distant from the
development corridor.

Development corridors may also create a
dependency on a natural resource that is finite,
subject to changes in commodity prices that may
make it less economically viable to extract, or
subject to changes in social acceptance that make
it less appealing to extract. For example, a
development corridor linked to coal may be
subject to increasing pressure to cease extraction
to meet international climate targets. Rapid clo-
sure of coal mines in the United Kingdom
resulted in significant structural problems in coal
communities, including higher levels of unem-
ployment and incapacity benefit claims than
other parts of the country (Johnstone and Hiel-
scher 2017). Highly skilled, well paid jobs in
industries were replaced by fewer jobs in ser-
vices, paying less and with greater insecurity
(Johnstone and Hielscher 2017). This illustrates
the need for development corridors to integrate
long-term planning into their management,
including plans for economic diversification
(away from a reliance on one natural resource),
and investment in transferable skills that attract
inward investment. We discuss economic diver-
sification in more detail in SDG 8.

Baxter et al. (2017) propose five factors that
are key to the success of development corridors
and their aims to sustain economic development
and support poverty reduction.
1. Government support at the highest level, of

any corridor’s development, with an inter-
governmental agency established to oversee
the implementation and ensure effective col-
laborations between national partners.

2. Private sector involvement from the outset,
but recognising that success depends on
engagement from other sectors also. Different
actors will have different requirements, risks,
and investment thresholds.

3. Community engagement and capacity build-
ing, throughout the development and operat-
ing of the corridor, involving civil society.
Communication strategies should set out the
benefits of development corridors, livelihood
opportunities, and how vital ecosystems are
being protected through effective planning
and supervised implementation. Plans should
include skills development for rural commu-
nities and those not directly near to the ‘an-
chor project’ (e.g., a mining operation).

4. Access to geo-data and mapping. The col-
lection and integration of diverse spatial
information to enable development corridors
to proceed and allow all stakeholders in their
planning. This includes topographical and
socio-economic information, geological
mapping, environmental data (e.g., vegeta-
tion, soils, water resources, and chemistry),
and cadastral information.

5. Good governance Baxter et al. (2017). note
that effective development corridors need (at
least) two governance levels: the political and
the technical, with both being transparent and
accountable. Political governance should be
multi-stakeholder, with representatives from
government(s), donors, and the private sector.
Technical governance should be independent
of government.
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Box 9.3. The Belt and Road Initiative:
Transboundary Infrastructure Devel-
opment

China’s Belt and Road Initiative
(BRI) aims to improve connectivity and
cooperation between China and more than
70 countries, helping to boost trade and
economic growth (Maliszewska and Van
Der Mensbrugghe 2019), as well as Chi-
nese visibility around the world. These
objectives are achieved by multibillion
dollar investments in overland and mar-
itime infrastructure (e.g., roads, railways,
and ports) linking China to Central Asia,
South Asia, South East Asia, Europe, the
Gulf Countries, and North Africa (Lall and
Lebrand, 2019). Physical infrastructure
will be complemented by policy, institu-
tional and governance reforms to facilitate
trade (Lall and Lebrand 2019).

Maritime corridors connect China with
Indonesia, India, and Kenya, and through
to Europe. Derudder et al. (2018) identify
six BRI land corridors, encompassing more
than 60 countries: (1) the China-Mongolia-
Russia Economic Corridor, (2) the New
Eurasian Land Bridge, (3) the China-
Central Asia-Western Asia Corridor,
(4) the China-Indochina Peninsula, (5) the
China-Pakistan Economic Corridor, and
(6) the Bangladesh-China-India-Myanmar
Corridor.

Implications for Sustainable
Development

The World Bank (2018), estimate
improved and new infrastructure will
reduce travel times along economic corri-
dors by 12%, increase trade between 2.7–
9.7%, increase income by up to 3.4%, and
lift 7.6 million people from extreme pov-
erty (World Bank 2018). BRI, therefore,
has the potential to support economic and
human development, although care is
needed to ensure that these benefits are felt
by a broad community of people, with a

risk that some may get left behind (Lall and
Lebrand 2019).

There are also implications for the nat-
ural environment, climate change, and
broader societal resilience to environmen-
tal hazards. Roads modify the natural
environment, changing hydrologic sys-
tems, erosion dynamics, and debris depo-
sition (Losos et al. 2019). Cascading
consequences can include increased risk of
flooding, damage to aquatic ecosystems, as
well as destabilisation of slopes and
increased risk of landslides. Infrastructure
construction requires significant volumes
of natural resources (with concrete a major
contributor to global greenhouse gas
emissions), can irreparably damage bio-
and geodiversity, and can generate large
amounts of waste with potential environ-
mental implications. For a detailed over-
view of potential environmental risks from
BRI investments, see Losos et al. (2019).

Geoscientists can inform project design
as set out in Sect. 9.2.2 including through
geological hazard assessment and geo-
morphological mapping, characterisation
of rock mass characteristics, and geotech-
nical parameters to inform infrastructure
designs, analysis of raw material flows, and
hydrogeological assessment to aid protec-
tion of groundwater supplies. This infor-
mation can help to avoid environmental
degradation. Losos et al. (2019) advocate
for the incorporation of environmental
assessment procedures into initial planning
of entire BRI corridors. The scale of BRI
also provides an exciting opportunity for
innovation, the testing of new technolo-
gies, and the application of green infras-
tructure approaches.

The implementation of SDG 9 through
effective development corridors that integrate
resilient infrastructure with diverse industries and
innovation, has the potential to help achieve
multiple other SDGs. Development corridors that
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embed the lessons set out in Baxter et al. (2017),
can help to tackle poverty (SDG 1) and energy
poverty (SDG 7), improve access to clean water
and sanitation (SDG 6), create decent, high
skilled and well paid jobs (SDG 8), and foster
peace through transboundary dialogue (SDG 16).
Geological data and analysis, collected through
research, geological survey activities, and the
private sector are fundamental to effective
development corridors, and associated infras-
tructure and industrialisation, ensuring they have
a positive economic, social, and environmental
impact.

9.6 Key Learning Concepts

• Improved infrastructure can increase produc-
tivity and generate jobs, therefore, contribut-
ing to sustainable economic growth.
Infrastructure can support human develop-
ment, by improving access to essential ser-
vices such as clean water and healthcare.
Infrastructure can also improve our protection
of the environment, by improving the effi-
ciency of resource use, helping decarbonisa-
tion, and improving waste management.

• Conceptual ground models can help to ensure
infrastructure is of high quality, reliable,
resilient, and sustainable. Ground models
integrate geological and geomorphological
mapping, the results of detailed site investi-
gation testing (conducted in accordance with
recognised standards), and any existing liter-
ature relevant to the project (e.g., on resour-
ces, hazards, contamination) to capture and
visualise our best understanding of the
subsurface.

• Industrialisation is a set of social and eco-
nomic changes that result in manufacturing
(the large-scale production of goods) becom-
ing a primary economic activity of a country.
Greener industrialisation should increase
energy efficiency, increase resource efficiency,
and ensure better waste management. Resi-
lient industrialisation requires buildings,

processes, and supply/delivery chains to be
examined and strengthened.

• There is significant variation in the extent of
national resources currently allocated to
research and development, and the number of
researchers (per million workers) in a given
country. Through partnerships, geoscientists
can help to build capacity and strengthen the
quantity and quality of the research commu-
nity. Equity needs to be at the heart of
research partnerships, with opportunities for
researchers in the Global South to build their
own networks, access funding, and contribute
to data analysis and publications.

• Development corridors are infrastructure net-
works that facilitate the movement of goods
between sites of production, processing, and
national and international economic hubs. To
be effective, they need to take an integrated
approach, bringing diverse stakeholders
together, and underpinned by geological data
and analysis. Geologists understanding of the
formation and management of natural
resources can inform the planning of future
and current development corridors.

9.7 Educational Ideas

In this section, we provide examples of edu-
cational activities that connect geoscience, the
material discussed in this chapter, and sce-
narios that may arise when applying geo-
science (e.g., in policy, government, private
sector international organisations, NGOs).
Consider using these as the basis for presen-
tations, group discussions, essays, or to
encourage further reading.

• Select a major infrastructure project of
national importance (e.g., road network,
hydropower station, airport, nuclear power
station). Consider the types and volumes of
natural resources that are required to complete
this project (e.g., aggregates, minerals, water).
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Where could they be sourced to improve the
sustainability of the project? What are the
local and global factors that need to be con-
sidered in the design of the infrastructure to
increase its resilience?

• Using World Bank data (https://data.
worldbank.org/indicator/SP.POP.SCIE.RD.P6)
explore the number of research and develop-
ment workers in your country, and contrast this
with 2–3 countries around the world. What
differences do you notice, and what may be the
implication on implementing the SDGs? What
steps can geoscience organisations take to
increase numbers of research and development
workers? Consider this question for geoscience
organisations based in (i) countries with low
numbers of research and development workers,
and (ii) countries with high numbers of
research and development workers.

• What environmental data could inform deci-
sion making for those responsible for ensuring
development corridors grow in a sustainable
manner? To answer this we suggest you first
explore what may sit on the development
corridor (e.g., housing, transport infrastruc-
ture, sites of industry, water supplies, energy
networks). This could then inform a broader
conversation about the environmental data
sets that would be necessary to ensure this
development is high quality, reliable, resilient,
and sustainable.
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10.1 Introduction

A primary aim of the Sustainable Development
Goals (SDGs), as articulated in the 2030 Agenda
for Sustainable Development, is to combat
inequality within and amongst countries (UN
2015). In the context of SDG 10—Reduce
Inequality Within and Amongst Countries—
inequality is defined by the United Nations as the
gap between the richest and the poorest, or
between those people, groups of people or
countries who have more and those who have
less (Schorr 2018). As this indicates, inequality is
a multi-dimensional phenomenon (Afonso et al.
2015; Costa et al. 2017), including aspects of
both economic and social inequalities, with
strong links between these.

Inequality is often reduced to a single
dimension of income. Income inequality refers to
an unequal distribution of wealth between the
richest and the poorest. The UN Development
Programme estimates that the richest 10% earn
up to 40% of total global income, and the poorest
10% earn between 2 and 7% of total global
income (UNDP 2019). If nothing changes, by
2050, the richest 0.1% of the population will
have 26% of the world’s wealth, the same as the
global middle class (Alvaredo et al. 2018). This
unequal accumulation of wealth can drive social
inequality (alongside discriminatory legislation),
preventing those with less income from access-
ing important resources, such as land, water,
seeds, technology, schools, hospitals, knowl-
edge, education, or the capacity to decide about
one’s own life. Costa et al. (2017, p. 6) note that.

“Inequality is the distance between positions which
individuals or groups of individuals assume in the
context of a hierarchically organised access to
relevant social goods (income, wealth, etc.) and
power resources (rights, political participation,
and positions)”.

Income inequality reinforces power inequality
and vice versa. People who have less income and
wealth have less power, and less power may
reinforce their lack of access to income and
wealth (Boyce 2007; Therborn 2006, 2013), as
well as other socially valuable goods like edu-
cation, health services, and the possibility to

make decisions about their lives (Schorr 2018).
Tackling inequality is, therefore, central to social
justice (Afonso et al. 2015; Costa et al. 2017). It
underpins efforts to deliver all of the SDGs,
including reducing poverty (SDG 1), tackling
hunger (SDG 2), and improving access to health
care (SDG 3), quality education (SDG 4) and
water and sanitation (SDG 6), and gender
equality (SDG 5). Lack of goods or access to
services may not always be a result of scarcity,
but of the unequal distribution of enough
resources (Schorr 2018).

Table 10.1 shows seven targets (10.1–10.7),
and three means of implementation (10.A–10.C),
for SDG 10. These include ambitions to achieve
and sustain income growth of the bottom 40% of
the population at a rate higher than the national
average, empower and promote the social, eco-
nomic, and political inclusion of all, and
encourage the direction of Official Development
Assistance (ODA) to those countries with the
greatest need (UN 2015).

SDG 10, Target 10.1 is primarily economic
inequality, while SDG 10, Target 10.2 captures
the multi-dimensional nature of inequality, aim-
ing to ‘empower and promote the social, eco-
nomic and political inclusion of all, irrespective
of age, sex, disability, race, ethnicity, origin,
religion or economic or other status”. This target
acknowledges that people may have different
access to income, education, health or legal jus-
tice depending on whether they are poor or rich,
women or men, asylum seekers or refugees,
because they self-identify with or are identified
with a gender different to the common male–fe-
male binary, or because of their age, place of
birth, migratory condition, race or ethnicity. For
example, in Latin America, in 2014, the levels of
poverty of the Afro-descendant and indigenous
population in the four countries for which
information is available (Brazil, Uruguay, Ecua-
dor, Peru) were one and a half to two times
higher than those of the non-Afro-descendent or
indigenous population (CEPAL 2016). In the
United States, the incarceration of black and
Latino population, who face higher levels of
poverty, is far greater than the white population.
In 2016, black males between 18 to 19 years old
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were 11.8 times more likely to be imprisoned
than white males of the same age (Carson 2018).
Black and Latino people make up approximately
32% of the population of the USA, but encom-
passed 56% of all incarcerated people in 2015
(NAACP 2015).

Factors resulting in economic and social
exclusion do not impact on an individual or
community in an additive manner, but their
impacts may be much greater than the sum of
their parts due to complex interactions. For
example, a poor woman, of an ethnic minority,
with minimal education could experience differ-
ent types of inequality than an educated white
woman. Complexities arising from different
excluding factors need to be considered, when
developing policies and practices to reduce
inequality, so that our practices contribute to

reductions in inequality and do not reinforce
them.

SDG 10 suggests that reducing inequality is
key to promoting and achieving development
that is sustainable and inclusive (Table 10.1).
This chapter will explore these themes, intro-
ducing the concept of inequality, describing its
multifaceted nature, and outlining the role of
geoscientists in meeting the targets of SDG 10.
We characterise inequality across space and time
(Sect. 10.2), and describe links with poverty and
sustainable development (Sect. 10.3), introduc-
ing terminology and examples that provide geo-
scientists with essential context to this global
challenge. We proceed to outline approaches to
tackling inequality (Sect. 10.4), and ways that
geoscientists can support local to global efforts to
advance this goal (Sect. 10.5).

Table 10.1 SDG 10 targets and means of implementation

Target Description of Target (10.1–10.7) or Means of Implementation (10.A–10.C)

10.1 By 2030, progressively achieve and sustain income growth of the bottom 40 per cent of the population at a
rate higher than the national average

10.2 By 2030, empower and promote the social, economic and political inclusion of all, irrespective of age, sex,
disability, race, ethnicity, origin, religion or economic or other status

10.3 Ensure equal opportunity and reduce inequalities of outcome, including by eliminating discriminatory
laws, policies, and practices and promoting appropriate legislation, policies, and action in this regard

10.4 Adopt policies, especially fiscal, wage, and social protection policies, and progressively achieve greater
equality

10.5 Improve the regulation and monitoring of global financial markets and institutions and strengthen the
implementation of such regulations

10.6 Ensure enhanced representation and voice for developing countries in decision-making in global
international economic and financial institutions in order to deliver more effective, credible, accountable
and legitimate institutions

10.7 Facilitate orderly, safe, regular and responsible migration and mobility of people, including through the
implementation of planned and well-managed migration policies

10.A Implement the principle of special and differential treatment for developing countries, in particular, least
developed countries, in accordance with World Trade Organization agreements

10.B Encourage official development assistance and financial flows, including foreign direct investment, to
States where the need is greatest, in particular, least developed countries, African countries, small island
developing States and landlocked developing countries, in accordance with their national plans and
programmes

10.C By 2030, reduce to less than 3 per cent the transaction costs of migrant remittances and eliminate
remittance corridors with costs higher than 5 per cent
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10.2 Inequality in Space and Time

Inequality can exist at a range of spatial scales,
due to the uneven distribution of particular sets
of attributes (Ward 2009, 380), from villages,
towns, and cities, through to countries, regions,
and continents. Inequality occurs both between
and within national boundaries, with actions to
address both emphasised in SDG 10. For
example.

• Cities versus Hinterlands. An uneven distri-
bution of health and education services may
exist, with poor access being a characteristic
of poor rural regions or urban hinterlands and
good access characteristic of rich, urban
centres.

• Global North versus Global South. The dis-
tribution of technology may be uneven,
resulting in a lack of access to energy in the
Global South. The International Energy
Agency estimates that just under 1 billion
people still lack access to a reliable electricity
supply (See SDG 7). The root causes of
inequality between the Global North and
Global South are analysed more in Sect. 10.3.

• Urban Rich versus Urban Poor. Wealth may
be concentrated in the hands of a few in a
given region. For example, in New York State
in 2015, the average income of the top 1%
was $2.2 million compared to an average
income of the bottom 99% of $49,617, a ratio
of 44.4 to 1 (Sommeiller and Price 2018).

Inequality also changes over time, increasing
or decreasing depending on differences in policy
and practice. In this section, we first examine the
inequality between countries, with a focus on the
Global North versus the Global South
(Sect. 10.2.1). We proceed to examine inequality
within a given country, demonstrating that
inequality affects all nations to some degree even
in those considered developed nations

(Sect. 10.2.2). We conclude by exploring how
inequality has changed over time (Sect. 10.2.3).

10.2.1 Inequality Between Countries

It is estimated that 736 million people were liv-
ing in extreme poverty in 2015, earning less than
$1.90 a day, with almost half the world’s popu-
lation (3.4 billion people) living on less than
$5.50 a day/$2000 a year (World Bank 2018).
The concentration of this extreme poverty within
some countries, described in SDG 1 (No Pov-
erty), shows the existence of inequality between
countries.

10.2.2 Inequality Affects All
Countries

Inequality affects both high-income and low-
income countries. Figure 10.1 shows the share of
national income accumulated by the richest 10%
of the country’s population. Almost all countries
with data available show the richest 10% accu-
mulating wealth far in excess of 10% of the
income share. Another way to examine inequal-
ity within a population is the Gini coefficient or
index, a commonly used measure of inequality
that represents the income or wealth distribution
of a population. Gini coefficients can vary from
‘0%’, expressing perfect equality (i.e., everyone
has the same income or wealth) to ‘100%’,
expressing total inequality (i.e., one person holds
all the income or wealth, and everyone else
receives or has nothing). These can also be pre-
sented on a scale from 0 to 1. There are some
complexities with calculating Gini coefficients
for those with negative incomes, or for small
populations, but these are beyond the scope of
this textbook. For readers interested in this
theme, we include key references in the Further
Reading section below. Alternative methods also
exist, which may help to develop a more nuanced
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understanding of income distributions (De Maio
2007).

Figure 10.2 shows within-country inequality,
through a map of the Gini Index for each country
where data was available, compiled using 2015,
World Bank PovcalNet inequality data. This
enables us to identify countries where income
inequality is high (greens) and those where
inequality is low (blues). While some limitations
exist, in general, we note that there is higher
inequality in Latin America and sub-Saharan
Africa, and lower inequality in Europe, North
Africa, and Southern Asia. While inequality may
appear to be concentrated in low-income countries,
there are some examples of high-income nations
(e.g., the United States of America) with relatively
high inequality. Whether considering the share of
national income that top earners accumulate, or the
Gini Coefficient, economic inequality affects all
countries, although not to an equal degree.

10.2.3 Temporal Changes
in Inequality, by Region

The World Inequality Report 2018, notes that
income inequality (in terms of the percentage
share of national income earned by the richest
10% of the population) has increased in nearly all
countries and regions regardless of their state of
development, albeit at different speeds (Alvaredo
et al. 2018). When considering the Gini index,
we see both declines and slight increases in
inequality (Fig. 10.3). Differences between
regions are much larger than the differences
observed through this time period (Roser and
Ortiz-Ospina 2016). For example, the Gini index
values suggest that inequality is consistently and
significantly greater in Latin America and the
Caribbean than in other world regions, at any
time between 1988 and 2013.

Fig. 10.1 National income share accumulated by the
top 10% of the population in 2010. Image from Roser
and Ortiz-Ospina (2019), using data from the World Bank

Poverty and Equity database (World Bank 2015). Repro-
duced under a CC BY license (https://creativecommons.
org/licenses/by/4.0/)
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Fig. 10.2 Economic Inequality—Gini Index, 2015.
A map of the Gini Index for each country where data was
available, compiled using World Bank PovcalNet inequal-
ity data. Image from Roser and Ortiz-Ospina (2019),

using data from the World Bank Poverty and Equity
database (World Bank 2015). Reproduced under a CC BY
license (https://creativecommons.org/licenses/by/4.0/)

Fig. 10.3 Trends in the
average economic inequality
within countries, by world
region (1988–2013). Lines
show average within-country
Gini index by region.
A simple average is used
without weighting countries
by population. Industrialised
countries are a subset of high-
income countries. Image
reused from World Bank
(2016), using data from
Milanović (2014) and
PovcalNet (https://iresearch.
worldbank.org/PovcalNet/).
Reproduced under a CC BY
3.0 license (https://
creativecommons.org/
licenses/by/3.0/)
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10.3 Inequality, the Environment,
and Sustainable Development

The accumulation of material (e.g., money,
infrastructure, technology, medicines) and sym-
bolic (e.g., power, knowledge) resources in the
hands of a minority can exacerbate inequality
and poverty (Schorr 2018). The unequal distri-
bution of wealth and resources drives, or origi-
nates, in the unequal distribution of power and
progressive differentiation produced between
people, groups of people and entire territories
where people live. Those in power usually
accumulate wealth and resources. Historically,
those who accumulate power and wealth are
usually white men, and those excluded are non-
white, women, and minority groups (which could
vary in different contexts). Schorr (2018) suggest
that social inequalities exist because of power
relationships that connect ‘endowed actors and
spaces’ around the world. Such power relation-
ships generate global inequality, and define
wealthy and powerful centres and poorer and less
powerful peripheries.

When analysing obstacles to economic
development in the Global South since the mid-
dle of the twentieth century, some have sug-
gested that wealth and poverty are
interdependent (Alvaredo et al. 2018). Some
countries are poor because they form part of a
periphery, integrated at a disadvantaged position
in market interactions, from which wealth is
extracted to support the economic development
of a high-income industrialised centre. Poor
economic development exists because of struc-
tural inequalities, or unequal relationships
between a centre and the periphery (Beigel
2010); the centre exists because the periphery
exists, and both reproduce each other. This sys-
tem is dynamic, with new parts of the world
becoming centres as former centres become
peripheries. This system is also prevalent at
multiple scales, with centres and peripheries at
various levels—within and across continents,
nations, and cities and their hinterlands.

Box 10.1. Centres and Peripheries
Relating to Environmental Resources

A poorer nation, or periphery, may hold
significant mineral resources. With good
governance and transparency, the country
may benefit from internal investment and
royalties derived from the extraction and
sale of these raw materials (Fig. 10.4).
However, they may lose out on greater
benefits derived further down the value
chain due to limited processing capacity
(Fliess et al. 2017). Raw materials may be
transported away from the poorer country
(i.e., periphery), processed, and turned into
valuable products for sale on the global
market. Richer countries (i.e., centres),
therefore, gain greater economic benefits
from the raw materials.

Considering the origins of inequality in this
way may help to design fairer and more effective
development interventions that stop the repro-
duction of inequality. For example, instead of
attributing land degradation and loss of soil fer-
tility to poverty and lack of knowledge by sub-
sistence farmers, we can recognise environmental
degradation as both a consequence and cause of
social marginalisation, or inequality. Maintaining
and enhancing the integrity of the natural envi-
ronment is critical to tackling inequality, and is
threatened by persisting inequality.

How does environmental degradation trig-
ger or exacerbate inequality? Degradation of
the natural environment results in the destruction
of habitats, livelihoods, and natural resources.
For example, tailings (waste) produced from the
mining of gold in South Africa, can result in
uranium pollution entering shallow aquifers and
adjacent streams (Winde and Sandham 2004;
Winde 2013). This pollution of water resources
can particularly impact poor, mainly black, South
Africans living next to the mines where they
work, who use the water for drinking,
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agriculture, and bathing (Winde 2013). Low-
levels of education and extreme poverty have
limited the effectiveness of awareness raising
campaigns (Winde 2013). In this example,
inequality drives people to work and live in
places with greater exposure to harm, and envi-
ronmental degradation creates the potential for
negative health impacts that can exacerbate
inequality. Poor health, especially in contexts
where access to health care and social security
vary significantly, may reduce opportunities for
employment or training. As environmental
degradation of all types (e.g., climate change, air
pollution, reduction in soil fertility, deforesta-
tion) persists, inequalities generated pose threats
to social justice and sustainable development
(Laurent 2014).

How does inequality result in environmen-
tal degradation? Those with higher levels of
income generally consume and pollute more than

those with less income (Nazrul Islam 2015), but
less equal societies overall also contribute more
to environmental degradation than those with
higher levels of equality (Boyce 1994; Laurent
2014; Nazrul Islam 2015; Dorling 2017). Dorling
(2017) notes that “people in more equal rich
countries consume less, produce less waste and
emit less carbon, on average. Indeed, almost
everything associated with the environment
improves when economic equality is greater”.
Contrast Japan and the USA, for example, both
affluent nations, but with striking differences in
both their inequality ratios (the income of the
richest 10% of the population versus the income
of the poorest 10%) and their ecological foot-
prints. The inequality ratio in Japan is 4.5 and in
the USA is 15.9, with the average per capita
ecological footprint in Japan approximately half
of that of the USA (Nazrul Islam 2015).

Laurent (2014) notes that inequality

Fig. 10.4 From raw material to high-value products.
The value derived from iron ore (left, being mined in
India) is much greater when processed and used to

develop high-value products (see SDG 12 for further
discussion and examples of value addition). Image by
Sarangib from Pixabay
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• Increases the need for environmentally
harmful and socially unnecessary economic
growth. Decoupling economic growth from
environmental degradation (e.g., production
of waste, carbon emissions, natural resources
consumption) is a significant challenge, and
therefore, more economic growth (contrasted
with a fairer distribution of national wealth)
could exacerbate environmental challenges.

• Increases the ecological irresponsibility of
the richest, within each country and
amongst nations. Increasing inequality can
result in the transfer of environmental damage
of economic activities from the richest indi-
viduals, communities or countries, to the
poorest. Consider the dumping of toxic elec-
tronic waste in the Global South, resulting in
land, water, and air contamination, and sig-
nificant health risks (Vidal 2016). With the
aim of maximising profits, the material is sent
overseas where recycling may be significantly
cheaper, but safe working conditions and
environmental protections are minimal (Vidal
2016).

• Diminishes the social-ecological resilience
of communities and societies and weakens
their collective ability to adapt to acceler-
ating environmental change. Inequality can
impact on the physical and mental health of
communities, and therefore, increase their
vulnerability to environmental shocks and
change. Unequal power distribution hinders
the possibility of poorer people to organise
and decide how to confront the impacts of
environmental change.

• Hinders collective action aimed at pre-
serving natural resources. Laurent (2014)
notes that inequality disrupts, demoralises and
disorganises human communities, resulting in
an inability to build political consensus on the
legislation and actions needed to reduce
environmental degradation. Inequality pro-
duces political polarisation, with environ-
mental policy often becoming an issue of
contention rather than collective action.

• Reduces the political acceptability of envi-
ronmental preoccupations and the ability
to offset the potential socially regressive

effects of environmental policies. Environ-
mental policies may be perceived to be (and
actually) socially regressive, with a dispro-
portionate amount of the costs being borne by
the poor. Taxes on carbon or diesel, for
example, could result in the poorest house-
holds paying a greater share of their income
than richer households, making them politi-
cally unacceptable.

These relationships and examples, from Lau-
rent (2014), highlight that effective strategies to
tackle environmental degradation require
inequality to be understood and reduced if they
are to be effective and support efforts to ensure
sustainable development. Inequality is a root
cause of environmental degradation (and vice
versa), and therefore, both must be addressed if
we are to achieve SDG 10 and other SDGs.

10.4 Approaches to Tackle
Inequality

In this section, we discuss a range of approaches to
address inequality, including pro-poor economic
growth, redistribution, progressive taxation
and pricing, and removal of discrimination.

The relationship between economic growth
and reduction of inequality is complex. Where
economic growth was once mandated to attain
sustainable development (Osborne 2015), a
greater complexity is now recognised with a need
to understand available and required resources,
and how to ensure equitable access to these.
Economic growth does not automatically reduce
inequality, but inequality will always negatively
affect economic growth (Afonso et al. 2015).
Economic growth that is pro-poor (i.e., increases
the wealth of the poorest), however, ensures
greater access to resources such as power and
opportunities. Pro-poor economic growth ensures
the benefits help to reduce inequality rather than
maintaining the status-quo or increasing
inequality. As noted previously, care needs to be
taken that economic growth does not contribute
to further ecological degradation, and hence to
human suffering (Schorr 2018). SDGs 8 and 12
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explore strategies to decouple economic growth
from environmental degradation.

Tackling inequality also requires the redistri-
bution of economic and social resources between
groups or places (Painter 2009; UNDP 2013),
and to compensate those facing disadvantageous
circumstances (Afonso et al. 2015). For example,
some European welfare states redistribute wealth
through diverse mechanisms, including public
education and health systems, unemployment
benefits, pensions, and universal minimum
wages. These act together to help mitigate social
inequality produced by wealth accumulation. The
taxation system also plays an important role in
helping to redistribute wealth. Progressive tax
systems, where those who earn more pay more in
tax, can help to tackle income and wealth
inequality (Alvaredo et al. 2018).

Economic approaches can also be used to re-
duce inequality around access to natural resources,
such as water. Progressive pricing, where the unit
cost of water increases as more water is used,
means that those consuming greater volumes (e.g.,
for industry, hospitality or wealthy households)
pay more per unit than those using less (UNEP-
DHI Partnership et al. 2017). This system can
reduce the cost of water for the poorest in society,
reduce overall consumption and waste, and
increase equitable access to natural resources
(UNEP-DHI Partnership et al. 2017; Zaied et al.
2017).

Box 10.2. Managing Water Resources
in Tunisia

Increasing demand for water in Tunisia, one
of the least water resources endowed coun-
tries in the Mediterranean basin (Benab-
dallah 2007), has resulted in the
implementation of a progressive pricing
policy (Zaied et al. 2017). Water is required
for irrigation, the tourism sector (Fig. 10.5),
industry and domestic use, with demand for
all expected to grow. For example, the
demand for water in the tourism sector is
estimated to increase by 216% between
1996 and 2030 (Benabdallah 2007).

Agriculture, however, is the largest con-
sumer of water, with approximately 84% of
all demand as of 2007 (Benabdallah 2007).
Reforms, including progressive pricing
where themost expensive unit of water costs
six times the least expensive unit, have,
therefore, been put in place to reduce waste
and ensure continued availability of water
resources for domestic use (Benabdallah
2007; Zaied et al. 2017). Other reforms,
such as guaranteeing free or very low-cost
water for subsistence agriculture, while
adopting progressive pricing for water used
for agribusiness, could also be adopted.

Tackling inequality also requires the removal
of discrimination from within legislation, ensur-
ing all members of a community have the right to
participate in politics, acquire political power,
and access basic services and natural resources.
For example, discrimination may prevent certain
groups of people from having established legal
rights over their land (Box 10.3).

Box 10.3. Inequality, Land Ownership
and Agriculture in Latin America.

Ecuador is an agricultural country, with
land unequally distributed amongst small-
holder farmers and big landowners.
Smallholder farmers provide food for na-
tional consumption in diversified plots, and
big landowners produce food (typically
banana, sugar cane, palm, and cacao) for
international markets planted in monocul-
tures that aggravate environmental pollu-
tion and soil degradation. Figure 10.6
shows that 712,035 low-income Ecuado-
rian families managing small farms toge-
ther own 2,481,019 hectares of agrarian
land, while 6,616 big landowners together
own 3,593,496 hectares of land. Inequality
is also prevalent in land distribution
between men and women. This is observed
in Ecuador, with Fig. 10.6, showing that
women own 25.4% of the agricultural
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production units (UPA, in Spanish), and
men owning the remaining 74.6% of units,
despite the Food and Agricultural Organi-
zation (FAO 2011), reporting that 50–80%
of the world’s food supply being produced
by women. A similar inequality is
observed in other parts of Latin America.
In Colombia, women manage 26% of
agricultural holdings, men manage 61.4%,
and a combination manages the remaining
12.6% (Bautista 2017).

10.5 Mobilising Geoscientists
to Reduce Inequality

Having established the global andmulti-dimensional
nature of inequality, and the importance of tackling
inequality if we are to ensure economic, social, and
environmental sustainability (Schorr 2018), we now
turn to the role of geoscientists.Howcanwemobilise
the knowledge and skills of geoscientists, and how

canwe embed the learning from this chapter into our
structures and institutions, to help tackle inequality?
Geoscientists may need to make changes to the
systems that determine access to our knowledge,
education, and tools. This could be in terms of geo-
scientific data, publications arising from the analysis
of that data, or the training courses that enable
effective professional practice. Geoscientists also
need to think about how to foster equality through
inclusive work environments and the questions
addressed in their research.

10.5.1 Improve Equitable Access
to Scientific Data,
Publications,
and Meetings

Data repositories improve access, preservation
and stability of scientific data. For example, the
National Geoscience Data Centre (NGDC1) at

Fig. 10.5 Use of water for tourism in Tunisia. Image by vk_photo from Pixabay

1https://www.bgs.ac.uk/services/ngdc/.
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Fig. 10.6 Inequality in
Ecuador. Source Observatory
of Rural Change, OCARU,
Ecuador (https://ocaru.org.ec/
). Idea and design: Isabel
Salcedo Quiroga and Jairo
Erazo. (top) Land distribution
in Ecuador between small-
scale farmers and big
landowners. (bottom) UPAs
(agricultural production unit)
distribution in Ecuador
between women and men
(used with permission)
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the British Geological Survey collects and pre-
serves geoscientific data and information, mak-
ing them available to a wide range of users and
communities. Datasets are managed by the BGS
for the long-term benefit of all. Data are available
online and without charge where possible.
Examples include real-time monitoring of envi-
ronmental phenomena from sensors, GIS data-
sets, and elemental and stable isotope data. Free
and open access to datasets may also include
training for users on how to access and use
available information.

Journal articles contain a rich source of sci-
entific knowledge that can inform all aspects of
the SDGs. For example, they may describe the
history of seismic activity in a given region, the
geotechnical properties of materials underlying a
city, or the chemistry of groundwater in a nation
lacking domestic access to safe water. If this
information is not available to those making
decisions (or scientists advising those making
decisions) about disaster preparedness, urban
infrastructure development, or water manage-
ment, those decisions may not reflect the best
available evidence.

The vision of the International Network for
the Availability of Scientific Publications
(INASP2) is that all people can access and con-
tribute information, ideas and knowledge neces-
sary to drive sustainable and equitable
development. They work with partners and net-
works around the world to encourage the creation
and production of information, to promote sus-
tainable and equitable access to information, to
foster collaboration and networking, and to
strengthen local capacities to manage and use
information and knowledge. Through INASP,
the Geological Society of London have made
access to their Lyell Collection available free of
charge to approved institutions and NGOs in
developing countries. The Lyell Collection
includes more than 26,000 articles from the
Society’s journal titles, Special Publications and
key book series, as well as journals published on
behalf of other societies. This approach is in line
with SDG 10.A which notes that ‘special and

differential treatment’ is appropriate for those in
developing countries, especially least developed
countries. A further challenge will be to make the
information available in a range of languages
other than English.

Equitable access to scientific knowledge can
also be created if scientific meetings are more
accessible and inclusive. Scientific conferences
are a critical component of learning, networking,
and dissemination for many research scientists,
but these often have high registration fees and are
based in expensive cities. The location of inter-
national conferences may also mean significant
challenges in getting visas. For UK nationals to
visit Uganda, a visa fee of $50 is required (paid on
entry to Uganda) together with a valid passport. In
contrast, for a Ugandan national to visit the United
Kingdom, substantial paperwork is required,
including a personal bank statement showing
sufficient funds to cover the trip to the UK, invi-
tation letters, biometric identifiers and a $70 fee
that must be paid online (for other countries, larger
fees apply). Finally, conferences may lack facili-
ties for those with disabilities or children. In 2018,
Langin (2018), explored the provisions for parents
at scientific conferences in North America, and
found that 94%provided a lactation room and 68%
provided some form of childcare. The European
Geosciences Union General Assembly also pro-
vides professional childcare facilities for those
aged 3–11, free of charge.

10.5.2 Improve Equitable Access
to Scientific Education
and Skills

Training for geoscientists should encourage full
participation for all, allowing field, laboratory,
and classroom learning for those with diverse
disabilities (e.g., visual or audio impairments,
physical or mobility impairments, developmen-
tal, cognitive). Course leaders should give careful
thought to how fieldwork courses (and other
learning environments) can be designed to pro-
mote accessibility and inclusion. In a review by
Atchison and Libarkin (2013), they note that
inclusive instruction can lead to academic2https://www.inasp.info/.
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success for students with disabilities but also
enhance the learning environment for all stu-
dents. This is a really important point for edu-
cators to digest; embedding a commitment to
inclusivity in the design of geoscience teaching
can not only ensure we ‘leave no one behind’ but
can also enrich understanding for the broader
community of students.

The International Association for Geoscience
Diversity (IAGD3) is a charitable organisation
focused on creating access and inclusion for
persons with disabilities in the Geosciences.
They have resources on themes such as colour
vision deficiency, visual impairment, physical
(mobility) impairment, and deafness. Diversity in
Geoscience-UK (a chapter of IAGD) has a
broadened focus, going beyond disability to also
cover wider aspects of diversity. The IAGD run a
fully accessible field trip each year, with one of
their aims being providing geoscience educators
with an opportunity to learn how to accommo-
date students with disabilities in fieldwork.

10.5.3 Improve Knowledge Exchange
Between and Within
Countries

SDG 10.B emphasises the need for Official
Development Assistance and financial flows to
go to countries where the need is greatest (e.g.,
least developed countries, African countries,
small island developing States, and landlocked
developing countries), to support national plans
and programmes. Science education and capacity
building (at all levels, including both public
understanding of science, citizen science, and
enhanced research power) feature in many
national and regional development strategies. For
example, Gill et al. (2019), highlighted this to be
a common theme of many development strate-
gies in eastern Africa (e.g., East African Com-
munity Vision 2050, Southern African
Development Community Regional Indicative
Strategic Development Plan 2005–2020, Com-
mon Market for Eastern and Southern Africa

Medium Term Development Strategy 2016–
2020, Kenya Vision 2030, Tanzania National
Development Plan, Zambia Vision 2030).

There is an opportunity for geoscientists to
engage in programmes that direct Official
Development Assistance (ODA) to support the
countries with the greatest need to meet these
clearly expressed priorities. For example, the UK
Global Challenges Research Fund uses some of
the UK ODA commitment to support collabora-
tive research that (a) builds capacity in partner
countries, while (b) addressing clearly expressed
development challenges. Key themes include
equitable access to sustainable development,
sustainable economies and societies, and human
rights, good governance, and social justice.

The UN Technology Facilitation Mechanism
is a set of processes aiming to facilitate collab-
oration and partnerships through the sharing of
information, experiences, best practices, and
policy advice. We discuss the UN Technology
Facilitation Mechanism in detail in SDG 17.

10.5.4 Build Safe and Inclusive
Educational
and Professional
Environments

SDG 10.2 advocates for the empowerment and
social, economic, and political inclusion of all.
This can be supported by educational and pro-
fessional environments where all are safe, secure,
and free from harassment, bullying, and dis-
crimination. Tackling inequalities must be
proactive though, recognising that the way in
which we organise or structure events, for
example, can also exacerbate inequalities. Geo-
science events that include all-male panel dis-
cussions or keynote speakers do not help to foster
an inclusive professional environment. Similar
problems arise when women and those living in
regions where research is conducted are excluded
from scientific paper writing and the organisation
of conference and dissemination meetings.

Contrast the international Resources for Future
Generations conference (2018, Vancouver), with
the proposed International Geological Congress3https://theiagd.org/.
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(2020, Delhi, although cancelled due to COVID-
19). The former had 16 of 36 (44%) plenary
speakers being female, and at the time of writing
the latter had 1 of 14 (7%). International geo-
science conferences that give little attention to the
voices of early-career scientists, or scientists from
a particular continent, may also exacerbate
inequalities. Excluded groups and populations
need to be better included in the structures of
science, not out of tokenism, but because if we
don’t, we lose their vital ideas and insights. We
discuss gender discrimination in-depth in SDG 5
but recognise that our responsibilities extend
beyond gender to also ensure inequalities linked
to race, age, religion, or economic status are
tackled. We discuss the importance of safe and
secure work environments in SDG 8.

10.5.5 Integrate Geoscience Research
with Issues
of Intersectional
Inequalities

While Sects. 10.5.1 to 10.5.4, have focused on
structural reforms to tackle inequalities within
the geoscience sector and inequalities in access-
ing geoscience knowledge, there are also ways in

which we can deploy our skills to tackle the
broader inequalities in the world. We have pre-
viously highlighted strong links between the
natural environment and inequality, noting that
environmental degradation can trigger or exac-
erbate inequality and that inequalities can result
in environmental degradation (Sect. 10.3).
Tackling inequality and understanding its
impacts is, therefore, an interdisciplinary chal-
lenge that geoscience research can inform.

Inequality drives people to live in places with
greater exposure to harm (Fig. 10.7). This may be
unstable slopes, regions with enhanced levels of
pollution, or places with poor soil fertility threat-
ening food security. Geoscience research can.
1. Ensure our focus is on understanding

the geology and environmental dynamics of
least developed regions (helping to ‘leave no
one behind’), and not ignoring those places
where data is harder to gather, access is more
complicated, or there is a greater risk of the
project not being successful. For example,
fragile and conflict affected states may make
partnership building, data collection, and
dissemination of research challenging,
resulting in these locations receiving dispro-
portionately less Official Development Assis-
tance to address environmental challenges,

Fig. 10.7 Waste disposal sites can attract many living in poverty, exposing them to diverse harm. Image by
vkingxl from Pixabay
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compared to more stable countries. For
example, of the projects funded by the UK
Global Challenges Research Fund, four have
had Burundi as a country of focus, three the
Central African Republic, and one in Chad—
all of which are classified by the World Bank
as being least developed countries. In con-
trast, 78 projects have Kenya as a country of
focus, 61 have South Africa, 60 have India,
and 24 have Brazil—all of which are lower or
upper-middle income countries. Countries are
likely to be selected based on many factors,
including where existing partnerships exist
and where language barriers can be crossed.

2. Help to eliminate some of the environmental
degradations that trigger or exacerbate pov-
erty, through supporting the improved man-
agement of waste materials. For example, the
use of cyanide in gold mining can result in the
risk of toxic chemicals polluting water, soil,
and air. Geoscience research can help to
ensure effective controls are in place to reduce
the risk of environmental contamination. This
could be through environmental monitoring
or characterising the subsurface to inform the
design of engineered structures (e.g., landfill).

3. Help to reduce the level of harm communi-
ties are exposed to (i.e., mitigation of nega-
tive impacts of living in a site), through
monitoring of the environment and dialogue
with communities. For example, geoscientists
may provide advice and guidance on how to
enhance soil fertility or water retention using
locally available geological resources or
ensure understanding of potential lahars and
pyroclastic density currents is shared with
those living in informal settlements around
volcanoes, as well as more established, better
resourced settlements.

4. Value interdisciplinary research opportuni-
ties, recognising that skilled interdisciplinary
leaders can help to connect physical hazards,
climate change, and natural resource insights
into a broader analysis of current power
inequalities and bring an understanding of pre-
existing social conditions that could have
contributed to existing inequalities. This can

help to integrate research outputs to ensure that
they are more than the sum of their parts.

5. Value local knowledge from local commu-
nities but also from local scientific commu-
nities. Make a real effort to transfer
knowledge, technology, and skills to the point
that local scientists can shape and complete
their own research and interventions in the
future, so to reduce dependence and epistemic
colonialism (see SDG 17 for a more detailed
discussion of equitable and ethical
partnerships).

10.6 Key Learning Concepts

• Inequality is the gap that exists between those
people, groups of people, or countries who
have more and those who have less. Inequality
is multi-dimensional and includes both eco-
nomic and social inequalities, with strong
links between these. Income inequality rein-
forces social inequality and vice versa.

• Factors resulting in economic and social
exclusion do not impact on an individual or
community in an additive manner, but their
impacts may be much greater than the sum of
their parts due to complex interactions.

• Inequalities can exist at a range of spatial
scales, both between and within national
boundaries. Inequality also changes over time,
increasing or decreasing depending on differ-
ences in policy and practice.

• Degradation of the natural environment
results in the destruction of habitats, liveli-
hoods, and natural resources, disproportion-
ately affecting those who already suffer the
effects of inequality. Inequality may drive
people to live in places with greater exposure
to harm, and environmental degradation cre-
ates the potential for negative health impacts
that can exacerbate inequality.

• Those with higher levels of income generally
consume and pollute more than those with
less income, but less equal societies overall

10 Reduce Inequality Within and Amongst Countries 255



also contribute more to environmental degra-
dation than those with higher levels of
equality. Higher inequality can result in the
environmental consequences of economic
activities being transferred from the richest to
the poorest communities.

• Tackling inequality requires pro-poor eco-
nomic growth (i.e., growth that increases the
wealth of the poorest), redistribution of
resources, progressive taxation and pricing
(e.g., of water resources), and the removal of
discrimination.

• Geoscientists need to make changes to the
systems that determine access to their
knowledge, education, and tools. This
includes placing data in open repositories,
improving equitable access to scientific jour-
nals, meetings, and education, enhancing
knowledge exchange between and within
countries, building safe and inclusive educa-
tional and professional environments, and
integrating geoscience research with issues of
intersectional inequalities.

10.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• This chapter describes diverse types of
inequalities and notes that these are ‘inter-
sectional’. What types of inequality may exist
at your university, and how does the study of
geoscience (a) reduce and (b) exacerbate these
inequalities?

• In your national context, to what extent do
you agree with the statement ‘environmental
degradation is a major driver of inequality’?
Consider relevant examples and write a one-
page summary for policymakers about how

actions to reduce environmental degradation
could help reduce inequalities.

• Inequality drives people to live in places with
greater exposure to harm (e.g., unstable
slopes, regions with enhanced levels of pol-
lution, places with poor soil fertility). Many of
these regions are the focus of geoscience
research. What steps can geoscientists take to
involve those living in such regions in geo-
science research, and increase access to the
knowledge produced during this research?
What challenges may you encounter as you
follow these steps, and how may they be
overcome? Ask those conducting relevant
research in your department to reflect on how
they have encountered inequalities while
doing geoscience research, and any steps they
have taken to reduce inequalities.

• Explore the Virtual Landscapes website
(www.see.leeds.ac.uk/virtual-landscapes/),
courtesy of the University of Leeds. What
impact could resources such as this have on
reducing inequalities? Research what other
online tools exist to support field and labora-
tory geoscience skills.
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11.1 Introduction

Cities are an expression of modern life, the lar-
gest objects of human creation, a route to eco-
nomic prosperity, and often regarded as complex
organisms that link human and biophysical
ecosystems (e.g., Wolman 1965; Graedel 1999;
Van den Dobbelsteen et al. 2012; Bristow and
Kennedy 2013). In 2018, they provided shelter,
food, and employment to 3.5 billion people, 55%
of humanity. World population projections esti-
mate continued growth by at least two billion—
equal to another China and India—in the next
33 years, and possibly by a further two billion by
the end of the century (UN 2019a, b). So where
will we all live?

By 2050, it is likely that we will have devel-
oped into an almost exclusively urban species
with 70% of us living in cities, primarily as a
result of rural to urban migration (IOM 2015),
compounded by natural population growth. For
example, the annual population increase in six
major developing country cities—Dhaka, Kar-
achi, Kinshasa, Lagos, Mumbai, and New Delhi
—is greater than the entire population of Europe
(UN-Habitat 2012). The metropolitan area of
Kampala (Uganda, Fig. 11.1) has increased from
1.936 million people to 3.125 million people—
an increase of 61% in just three years (United
Nations 2018a).

The opposite problem of deurbanisation or
shrinking cities (Biswas et al. 2018) is also part
of the sustainability equation. Loss of manufac-
turing and falling population growth will impact
on city services and facilities designed for greater
volumes of people.

Whilst urbanisation1 arguably constrains
humanity’s environmental impact to limited
areas, which presently only cover approximately
3% of the land surface, they account for more
than 70% of energy consumption and 75% of
carbon emissions and are therefore major con-
tributors to climate change. If by 2030

urbanisation is to grow to encompass up to 5
billion people (Figs. 11.2 and 11.3) and much of
this expansion will take place in the Global
South, where the pace of urbanisation is already
overwhelming many cities, what will these cities
look like? Sprawling, chaotic slums—with poor
health from uncontrolled emissions and impov-
erished food and water—or clean, healthy envi-
ronments with data smart efficient transport
systems enabling the flow of people and
resources?

The Sustainable Development Goal
(SDG) 11, Sustainable Cities and Communi-
ties, is therefore a key global challenge engaging
with a wide range of human needs and activities.
It aims to, Make cities and human settlements
inclusive, safe, resilient, and sustainable and
includes 7 targets (11.1–11.7), 11 indicators, and
3 means of implementation (11.A, 11.B, and 11.
C) as listed in Tables 11.1 and 11.2. The col-
lective ambitions are to improve basic services
and transport, upgrade informal (slum) settle-
ments, develop inclusive and regional planning
that acknowledges the links between city and
rural, and peri-urban areas, safeguard the envi-
ronment and the cultural and natural heritage,
improve disaster risk management, and improve
health, especially air quality with universal
access to green space.

Urbanisation impacts and integrates with
numerous other SDGs including SDGs 1, 6, 7, 8,
9, 12, 15, and 17. Linkages have been considered
by Misselwitz et al. (2015) who recognised that
10 of the 17 SDG goals are linked to SDG 11 (5
explicitly; 9 implicitly) and 30% of the targets
and 39% of the indicators are linked to SDG 11.
Thus indicating the central integrating role ur-
banisation has in the SDG agenda. SDG 11 also
provides an overarching agenda for (i) the UN
Habitat’s National Urban Policy and the New
Urban Agenda, (UN Habitat III Conference in
2016) which seek to offer national and local
guidelines on the growth and development of
cities through to 2036, and (ii) the UNISDR 2015
Sendai Framework for Disaster Risk Reduction
(also discussed in SDG 1 and SDG 13).

Cities are not only places to live, they are
engines of the global economy, commerce, and

1Urbanisation, ‘the process by which more and more
people leave the countryside to live in cities’ or ‘propor-
tion of people living in built environments such as towns
and cities’.
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Fig. 11.1 Urban Development in Kampala, Uganda © UKRI (used with permission)

Fig. 11.2 UN projections for the share of the popu-
lation living in urban areas by 2050. Credit: Ritchie and
Roser (2019), reproduced under a CC BY licence (https://
creativecommons.org/licenses/by/4.0/). Note that even in

countries with less than 50% of the population living in
urban areas, there are still projected to be cities of millions
(United Nations 2014)
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centres of innovation and human cultural
expression. Shorter trade links, economies of
scales, and access to human capital and shared
services within urban centres are providing the
basis for economic growth (Ritchie and Roser
2019). There is also a strong link between the
quality of life in cities and utilisation of resour-
ces, with many people migrating to cities in order
to access more secure and stable basic utilities
such as water and sanitation (WEF 2017). Urban
health and sustainability therefore depend not
only on their resilience (see Brand and Jax
(2007) for definition) to the combined threats of
natural hazards (e.g., rising temperatures and sea
level) and anthropogenic change, but also on
access to natural resources including water (SDG
6), energy (SDG 7), and green space and use of

the subsurface for communications, sharing
information, waste, storage, and energy.

Thus, at all scales of development, urban
resilience requires multi-stakeholder engagement
(explored in SDG 17) to build consensus,
inclusion, and sustainability with a holistic
approach to planning and management of com-
plex integrated systems and interdisciplinary
science. For example, Dickson et al. (2012)
present an urban risk assessment framework that
combines hazard impact assessment with insti-
tutional and a socio-economic assessment. This
is based on four principal building blocks: his-
torical incidence of hazards, geospatial data,
institutional mapping, and community participa-
tion—geoscience has a role to play in all of these
(see Sect. 11.3).

Fig. 11.3 Rural and urban population projections. Global
urban and rural populations to 2016 (estimates), and UN
projections to 2050, showing a significant increase in the

urban population and a decline in the rural population.
Credit: Ritchie and Roser (2019), reproduced under a CC-
BY licence (https://creativecommons.org/licenses/by/4.0/)

11 Sustainable Cities and Communities 263

https://creativecommons.org/licenses/by/4.0/


Table 11.1 SDG 11 targets by 2030

Target Description of target (11.1 to 11.7) or means of implementation (11.A to 11.C)

11.1 Ensure access for all to adequate, safe and affordable housing and basic services and upgrade slums

11.2 Provide access to safe, affordable, accessible and sustainable transport systems for all, improving road
safety, notably by expanding public transport, with special attention to the needs of those in vulnerable
situations, women, children, persons with disabilities and older persons

11.3 Enhance inclusive and sustainable urbanization and capacity for participatory, integrated and sustainable
human settlement planning and management in all countries

11.4 Strengthen efforts to protect and safeguard the world’s cultural and natural heritage

11.5 Significantly reduce the number of deaths and the number of people affected and substantially decrease the
direct economic losses relative to global gross domestic product caused by disasters, including water-
related disasters, with a focus on protecting the poor and people in vulnerable situations

11.6 Reduce the adverse per capita environmental impact of cities, including by paying special attention to air
quality and municipal and other waste management

11.7 Provide universal access to safe, inclusive and accessible, green and public spaces, in particular for women
and children, older persons and persons with disabilities

11.A Support positive economic, social and environmental links between urban, peri-urban and rural areas by
strengthening national and regional development planning

11.B By 2020, substantially increase the number of cities and human settlements adopting and implementing
integrated policies and plans towards inclusion, resource efficiency, mitigation and adaptation to climate
change, resilience to disasters, and develop and implement, in line with the Sendai Framework for Disaster
Risk Reduction 2015–2030, holistic disaster risk management at all levels

11.C Support least developed countries, including through financial and technical assistance, in building
sustainable and resilient buildings utilizing local materials

Table 11.2 SDG 11 indicators and geoscience relevance

Indicator Geoscience link

11.1.1 Proportion of urban population living in slums,
informal settlements or inadequate housing

Understanding the architecture and flow patterns of
groundwater aquifers is key to sustainable water supply,
sanitation and waste management. An understanding of
exposure of urban populations to natural hazards and
poor quality land

11.2.1 Proportion of population that has convenient
access to public transport, by sex, age and persons with
disabilities

Better knowledge of ground conditions and local ground
hazards will inform routing options and improve
affordability and efficient construction

11.3.1 The ratio of land consumption rate to population
growth rate

Holistic planning for land use needs to involve the
subsurface to mitigate sterilisation of resource potential
and ensure effective use of underground space

11.3.2 Proportion of cities with a direct participation
structure of civil society in urban planning and
management that operate regularly and democratically

N/A

11.4.1 The total expenditure (public and private) per
capita spent on the preservation, protection and
conservation of all cultural and natural heritage

Ground conditions, ground motion, soil permeability and
chemistry and groundwater flow and quality all impact
upon preservation of heritage

11.5.1 The number of deaths, missing persons and
directly affected persons attributed to disasters per
100,000 population

Disaster Risk reduction and understanding impacts of
natural hazards both short and long term on city
resilience

(continued)
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In this chapter, we introduce the role of geo-
science in contributing to the targets and indicators
of SDG 11 (Tables 11.1 and 11.2) and emphasise
the importance of building an understanding of the
sustainable management and supply of natural
resources, risk and management of geological
hazards (geohazards), and use of the subsurface
beneath our cities in future planning and policy.

We begin with an assessment of the global
context (Sect. 11.2) and then in Sect. 11.3 consider
the role of geoscience in urban development and
use a number of examples to explore specific SDG
targets in detail and to highlight the importance of
linking planning of the surface and subsurface;
concluding statements are presented in Sect. 11.4.

11.2 Urbanisation: Global Context
and Impact

The varying definitions of urban land produce
conflicting statistics, but in general global anal-
yses indicate that whilst 71% of the Earth’s land
surface area is defined as liveable and despite
popular misconceptions (e.g., Easton 2018), only
approximately 3% (around 3.5 million km2) is
urbanised2 (CIESIN 2010).

Table 11.2 (continued)

Indicator Geoscience link

11.5.2 The direct economic loss in relation to global
GDP, damage to critical infrastructure and number of
disruptions to basic services, attributed to disasters

As above and understanding how local geology can
mitigate impacts of heat island effects—e.g., use of
groundwater for cooling

11.6.1 The proportion of urban solid waste regularly
collected and with adequate final discharge out of total
urban solid waste generated, by cities

Knowledge of subsurface processes required for siting of
waste disposal facilities and impact on water quality

11.6.2 The annual mean levels of fine particulate matter
(e.g., PM2.5 and PM10) in cities (population weighted)

Understanding how different soil and geology types give
rise to fine particulate matter under different urban
environmental conditions

11.7.1 The average share of the built-up area of cities that
is open space for public use for all, by sex, age and
persons with disabilities

Understanding anthropogenic contamination and safe
levels in soils and green spaces. Evaluation of the
quality, connectivity and access to blue-green land cover
and assessment of the multiple benefits of green space
e.g., biodiversity net gain and flood risk reduction

11.7.2 The proportion of persons victim of physical or
sexual harassment, by sex, age, disability status and
place of occurrence, in the previous 12 months

N/A

11.A.1 The proportion of population living in cities that
implement urban and regional development plans
integrating population projections and resource needs, by
size of city

Building geoscience into resource catchment studies and
inclusion of urban subsurface assets and resource plans
in urban and regional development plans

11.B.1 The number of countries that adopt and
implement national disaster risk reduction strategies in
line with the Sendai Framework for Disaster Risk
Reduction (DRR) 2015–2030

Geoscience support for DRR—understanding hazards
and mitigation strategies, improving communication and
citizen engagement

11.B.2 The proportion of local governments that adopt
and implement local disaster risk reduction strategies in
line with national disaster risk reduction strategies

As above

11.C.1 The proportion of financial support to the least
developed countries that is allocated to the construction
and retrofitting of sustainable, resilient and resource-
efficient buildings utilizing local materials

Geological input to construction materials, hazard
evaluation and landscape interpretation (geomorphology)
to assist with ‘build back better’

2There is currently no consensus over the definition of an
urban area and hence estimates of urbanised land and
urban populations vary (Ritchie 2018).
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The global spatial distribution of our urban
centres is widely dispersed reflecting a range of
geographical, economic, cultural, and political
histories. Originally built close to natural
resources (water, minerals) and geographical
features for defence and the transport and trading
of goods, for example, the ancient Silk Road,
cities developed as commercial hubs located at
key river crossings or sheltered coastal and
estuary locations or along inland global trade
routes.

Urbanisation is witnessed at a variety of
scales. In terms of size, the largest cities are
Tokyo, Shanghai, Mexico City, and Jakarta with
populations >20 million followed by 33 megac-
ities with populations >10 million, of which
China has 15, India 6, and US, Brazil and Pak-
istan have 2 each. The number of megacities is
projected to rise by 2030 to 43 to accommodate
the growing population with 35% of the expan-
sion occurring in just three countries, India,
China, and Nigeria (UN 2018b). By contrast,
amongst the smallest cities are the developing
towns with populations of a few 10 s of thou-
sands in the Small Island Developing States
(SIDS), but whatever the scale, all face the same
challenges (UN Habitat Report 2016).

Urbanisation is essentially a rural to city
transformation driven by industrialisation and is
clearly illustrated by comparing city maps and
satellite imagery from the 1980s to the present
day, see, for example, the Atlas of Urban
Expansion.3 As the urban population rapidly
grows, it encourages the progression from low to
middle incomes. As noted by the urbanist author
Jane Jacobs, ‘A metropolitan economy, if it is
working well, is constantly transforming many
poor people into middle-class people, many
illiterates into skilled people, many greenhorns
into competent citizens. Cities don’t lure the
middle class. They create it.’ (Jacobs 1961).
Consequently, no country has developed without
the growth of its cities and our global economic
future is inextricably linked to urban growth
(World Bank 2009). However, what is different
today is that modern cities in the Global South

are developing rapidly and at a significantly lar-
ger scale than previously experienced during the
industrial revolution in the developed Global
North. The relationship between population
growth, urban expansion, and resource use is also
non-linear, meaning the impacts of urbanisation
on the environment are increasing non-linearly
(John et al. 2015). For example, the rate of
demand for water has been twice the rate of
population growth in recent decades (UN-
WWAP 2015).

How is this broad trend in urbanisation away
from developed to developing countries being
expressed?

Characteristic of rapid urbanisation are high
poverty rates and overcrowding in city centres
with a lack of basic public services, infrastruc-
ture, and health care. Historically, this was just as
true for Glasgow, Dublin, or Berlin as it is for
Lagos, Nairobi, or Ho Chi Minh City today. The
problem now is the pace of urbanisation, the
volumes of people seeking to escape impover-
ished employment, poor to non-existent public
services in rural areas, the increasing per capita
demand on resources, and the lack of capacity to
expand services in line with population growth.
Kathmandu, for example, is currently able to
supply only about one-third of the total water
demanded by its one million plus residents, and
experiences power cuts of up to 14 h per day in
the dry season. Yet the city continues to grow by
about 4% per year (CBS 2012).

Disturbingly, global urban land expansion
forecasts (Schneider et al. 2009; Seto et al. 2011;
Güneralp and Seto 2013) show that the fastest
growth in urban land is occurring in the low-
elevation coastal zones (LECZs, i.e., less than
10 m above sea level). Güneralp et al. (2015)
predict that around the world, urban areas in the
LECZ will increase by 230%, to 234,000 km2,
with the main growth around the west coast of
Africa and China, and in the deltas of the Nile,
Niger, Pearl, Red, Mekong, and Ganges–
Brahmaputra rivers. As a result, by 2030 almost
all urban land in SE Asia will be in the LECZ
and vulnerable to high-frequency storm surge
and flood events.

3http://www.atlasofurbanexpansion.org/.
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Are the global urban initiatives making pro-
gress? The World Development Report noted in
2009 that over the preceding decade, most low-
and middle-income countries had experienced
absolute improvements on a range of basic wel-
fare indicators including malnutrition, immuni-
sation, and school participation in rural and urban
areas (World Bank 2009). In 2014, pre-dating the
SDGs the UN Habitat Programme established an
agenda for a National Urban Policy (NUP) for its
member states which was adopted by OECD
(2017). Its stated aim is [a] ‘coherent set of
decisions derived through a deliberate, govern-
ment-led process of coordinating and rallying
various actors for a common vision and goal that
will promote more transformative, productive,
inclusive and resilient urban development for the
long term’. This was subsequently amended to
the UN New Urban Agenda for Smart Cities in
2017 to, [the] ‘… future we want includes cities of
opportunities for all, with access to basic ser-
vices, energy, housing, transportation and more’.

In 2018, the UN progress report on SDG 11
noted (from UN 2018b):

• Between 2000 and 2014, while the proportion
of the global urban population living in slums
dropped from 28.4 per cent to 22.8 per cent,
the actual number of people living in slums
increased from 807 million to 883 million,

• Based on data collected for 214 cities/mu-
nicipalities, about three-quarters of municipal
solid waste generated is collected,

• In 2016, 91% of the urban population world-
wide were breathing air that did not meet the
World Health Organization air quality guide-
lines value for particulate matter (PM), with
>50% exposed to air pollution levels at least
2.5 times higher than the safety standard (PM
2.5). In 2016, an estimated 4.2 million people
died as a result of high levels of ambient air
pollution,

• From 1990 to 2013, almost 90% of deaths
were attributed to internationally reported
disasters that occurred in low- and middle-
income countries. Reported damage to hous-
ing attributed to disasters shows a statistically
significant rise from 1990 onwards.

At the time of writing, a progress tracker for
SDG 11 (Ritchie et al. 2018) contains little data
or further feedback on progress.

In summary, with increasingly complex and
changing policy and economic global environ-
ments, population migration; the development of
new trade and capital flows between east and
west, including the China Belt & Road initiative
(HKTDC 2018) and the Arctic trade route
(Lepczyk and Durkin 2018), then predicting and
understanding how urbanisation will shape our
planets future will continue to focus research
effort. It will demand interdisciplinarity, research
synthesisers, and harmonisation of links between
different research disciplines.

11.3 The Contribution
of Geoscience to Urbanisation

The science of urbanisation is complex and
involves the interaction of natural, built and
social systems, a system in which urban popu-
lations rely on ecosystem service provision to
sustain life. The concept of ‘urban metabolism’
was originally conceived by Wolman (1965) as
the inflow and outflow transactions required to
sustain city functions, or more simply the supply
and consumption of natural resources and dis-
posal of waste by-products. The concept of ‘ur-
ban metabolism’ is important in that it
acknowledges that urban populations disturb and
modify natural processes and pathways and exert
an influence beyond the city boundary, relying
on the urban ‘hinterland’ or ‘catchment’ for
natural resources. Cities’ inputs include water,
energy, food, materials, and nutrients, much of
which is imported from the urban ‘catchment’; In
turn, cities produce outputs including solid
waste, wastewater, and emissions that pollute the
city and surrounding environment.

Whilst the connection between the city and its
natural resource ‘catchment’ may seem obvious,
more than 50 years since urban metabolism was
introduced there is still a disconnect between the
governance and planning of cities and the sus-
tainable management of natural resources with
the former managed at a city scale and the latter
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managed at the catchment scale. The failure of
future city visions to embrace sustainability
principles was evident in a recent review by John
et al. (2015). In practical terms, this means that
experts in natural resource evaluation and
catchment management are often excluded from
the design of new urban solutions. All cities are
defined by a unique set of characteristics that
inform their distinctiveness. Several attempts
have been made to establish a classification
system, or ‘typology’ to unify these characteris-
tics for different city types to aid urban man-
agement and identify suitable interventions. For
example, the Atkins Report on Future Proofing
Cities (Godfrey and Savage 2012) recognises

different kinds of cities, i.e., disorganised, regu-
lated, stable, historical, growing, shrinking, and
newly designed. But few of these typologies
include or value the physical geomorphology of
the city catchment and its subsurface geology
(Fig. 11.4). The geological typology of a city
determines key opportunities and risks that the
city is exposed to, including access to natural
resources, susceptibility to natural hazards, and
propensity for difficult ground conditions for the
construction and maintenance of infrastructure
and buildings.

Typically, the subsurface footprint of a mod-
ern city (including caverns, transport tunnels,
building foundations, water wells, energy

Fig. 11.4 The Clyde Catchment (top left) and Greater
Glasgow (bottom left) superficial geology models. The
area of the Clyde Catchment model which is covered by
the higher resolution urban model is shown by the black
box. The key to major stratigraphic units used in the

superficial models is derived from Browne and McMillan
(1989) for both the detailed central model and catchment
models (right). Originally published in Kearsey et al.
(2019) © UKRI (used with permission)
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boreholes, etc.) involves construction costs that
can run into £ billions. Failure to properly
appraise the ground conditions before construc-
tion results in significant project overruns and
overspend. In established cities, monetary costs
continue to be incurred post construction. For
example, declining groundwater levels affect
existing utilities (sewers, telecoms, gas pipes),
ground subsidence and chemical corrosion affect
historical and cultural heritage (wooden building
foundations), and archaeological sites. Thus ur-
ban geology and the subsurface at all levels are
an important asset to the social and economic
development of a city that needs to be recognised
and integrated with surface policy and planning
(Culshaw and Price 2011).

Historically, geological surveys and geo-
science have ignored this urban dimension, and
even in cities with underground resources (e.g.,
coal and ironstone mines) systematic surveys and
assessment of borehole data from site investiga-
tions of the near surface was often overlooked.
One of the key differences today is that cities
now represent large and growing data economies
where access to 3rd party digital data, improved
technology, and a move away from maps to
model simulations (e.g., Smith and Howard
2012; Schokker et al. 2017) underpin the
increased flow of 3D data in the shallow sub-
surface to deliver an understanding of under-
ground space and efficiencies in areas of water
supply, energy, transport, and infrastructure.

Below we consider some examples that
highlight the role geoscience plays to a number
of key SDG target activities.

11.3.1 Cities Underground (Targets
11.2 and 11.3)

Since early times, caves have provided humans
with shelter from elements and predators and the
underground can be regarded as part of our core
psyche (Hunt 2019). But in today’s modern
world it is an unknown landscape, and other than
underground transport systems, largely ‘out of
sight—out of mind’ and unforeseen. However, as
cities in the developed world compete for space

and seek to limit urban sprawl, there is an
increasing focus on the underground as an added
dimension to our urban planning. Today, cities
such as Montreal, Helsinki, St Petersburg, Sin-
gapore, and Shanghai are actively engaged in
subsurface planning and construction of under-
ground shopping malls, laboratories, and storage
facilities.

Since the late 1990s, the British Geological
Survey (BGS) has been developing an urban
programme to deliver thematic applied geology
maps, borehole and mining datasets, and 3D
geological models for integrated sustainable urban
planning of UK cities including Glasgow,
Manchester, and London.4 More recently, in 2013
this programme has been linked with ongoing
studies in Hamburg and Paris to foster Sub-Urban,
a European Cooperation in Science and Technol-
ogy (COST) Action project (TU12065). This
action, for the first time, established a trans-
European network of researchers and city author-
ities from an initial core of 7 partners (Box 11.1); it
ultimately developed into 31 countries and 26 ci-
ties. The aim was to transform relationships
between experts who develop urban subsurface
geoscience knowledge, i.e., the National Geolog-
ical Surveys, and those who can most benefit from
it, i.e., urban decision makers, planners, consul-
tants, and the wider research community.

Unlike 2D layer surface planning, under-
ground spatial planning requires consideration of
3D volumes. The Sub-Urban project by looking
at different city typologies and geological set-
tings developed a community of practice for the
growing field of urban geoscience and prepared
an online toolbox6 to aid research into the 3D/4D
characterisation, prediction, and visualisation of
the ground beneath cities. Similarly, in order to
compliment Building Information Models
(BIM) which are now used extensively above
ground, an analogous concept GeoCim
(Fig. 11.5) has been proposed as an approach that

4http://www.bgs.ac.uk/research/engineeringGeology/
urbanGeoscience/home.html.
5https://www.cost.eu/actions/TU1206/#tabs|Name:
overview.
6www.sub-urban.eu/toolbox.
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combines above and below ground city models,
across site-to-city scales to identify subsurface
opportunities, improving routing of transport
systems and reducing uncertainty in ground
conditions (Fig. 11.5).

Box 11.1 Sub-Urban: a Transport and
Urban Theme COST Action project (TU
1206) 2013-2017

The Sub-Urban project drew together col-
lective research capabilities across several
European Geological Surveys (see image
below) in 3D/4D characterisation, data
systems, prediction, and visualisation of
the subsurface to produce a series of good
practice reports, and provide training and
advice to city planners.7

Research partners and focus cities,
include

• NGU: Geological Survey of Norway—
Oslo

• GSN (TNO): Geological Survey of the
Netherlands—Utrecht

• GLH/BSU: Ministry of Urban Devel-
opment and Environment—Hamburg

• GEUS: Geological Survey of Denmark
—Odense

• GSI: Geological Survey of Ireland—
Dublin

• GSNI: Geological Survey of Northern
Ireland—Belfast

• BGS: British Geological Survey—
Glasgow
Across Europe city-scale 3D/4D models

that draw on an extensive ground investi-
gation (with tens to hundreds of thousands

Fig. 11.5 GeoCIM life cycle diagram. From Mielby et al. (2017)

7http://sub-urban.squarespace.com/#about.
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of boreholes) and other data are being
developed further by partners in the UK
(Glasgow, London), Germany (Hamburg),
and France (Paris). Model linkages are
being used to look at the life cycle of urban
planning and to enable prediction of
groundwater, geothermal heat, Sustainable
Urban Drainage Systems (see
Sect. 11.3.2), and engineering properties.
Combined with above-ground models
(e.g., CityGML and BIMs), these provide
valuable tools for holistic urban planning,
identifying subsurface opportunities and
saving costs by reducing uncertainty in
ground conditions.

The BGS and Sub-Urban research has focused
on post-industrial, redeveloping cities in the
Global North with very low population growth
rates and an established and strong regulatory
environment and planning control. The issue of
who owns the subsurface and how to regulate the
competing uses of the underground space is a
challenge, and applying this approach to
megacities in the Global South with poorly
understood geology, multiple hazards, resource
issues, informal development, and variable reg-
ulatory controls remains to be tested.

11.3.2 Cities and Resources (Targets
11. 1 and 11.6)

Closely tied into the integrated planning
approach discussed in Sect. 11.3.1 is an under-
standing of the resource opportunities beneath a
city. These may include groundwater aquifers
and the management of urban water, the presence
of mineral and hydrocarbon deposits and past
mining activities, geothermal energy, suitable
rock formations for cavern storage, and soil type
and quality for greening and open space.

SDG 6 addresses clean water and sanitation as
a key service and is fundamental to many cities
in the developing world that rely on groundwater
from aquifers. With population increase and

climate change, it is forecast that the number of
urban residents in perennial shortage of water
will increase to approximately 160 million by
2050 (McDonald et al. 2011). As cities continue
to grow, they are constrained by geology to go
further beyond the city boundary or dig deeper to
obtain water, this in turn increases the demand
for energy (UN Water 2014, 2015). Therefore, in
the Global South energy supply will have direct
implications on availability as well as afford-
ability of urban water in the rapidly growing
cities.

Cities alter the topography and geomorphol-
ogy of the landscape and human interventions
including water abstraction, riverbank erosion
and flood protection, canalisation, coastal bar-
rages and impermeable concrete cover all affect
river, groundwater and coastal systems and alter
the natural hydrological and hydrogeological
dynamics. From a groundwater perspective, the
most significant impacts due to urbanisation are
(i) direct groundwater abstraction, (ii) contami-
nation of groundwater arising from polluting
activities (industry, buried waste, and sewage),
and (iii) the construction of low permeability
infrastructure at the surface (buildings, roads, and
car parks) and below ground (e.g., pipes, base-
ments, and transport tunnels) which serve to
reduce direct infiltration of water into the ground
and alter shallow groundwater pathways (Bricker
et al. 2017).

The potential of water-sensitive urban design
(WSUD) or ‘blue-green’ city approaches to
address issues of water resource consumption,
water quality, urban drainage, and floodwater
management as part of an integrated system are
increasingly being realised through urban plan-
ning (e.g., Dorst et al. 2019; Li et al. 2019). This
approach recognises the need for natural or ‘non-
structural’ engineering such as rainwater har-
vesting, sustainable urban drainage systems
(SuDS), riparian habitats, ponds, and wetlands,
in addition to traditional engineered solutions.
Where urban governance is strong and formal
water management and urban planning policies
exist, water-sensitive urban design can more
readily be captured in urban master plans and
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implemented in a sustainable and measured way
through the urban planning process. Where cities
are developing in a more informal way, and
where urbanisation is outpacing the implemen-
tation formal water infrastructure and the urban
water system is seen as dysfunctional, it is more
challenging to present a value case and imple-
mentation plan for natural or ‘green’ solutions.
Though in the absence of formal urban policy,
the role of community-led green-blue solutions
implemented at a local neighbourhood level is
acknowledged. Despite the growing desire for
nature-based solutions to urban water manage-
ment at both community- and government levels
the challenge for functional ‘blue-green’ solu-
tions is acute in the Global South where regions
are increasingly exposed to unprecedented
extreme rainfall and flooding events. Here
options for sustainable drainage are more limited
and the implementation of effective green-blue
solutions at the catchment scale is needed. For
example, as noted above by 2030 almost all of
the urban land in SE Asia will be in the LECZ
and vulnerable to high-frequency storm surge
and flood events.

By mimicking natural surface water drainage
patterns, SuDS aim to lower storm-water run-off
rates and surface water flow into the formal
drainage system, increase infiltration to the
ground and water storage, and reduce the trans-
port of pollutants to the water environment.
SuDS are therefore designed on the principals of
source control, infiltration, conveyance, reten-
tion, and detention, and include green roofs,
infiltration systems, soakaways, permeable pav-
ing, swales, retention ponds, and storage tanks
(Woods-Ballard et al. 2016). Each scheme must
be designed in accordance with the site surface
water run-off rates to ensure that the SuDS can
cope with the volume of water generated during
both frequent rainfall and extreme rainfall events
(Fig. 11.6).

Whilst all SuDS interact with the urban water
system, infiltration SuDS (infiltration systems,
soakaways, permeable paving) promote direct
infiltration of rainwater into the ground and
therefore have the largest potential impact on
groundwater. Issues such as ground permeability

and drainage potential, ground stability, and
groundwater quality protection must be consid-
ered to negate any negative impacts associated
with infiltration SuDS. For example, infiltration
SuDS would be unsuitable in areas where
groundwater levels are high or where there is
already a risk of flooding, where infiltration of
rainwater would mobilise contaminants, or where
infiltration of rainwater would increase the risk of
ground hazards such as unstable slopes (Dearden
et al. 2013).

Box 11.2 Sustainable Urban Drainage
Schemes in China

SuDS approaches are exemplified in
Wuhan, China, where the concept of
‘Sponge Cities’, with permeable pave-
ments, rain gardens, artificial ponds,
riparian habitat restoration, and wetland
creation, is promoted in favour of hard
engineering solutions (Chunhui et al.
2019). Wuhan, known as the city of a
hundred lakes (actually 166 lakes), is
located at the confluence of the Yangtze
and Hanjiang Rivers. With an annual
average rainfall of 1150–1500 mm, it is
prone to intense rainfall events and flood-
ing particularly during the rainy season
(June–July) (Wu et al., 2019). Rapid ur-
banisation had resulted in increased
impermeable cover, an ageing and over-
whelmed drainage network, and degrada-
tion and reclamation of the lakes. Com-
pounded by climate change impacts, the
city of Wuhan was exposed to a heightened
flood risk, and in summer 2016 flooding
across the city affected more than 750,000
people and resulted in economic losses of
more than $3bn USD (Wu et al., 2019).

Following this flooding event, the
authorities in Wuhan have introduced
‘Sponge City’ principles to integrate wa-
ter-sensitive urban planning solutions.
Working on a water source-control princi-
ple, the aim is to attenuate excessive rain-
fall through soil infiltration and retain it in

272 M. Smith and S. Bricker



lakes and underground storage, only dis-
charging it into the river once water levels
there are low enough. For example,
Wufengzha Wetland Park, originally built
as a sluice for the river, now encompasses
a series of permeable pavements, grassed
infiltration areas, and rain gardens as a
means to manage rainwater more effec-
tively (Fig. 11.7).

11.3.3 Cities Living with Geohazards
(Targets 11.5 and 11.B)

Future cities will need to be sustainable and dis-
aster resilient and will require planning and
emergency response strategies to mitigate and
adapt to the impacts of climate change and address
the goals of the Sendai Framework for Disaster
Risk Reduction (as described in SDGs 1 and 13).
A UNDESA report reveals that of the 1,146 cities

Fig. 11.6 Example of a retention sustainable drainage system installed in a new housing development in Derby, UK.
Photo by author © UKRI (used with permission)
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with >0.5 million people, 59% are at high risk of
exposure to at least one and often more than one
type of natural hazards (United Nations 2019a, b).
Geoscience is important to understand natural
processes and geological controls on how land-
scape and subsurface will react to hazard-induced
change. Below, we highlight two examples of
how the geology of cities can input to natural and
anthropogenic hazards.

Example 1 Cities with Multiple Hazards
As noted previously, the low-lying coastal cities
of SE Asia include some of the most vulnerable
urban conurbations. Here, seasonal climate
change with increasing typhoon frequency,
rainfall-induced landslides, heatwaves, and
wildfires combine with earthquakes, tsunamis,
and volcanic eruptions to create a complex hazard
landscape. Monitoring of hazards, disaster risk
management, and effective communication and
public understanding are essential to preserving
lives and sustaining economic development. b

The World Risk Report (2019) ranks the
Philippines as the 9th of 180 countries in terms of
disaster risk. The capital, Manila, has a popula-
tion of 1.78 million squeezed into an area of
15.4 km2, and is currently the most densely
populated city in the world, with more than
42,000 people per km2 (Rith et al. 2019). The
wider metropolitan area contains 16 cities with a
further 12.8 million people. There are estimated
to be 3.1 million homeless people in Manila, of
which 0.6 million are children, who live in slums
lacking adequate water, housing, sanitation, ed-
ucation, and health, and with deficient nutrition
resulting in large numbers with stunted growth
(Reuters 2018). Manila experiences numerous
tropical cyclones per year, with 6–9 making
landfall and often triggering landslides and
flooding (GovPh 2019; NDRRMC 2019). Sea-
level rise and the impact of far-field events (tsu-
namis and volcanic eruptions) add to the vul-
nerability of the population along the coastal
strip.

Fig. 11.7 Wuhan South lake. Image by Toehk. Licenced under CC BY-SA 2.0 (https://creativecommons.org/
licenses/by-sa/2.0/)
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Geologically, Manila is built on a narrow
isthmus between the coast and Laguna Lake and
to the north, the greater metropolitan area is in
part built on unstable slopes of volcaniclastic
soils and alluvium that infills a valley extending
down to the sea. The major vertical Marikina
Fault System cuts across the region and presents
a significant hazard (Nelson et al. 2000; Rimando
and Knuepfer 2006), as illustrated in Fig. 11.8.
Research into recent landslips and escarpment
formation records reveals a history of movements
associated with stress release along the tectonic
plates (Nelson et al. 2000). Understanding the
seismic risk associated with this fault, and the
potential cascade of hazards (landslides, flood-
ing, and liquefaction of sediments) that could
result is needed to inform planning, development
of mitigation strategies, and effective response.
The Philippine Government is well organised,
with detailed mapping at 1:10,000 scale of
landslide deposits, and liquefaction and flood

susceptibility maps. Thus in Manila, geology is
actively used in planning and better engineering
of foundations for resilient housing.

Example 2 Feeling the Heat
The heat island effect of urbanisation is well
described (Gago et al. 2013; Yang and Santa-
mouris 2018) and in many cities results from the
escalating use of air conditioning and increased
transport flows. These give rise to waste heat and
air pollution which combined with climate
change now represent a serious challenge to
urban living conditions,8 for example, the heat-
wave in India in 2015, where temperatures
exceeded 45 °C in many parts of India, with an

Fig. 11.8 Illustration of structures directly traversed by the Valley Fault System with 5-meter buffer zones
along Pasig City (in Metro Manila, Philippines). Credit: Ervin Malicdem (Reproduced under a CC BY 4.0 licence,
https://creativecommons.org/licenses/by/4.0/)

8The Guardian newspaper has an interactive feature on
‘Which cities are liveable without air conditioning—and
for how much longer?’ available at: https://www.
theguardian.com/cities/ng-interactive/2018/aug/14/which-
cities-are-liveable-without-air-conditioning-and-for-how-
much-longer (accessed 28 October 2019).
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estimated 2500 excess deaths (Wehner et al.
2016). The heatwave resulted in power outages
due to increased electricity demand and impacted
low-income urban neighbourhoods which lack
open green spaces and are unsheltered from the
heat trapped in the buildings during the night.
Hotter nights are also affecting cities in Japan,
leading to increased water demand and energy
consumption (Fujibe 2011). b

In 2018, 354 cities experienced average
summer temperatures >35 °C and this is expec-
ted to rise to 970 by 2050 (UCCRN 2018).
A report by the Asian Development Bank pre-
dicts a shift to a ‘new climate regime’ across SE
Asia by the end of the century, when the coolest
summer months would be warmer than the hot-
test summer months were in the 1950–80s (ADB
2017).

Extreme heat is injurious to health. As tem-
peratures rise, asphalt heats up by 10–20 °C
more than air, and so in a 50 °C city you can fry
an egg on the pavement, animal paws blister,
power grids are overwhelmed by air conditioning
cooling demands (especially in India and

Pakistan), and cultural events struggle to cope.
To manage the heat during the annual Hajj in
Makkah, attended by > 1.8 million pilgrims, the
organisers now use retractable umbrellas for
shade and air conditioning units weighing 25
tonnes to ventilate tents and spray mist in the
streets. The World Cup in Qatar in 2022 and the
2021 Tokyo Olympics are the two major sporting
events that will be impacted by this heat island
effect. To address this challenge, an alternative is
to move underground. There are many under-
ground dwellings in Coober Pedy, for example, a
community at the centre of Australia’s opal
mining industry (Gillies et al. 1981; Admiraal
and Cornaro 2016), demonstrating that this is a
sustainable proposition.

We need to cool our cities, and whilst the
current focus in the developed world is on sur-
face actions (e.g., developing garden cities, use
of reflective paints, and heat adsorbing building
materials) (Fig. 11.9), the opportunities in the
subsurface remain to be investigated (e.g., using
groundwater, using flooded former mine work-
ings to cool circulating air or to create large
water-filled caverns). These require an

Fig. 11.9 Green roof on Chicago City Hall. This
approach can improve insulation, provide habitats for
biodiversity, and lower urban air temperatures. Adapted

from an image by TonyTheTiger (Reproduced under a
CC-BY-SA 3.0 licence, https://creativecommons.org/
licenses/by-sa/3.0/)
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understanding of the underlying geology, frac-
ture systems, local geothermal gradient, and heat
and coolth demand before testing and inclusion
in city energy planning.

11.3.4 Data Systems and Smart Cities
(Targets 11A and 11B)

Cities are data economies and the flow and
integration of temporal and spatial data, often in
real time, is increasingly important to manage
resilience. Delivered through smart city concepts,
significant progress is being made to increase
data discoverability, accessibility, and useful-
ness, to reduce siloed data management, in sup-
port of data-driven decision-making. This is
particularly important in cities where support
systems and services are often integrated.

The challenge of delivering effective data
systems for cities should not be underestimated
and requires significant investment, particularly
in the Global South where data is often in analog
format. Funding for IT infrastructure upgrades
and software licences is often limited, organisa-
tional capability in digital data workflows is low,
and government support for open-data initiatives
is lacking due to security or political concerns.
Under these circumstances, open-source soft-
ware, cloud computing, and web services provide
a viable proposition, not just for government
authorities but also for private enterprises where
the commercial market for data services exists. It
is not uncommon under such circumstances for
private companies to assume the role of data
owner-provider, when by preference the gov-
ernment ought to be the custodian of the data.

From an environmental and geoscience per-
spective, cities operate at the intersection of
natural-built-social systems. Data is needed, not
just to be able to characterise natural environ-
mental processes but also to understand the
anthropogenic impacts on those processes. To
understand the interactions with the built envi-
ronment and how geoscience data and informa-
tion can help support planning for sustainable
urban growth, we must consider

• Data evidence-base needed to underpin urban
planning and development.

• Spatial and temporal scales for which data is
needed to characterise the complexity of the
urban environment.

• Interoperability of the data with linked city
data systems.

• Mechanisms through which decision makers
can access and use the data.

• Ways in which geoscience data can be com-
municated effectively.

Cities generate large volumes of subsurface
data (e.g., borehole logs, groundwater, geotech-
nical parameters, temperature, groundmotion, and
land quality) which, with modern technology, can
be readily included and shared, combined with
other data types, to deliver 2D, 3D, or 4D repre-
sentation and modelled simulations that predict
subsurface ground conditions and resource
opportunities. Mandating, or incentivising, inclu-
sion and sharing of near-surface (soil) and deeper
subsurface data into the developing smart digital
services will deliver more holistic urban planning
and result in meaningful cost savings in remedia-
tion and underground construction, ultimately
underpinning many of the SDG targets.

With open real-time surface sensor networks,
the data economy of the urban environment is
rapidly growing to monitor traffic people and
goods, airflow, temperature, and pollution. We
are developing cities as observatories and in the
future, they will need to include dedicated
underground sensor networks largely located in
boreholes, on underground infrastructure and
fibre-optic cables (Daley et al. 2013) to monitor
the urban subsurface environment (built and
natural).

To effectively monitor the condition of and
impacts on our buried assets (e.g., utilities,
transport tunnels, basements, and boreholes),
sensors would need to be based on the chemistry
of waves (sound, heat, and light), the physics of
pressure from fluids and gases to detect move-
ment and reactions and from gravity, and micro-
seismicity and distributed acoustic sensing with
fibre-optic cables to detect movement in response
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to stress. In the absence of dedicated buried
sensor networks, we continue to rely on remote
sensing using urban geophysics including,
ground-penetrating radar, vibro-acoustics, and
low-frequency electromagnetics (resistivity) to
monitor buried assets (e.g., Metje et al. 2007;
Miller 2013).

Monitoring networks, however, are expensive
and should be targeted according to resource
needs. They may be focused on groundwater,
temperature, or ground motion. Monitoring net-
works help to understand the temporal and spa-
tial changes in a city, and how the urban
environment may respond to different scenarios.
This allows for cost-effective and scientifically
robust programmes for integrated regional and
city planning.

11.4 Conclusions

It is no exaggeration to state that the volume of
literature on cities is vast, reflecting the impor-
tance and complexity of our urban landscape and
how it will respond to future change. Global
progress towards achieving sustainable urban
communities is slow and complicated by many
factors. Transforming our understanding of the
competing demands on resources to provide an
equitable and healthy lifestyle for all city
dwellers increasingly requires geosciences to
play a fundamental role in underpinning planning
and management of hazard risk and competing
use of the ground at all depths beneath the
cityscape. Too often, the subsurface is presented
in a fragmented and incomprehensible way to
urban planners and rarely considered in respect
of climate change and hazard adaptation. Expe-
rience in developed countries indicates that this is
often because

• Responsibilities for the subsurface layers are
divided between various ministries.

• Surface and subsurface disciplines (e.g., hy-
drogeology, archaeology, geotechnics, and
energy) rarely work together.

• Subsurface specialists (geologists) are not
involved in urban planning, and so the ground
beneath the city is only seen as a problem
when things go wrong.

As our cities cannot be allowed to fail, geo-
science must find ways of integrating, utilising,
and communicating geology to help find solu-
tions to building resilience to geohazards, sus-
tainable management of resources, and limiting
the impact of climate change that feed into policy
and planning adaptation to future change. Within
the Global South, this is challenging and requires
a systems approach (Bai et al. 2018), exploring
different ways of planning, building, and gov-
erning our cities that use interdisciplinary science
combining social, built, and natural environment
research.

11.5 Key Learning Concepts

• Urbanisation is a major feature in the
humanisation of our planet, cities are funda-
mental to national and global economies, hubs
of culture and innovation, and present partic-
ular development challenges and opportuni-
ties. By 2050, the majority of the global
population will be urbanites living in cities
built predominantly in low-elevation coastal
zones.

• Cities are not isolated entities. They interact
with their catchments stimulating migration,
absorbing natural resources, and emitting
waste. Ensuring sustainable urbanisation is
therefore intrinsically linked to other SDGs,
protecting biodiversity, meeting essential
needs, and decoupling economic growth from
environmental degradation.

• Many cities are vulnerable to multiple
anthropogenic and natural hazards, and their
cascading effects. Geoscientists’ contributions
to hazard and risk assessment can inform steps
to reduce disaster risk and increase resilience.
This aligns with the Sendai Framework for
Disaster Risk Reduction.
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• Geoscience has a role in many sectors pro-
viding information on natural resources (e.g.,
construction materials, and water resources),
the nature of the subsurface (e.g., geological
materials and dynamics), and providing data,
interpretations, and visualisations to underpin
integrated policy and efficient planning.

11.6 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading., and

• How may the surface expression of a city built
on a bedrock limestone plateau differ to a city
built on soft alluvial sand and gravel? The
underlying geology influences, for example,
the urban topography, how easy it is to build,
the available natural resources such as
groundwater and building materials, the den-
sity of the river drainage network, and
migration of contaminants. What opportuni-
ties and challenges to sustainable urbanisation
may each geological environment present?

• Many cities are exposed to multiple natural
hazards, with potentially cascading effects in
terms of (i) hazards triggering other hazards,
and (ii) hazards triggering a cascade of
impacts on infrastructure. For a case study city
of your choice, identify the multiple hazards
the city must plan for, and the potential rela-
tionships between these hazards (e.g., earth-
quakes may trigger landslides, storms may
trigger flooding). If you identify potential
relationships, what implications does this have
for disaster risk reduction in the region?

• Consider the range of infrastructure and ser-
vices located within a city. Which of these

could be located in the subsurface, and which
are better placed on the surface? What
assumptions about the underlying geology of
the city are you making in your analysis? For
the infrastructure/services you have chosen to
place in the subsurface, review what major
cities have used the subsurface to develop
these, and their geological environments.

Further Reading and Resources
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2908 ISBN (electronic): 9781862393844. Geological
Society of London
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Abstract

ENERGY EFFICIENCY

LOW HIGH

RESPONSIBLE CONSUMPTION
AND PRODUCTION12

Since 1900, annual extraction of natural resources has increased greatly: 

SDG 12 aims to: 

Geoscientists can support SDG 12 by: 

Demand for resources will increase as populations grow, move to cities, and become wealthier. 

Construction materials (×34) 

Reduce the links between resource 
use, environmental degradation, 
and economic growth

Help maximise value and 
efficiency of mineral resource 
use

Reduce environmental impacts of 
mineral development

Integrating resource management 
into urban development

Contribute to global 
actions to decarbonise

Understand the resource nexus to 
improve resource management

Move towards a circular economy

Ores and minerals (×27)  Fossil fuels (×12) Biomass (×3.6)
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12.1 Introduction

Global demand for natural resources has
increased greatly in recent decades as countries
seek to develop their economies and enhance the
standard of living of growing local populations.
During the twentieth century, the annual extrac-
tion of construction materials grew by a factor of
34, ores and minerals by a factor of 27, fossil fuels
by a factor of 12, and biomass by a factor of 3.6
(UNEP 2014a). Global material use has tripled
over the past four decades (1977−2017), with
annual global extraction of materials growing
from 30 billion tonnes in 1977 to 92 billion ton-
nes in 2017 (Fig. 12.1). Material extraction per
capita (Fig. 12.2) increased from 7 to 10 tonnes
between 1970 and 2010 indicating improvements
in the material standard of living in many parts of
the world; however, large gaps in material stan-
dard of living exist between North America and
Europe and all other world regions and, in par-
ticular, Africa (UNEP 2016).

The global population is predicted to grow
from an estimated 7.7 billion in 2019 to 8.5
billion in 2030 and 9.7 billion by 2050 (UN
2019a). It will also become increasingly urban,
rising from 55% of the global population in 2018
to 68% in 2050 (UN 2018a). The bulk of that
growth will take place in Africa and Asia. This
growth in the global population will at the same
time be accompanied by a significant increase in
global middle classes—from 1.8 billion in 2009
to 4.9 billion in 2030 (Pezzini 2012). While the
bulk of growth in middle classes will be in Asia
(Pezzini 2012), there will also be significant
growth in Africa (which has already tripled over
the last 30 years) to 1.1 billion (42% of the
continent’s population) by 2060 (Deloitte 2014).

Global population growth accompanied by the
expected rise in the middle classes means that
demand for an improved quality of life will drive
a need to access goods and services, increasing
pressure on the use of natural resources. If cur-
rent resource consumption patterns were to con-
tinue (Figs. 12.1 and 12.2), it is estimated that
global material use of metals, non-metallic min-
erals, fossil fuels, and biomass would reach

between 167 billion (OECD 2018) and 190 bil-
lion (UN 2019b) tonnes per year by 2060 of
which non-metallic minerals such as construction
aggregates (e.g., crushed rock, sand, and gravel)
will represent more than half of the total raw
material use (OECD 2018).

The aim of SDG 121 (Table 12.1)—Ensure
Sustainable Consumption and Production
Patterns—is to achieve equitable development
while at the same time ensuring sustainable
management of resources. It has been recognised
that delivering sustainable consumption and
production patterns requires coordinated action
in order to reduce unsustainable resource use, to
minimise waste, and to improve the management
of hazardous substances. As a result, the United
Nation’s 10-Year Framework of Programmes on
Sustainable Consumption and Production Pat-
terns2 has been incorporated into SDG 12. This
is a global framework for action to enhance
international cooperation and accelerate the shift
towards sustainable consumption and production
patterns in both developed and developing
countries.

12.2 Global Challenges
and Progress

The traditional global material footprint (the total
amount of raw materials extracted to meet final
consumption demands) as shown in Figs. 12.1
and 12.2 currently supports unequal standards of
living. In 2017, the average person in North
America required about 30 tonnes of raw mate-
rials to support their standard of living; this
compares with 20.6 tonnes per capita material
footprint in Europe, 11.4 tonnes in the Asia
Pacific region, 10.2 tonnes in Latin America and
the Caribbean, 9.6 tonnes in West Asia and less
than 3 tonnes for a person living in Africa (IRP
2017). If sustainable development is to be

1A full listing of all the SDG targets and their indicators in
MS Excel format can be accessed via https://unstats.un.
org/sdgs/indicators/Global%20Indicator%20Framework
%20after%202019%20refinement.English.xlsx.
2https://sustainabledevelopment.un.org/index.php?page=
view&type=400&nr=1444&menu=35.
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achieved while at the same time ensuring equi-
table development and delivery of SDG 12, there
is a need to

• Reduce the intrinsic link between (to decou-
ple) escalating natural resource use and envi-
ronmental degradation from economic
development.

• Recognise the critical interlinkages between
different types of resources themselves by
employing a systems approach and taking
these into account, help to avoid burden
shifting—the resource nexus.

• Move away from material supply and use
within the traditional linear economy (take–
make–use–dispose) to that of a circular
economy (which maximises resource effi-
ciency, innovation across the whole product
life cycle, value addition, reuse, and recycling
while minimising the generation of waste and
negative environmental and social impacts).

• Develop and employ fit-for-purpose method-
ologies to monitor progress towards achieving
the SDG 12 targets.

All of the above are intrinsically linked with
each other and are able to contribute to ensuring
sustainable consumption and production patterns.
Geoscience has an integral role in delivering
them.

12.2.1 Decoupling Natural Resource
Use from Economic
Development

If sustainable consumption and production pat-
terns are to be achieved while at the same time
meeting the material requirements to ensure
human well-being within the growing global
population, there is a need for all countries (high
as well as low and middle income) to break the
link (to ‘decouple’) escalating resource use and
environmental degradation from economic
growth (UNEP 2011, 2014). Decoupling means
reducing the amount of natural resources such as
water, biomass, and minerals used to produce
economic growth. While the sustainable use of

natural resources and materials is the focus of
SDG 12, decoupling resource use and environ-
mental degradation from economic development
is also targeted in SDG 8.4.

Enhancing resource efficiency means achiev-
ing the same (or greater) production of goods and
services (economic) output with fewer inputs and
delinking economic development from environ-
mental deterioration. UNEP (2011) and Hen-
nicke et al. (2014) differentiate between two
types of decoupling as applied to sustainable
development:

• Resource decoupling—it means reducing the
use of (primary) natural resources per unit of
economic activity.

• Impact decoupling—it means raising eco-
nomic output while reducing negative envi-
ronmental impacts that arise from the
extraction of natural resources (e.g., ground-
water pollution due to mining or agriculture),
production (e.g., land degradation, wastes,
and emissions), use of commodities (e.g., CO2

emissions from transportation), and in the
post-consumption phase (e.g., wastes and
emissions).

While there are trends to decouple resource
use and economic growth in resource-intensive
mature economies, this is less the case for low-
and middle-income countries (Angrick et al.
2014). However, by implementing policies
which reflect the need for decoupling and by
utilising different and emerging technologies, it
is possible for such countries to grow their
economies without following the same levels of
historic resource use as those which occurred in
mature economies around the world (UNEP
2014; IRP 2017). While global resource effi-
ciency grew by around 27% between 1980 and
2009, it rose by 98% in India and 118% in China
(Hennicke et al. 2014). Barriers related to, for
example, technological innovation, resource-
efficient infrastructure, and poor policy imple-
mentation currently disadvantage investments in
resource productivity (see SDG 9 also). The
countries which are able to overcome such bar-
riers will be able to lead the next wave of
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development. It is also easier to design for
resource efficiency at the start of a process or
project, rather than when a specific route is
already in place thus potentially offering devel-
oping countries an advantage over more mature
economies. In order to both monitor and assist in
the delivery of ‘decoupling’, the UNEP incor-
porated it within the mandate of the International
Resource Panel (IRP) which was established in
2007. The IRP aims to improve the evidence
base for monitoring and policymaking, in par-
ticular, through systems-based assessment of the
resource-related challenges and opportunities
supporting the transition towards sustainable
development (IRP 2017).

12.2.2 The Resource Nexus

The critical and complex interlinkages between
different resources have received increased
recognition in recent years. As a result, the
concept of the resource nexus has increasingly
been adopted to facilitate an integrated approach
to the assessment of the resource life cycle.
Commonly adopted is the water–energy–food
nexus (see Ferroukhi et al. 2015; D’Odorico et al.
2018). Others, however, have adopted a four-
(see Ringler et al. 2013) or five-node nexus
(Fig. 12.3) which incorporates the essential sys-
tems of water (SDGs 6 and 15), energy (SDG
7), food (SDG 2), land (SDG 15), and material

Table 12.1 SDG 12 targets and means of implementation

Target Description of target (12.1–12.8) or means of implementation (12.A–12.C)

12.1 Implement the 10-Year Framework of Programmes (10YFP) on Sustainable Consumption and Production
Patterns, all countries taking action, with developed countries taking the lead, taking into account the
development and capabilities of developing countries

12.2 By 2030, achieve the sustainable management and efficient use of natural resources

12.3 By 2030, halve per capita global food waste at the retail and consumer levels and reduce food losses along
production and supply chains, including post-harvest losses

12.4 By 2020, achieve the environmentally sound management of chemicals and all wastes throughout their life
cycle, in accordance with agreed international frameworks, and significantly reduce their release to air,
water and soil in order to minimise their adverse impacts on human health and the environment

12.5 By 2030, substantially reduce waste generation through prevention, reduction, recycling and reuse

12.6 Encourage companies, especially large and transnational companies, to adopt sustainable practices and to
integrate sustainability information into their reporting cycle

12.7 Promote public procurement practices that are sustainable, in accordance with national policies and
priorities

12.8 By 2030, ensure that people everywhere have the relevant information and awareness for sustainable
development and lifestyles in harmony with nature

12.A Provision of support to developing countries to strengthen their scientific and technological capacity to
move towards more sustainable patterns of consumption and production

12.B Develop and implement tools to monitor sustainable development impacts for sustainable tourism that
creates jobs and promotes local culture and products

12.C Rationalising inefficient fossil-fuel subsidies that encourage wasteful consumption by removing market
distortions, in accordance with national circumstances, including by restructuring taxation and phasing out
those harmful subsidies, where they exist, to reflect their environmental impacts, taking fully into account
the specific needs and conditions of developing countries and minimising the possible adverse impacts on
their development in a manner that protects the poor and the affected communities
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resources proposing that it better captures the
realities and complexities of the human–envi-
ronment system and related goals as specified in
the SDGs (see Bleischwitz et al. 2018).

In order to meet material demand from the
present and future generations, strategic and
holistic thinking about the potential factors that
may affect supply and demand for resources is
paramount (de Ridder et al. 2014; WEF 2014;
UNEP 2015a; Wakeford et al. 2016). At present,
sustainability assessments and governance
frameworks aim to address issues around indi-
vidual resources (e.g., raw materials or water)
without taking into account potential interde-
pendencies between them. In other words, a
‘singular thinking approach’ is favoured at the
moment rather than a holistic or systemic one
(Giampietro 2018). Nexus governance offers an
opportunity to be both adaptive and innovative
(Marx 2015). Bleischwitz et al. (2018) note that
if the SDGs are implemented in ways that over-
look the critical interlinkages between different
resources, all of the SDGs (not just SDG 12) may
well risk a further acceleration of natural resource
demand and degradation, ensuring numerous
knock-on effects on individuals, communities,
businesses, and societies—and the ecosystems on
which all depend. Table 12.2 lists some of the
direct and indirect impacts related to the water–
energy–food nexus.

To be effective in overcoming such impacts,
nexus-style solutions need to be adopted at the
policy and planning levels. However, this will
require a significant change in institutional
thinking and working. Single-sector, top-down,
and compartmentalised approaches are insuffi-
cient in tackling the challenges surrounding
sustainable utilisation of water, energy, food, and
other natural resources. There is a need to move
away from exploring impacts in isolation and
move towards a systemic approach. All too often
agricultural policies (e.g., those linked to SDG
2), for instance, continue to be drafted in isola-
tion of water policies (SDG 6) and vice versa
while institutions with higher level objectives in
common (such as food economic growth or
socio-economic transformation) fail to cooperate,
and instead compete for resources, both financial

and natural (Riddell Associates 2015). For
example, 29 national and county departments
and agencies have responsibility for water–en-
ergy–food-related functions in a single county of
Kenya (Thuo et al. 2017). The level of institu-
tional coordination required to overcome such a
silo approach is often significant. Several differ-
ent stakeholder groups should be considered,
including their needs and requirements when
following a systemic approach (Fig. 12.4).

To date, while the resource nexus offers a
promising conceptual approach, the use of nexus
methods to systematically evaluate resource
interlinkages or support the development of
socially and politically relevant resource policies
has been limited (Albrecht et al. 2018).

12.2.3 Transitioning to a Circular
Economy

The global system of production and consump-
tion has historically been predominantly linear
whereby the focus has been on ensuring the
supply of materials to meet demand. It has been
facilitated by a century of declining commodity
prices. If decoupling economic growth and the
future well-being of the global population from
the use of natural resources is to be achieved,
there is a need to change from the historic linear
economic approach (take–make–use–dispose) to
that of a circular economy. A circular economy
relies on sustainably sourced natural resources,
and products that are designed for repair, reuse,
remanufacture, and recycling (Fig. 12.5) (see Lee
et al. 2012; Hennicke et al. 2014). Within a cir-
cular economy, the environmental and social
consequences of primary resource extraction and
processing continue to be minimised, while
maximum value is extracted from resources (and
their derived products) thus keeping them in use
for as long as possible and minimising the dis-
posal of materials as waste. While some aspects
of natural resource use (such as forestry and
agriculture) are ‘restorative and regenerative’ by
design (Ellen MacArthur Foundation 2017), for
other natural resources, in particular minerals,
importance within the circular economy is placed
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Fig. 12.3 The resource nexus

Table 12.2 Impacts of risks related to the water–energy–food nexus (non-exhaustive) (WEF 2011)

Impacts Direct impacts Indirect impacts

Impact on
governments

• Stagnation in economic
development
• Political unrest
• Cost of emergency food relief
• Significantly reduced agricultural
yields
• Threats to energy security

• Increased social costs linked to employment and
income loss as agriculture is negatively effected
• National security risks/conflicts over natural
resources

Impact on
society/populations

• Increased levels of hunger and
poverty
• Increased environmental
degradation
• Severe food and water shortages
• Social unrest
• Food price spikes

• Migration pressures
• Irreparably damaged water sources
• Loss of livelihoods

Impact on business • Export constraints
• Increased resource prices
• Commodity price volatility as
shortages ripple through global
markets
• Energy and water restrictions

• Lost investment opportunities
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on maximising length of use followed by reuse
and recycling to enhance sustainability.
Increased efficiency across the entire life cycle of
resource use means more effective extraction and
production, sustainable and smarter consumption
as well as prevention and minimisation of nega-
tive environmental impacts (Hislop and Hill
2011; Preston 2012; UNEP 2012; IRP 2017).

In order to monitor the development of the
circular economy, it is essential to quantify and
understand the amount of materials flowing in
and out of the economy, how they are used in
society, and their level of circularity (Bloodworth
2013). Quantification of materials flowing into
and out of the economy along with the stocks of
materials being used in the economy is under-
taken using Material Flow Analysis (see Brunner
and Rechberger 2017; Nuss et al. 2017; EIPRM
2018; Allesch et al. 2018).

The circular economy has been receiving
attention not only by countries with developed

economies such as Japan, the European Union,
and China who have all instituted high-level
policy agendas (see UNEP 2016) but also by
lower- and middle-income countries who
increasingly look to enhance existing or adopt
new circular economy approaches as a means for
achieving sustainable economic growth (see
Republic of Rwanda 2015; Gower and Schroeder
2016; Soezer 2016; Preston and Lehne 2017).
For developing countries, circular economy
policies (combined with urban planning that
enables the beneficial exchange of materials and
energy across different industry and infrastruc-
ture sectors in cities) are found to yield economic
gains, natural resource conservation, greenhouse
gas mitigation, and air-pollution reductions (IRP
2017).

As noted by Schroeder et al. (2018), while
adopting circular economy practices will help to
achieve SDG 12, they also contribute directly to
achieving SDG 6, SDG 7, SDG 8, SDG 9, and

Research
organisations

(universities,
financial,

environmental)

Societal
(people,

local communities)

(federal, local)

(mining,
financial,

environmental)

(producers,
supply
chain)

Regulators

Stakeholder
ecology

IndustryGovernment

Fig. 12.4 Stakeholder groups often involved in the nexus approach
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SDG 15 and indirectly to many of the others.
However, like all sustainable development ini-
tiatives, increasingly adopting a circular econ-
omy is likely to have trade-offs with other SDG
targets. For example, while transitioning to

circular economic approaches clearly delivers
benefits in terms of maximising reuse and recy-
cling of materials thus reducing demand for pri-
mary raw materials, any approaches or strategies
implemented as part of the circular economy may

Fig. 12.5 The linear (top) versus circular (bottom) economy
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only partially address barriers to economic and
industrial development and they also should not
be assumed to be optimal from a social or envi-
ronmental perspective (Preston and Lehne 2017).

Whilst the drive towards achieving a circular
economy is viewed as one of the key solutions to
significantly decreasing demand for natural
resources, it has to fit within the context of
understanding the length of time materials stay in
use (lifetime) within an economy along with the
increasing global population and its material
demand requirements. When the demand for a
commodity increases over time, recycling alone
cannot meet the higher demand—even if all
products were collected and recycled with 100%
efficiency at the end of their life. For example,
global copper consumption in 1970 was about 8
million tonnes; by 2010, this had increased to 23
million tonnes (BGS 2018). If all the copper
incorporated into products in 1970 were

recovered at the end of their life in 2010, there
would still be a supply shortfall (the recycling
gap) of 15 million tonnes which could be filled
only by primary production (Fig. 12.6). As long
as consumption increases, the need for primary
extraction of minerals to meet global demand
will continue (Bloodworth et al. 2017; Wellmer
et al. 2019). However, a long-term future situa-
tion where consumption begins to level off and
secondary resources progressively displace
mined material can be envisaged (Bloodworth
et al. 2019).

Like all global industries, companies operat-
ing in the mining sector have an opportunity to
contribute towards achieving not only SDG 12
but also all the SDGs. Common opportunities for
the mining sector to contribute positively to SDG
12 include enhancing material stewardship,
minimising waste, and incorporating life cycle
thinking into operations (WEF 2016).

Fig. 12.6 Global copper consumption and the recycling gap. After Graedel et al. (2014) © British Geological Survey
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12.2.4 Progress with SDG Targets

As with all the SDGs, the UN monitors progress
towards achieving the SDG 12 targets and
reports this on an annual basis in the Sustainable
Development Goals Report. While demonstrable
progress is recognised as being made in some
critical areas of the SDGs (e.g., a decline in
extreme poverty, enhanced efforts to combat
climate change, development of national policies
to respond to the challenges of urbanisation, and
positive engagement with the SDGs), many areas
require urgent collective attention and more
ambitious responses are required to achieve the
2030 SDG targets (UN 2019b). Specifically in
relation to the progress of SDG 12 (UN 2019b):

• The global material footprint (Fig. 12.1)
continues to both rapidly grow and outpace
population and economic growth (estimated to
be between 167 billion and 190 billion tonnes
by 2060 without concerted political action).
Therefore, the efficiency with which natural
resources are used to support economic
growth remains unchanged at the global level
and negative trends continue to be seen. There
are no visible signs yet of decoupling eco-
nomic growth and natural resource use at the
global level. Good progress being made in
sub-Saharan Africa, Central and Southern
Asia, and Oceania (excluding Australia and
New Zealand), mostly as a result of increases
in GDP, is being offset by increased primary
raw material consumption in other regions.

• There continues to be a significant discrep-
ancy between the per-capita material footprint
in high-income countries when compared with
upper-middle-income countries and low-
income countries.

• The material footprint for fossil fuels is more
than four times higher for developed than
developing countries. Decoupling the use of
fossil fuels from economic growth is consid-
ered key to achieving sustainable consump-
tion and production (UN 2018b).

• Construction of new infrastructure in emerging
and transitioning economies (a pattern that
many developing countries are likely to follow)

and the outsourcing of the material- and en-
ergy-intensive stages of production from high-
income countries to less resource-efficient
countries have resulted in a significant
increase in domestic material consumption in
Eastern and Southeastern Asia (10 billion
tonnes more or about two-thirds of the increase
at the global level in 2017 than in 2010).

• Well-designed national policy frameworks
and associated instruments (regulatory, vol-
untary, economic) remain necessary to enable
the fundamental shift required towards sus-
tainable consumption and production patterns.
In 2018, 71 countries and the European Union
reported a total of 303 such policies and
instruments continuing the overarching posi-
tive trend in the formulation of such policies/
instruments seen since 2002. The primary
focus in such policies and instruments is the
economic benefits offered by more sustainable
consumption and production patterns with the
social benefits being largely overlooked.
While the formulation of relevant policies
assists in the sustainable management of nat-
ural resources, the implementation of these to
deliver tangible positive changes in sustain-
able consumption and production remains
limited (UN 2018b).

To assist in implementing the 10-Year
Framework of Programmes on Sustainable
Consumption and Production Patterns, the UN
has established the One Planet Network.3 The
Network provides a platform to bring together
the global community for sustainable develop-
ment, and its 2018–2022 strategy outlines how it
will become a leading implementation, monitor-
ing, and evaluation mechanism for SDG 12 (One
Planet Network 2018). In addition to the One
Planet Network, the International Resources
Panel exists to build and share the knowledge
needed to improve our use of resources world-
wide and so also acts as an enabler for moni-
toring progress towards achieving SDG 12.

Table 12.3 presents a summary of the latest
progress towards achieving the SDG 12 targets.

3https://www.oneplanetnetwork.org/.
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Table 12.3 High-level summary of progress towards achieving SDG 12. Sources UNEP (2015b, 2017a), UN (2018b,
2019b)

SDG 12 target Summary of progress

12.1 Implement the 10-Year Framework of Programmes
on Sustainable Consumption and Production Patterns
(10YFP)

An increase in the number of national sustainable
consumption and production policies compiled since
2002 demonstrates overarching positive trends.
However, implementation of these to foster tangible
changes in impact remain limited and only a few are
mandated to coordinate policy implementation across
ministries

12.2 Achieve the sustainable management and efficient
use of natural resources

A small change in global Domestic Material
Consumption has been recorded between 2010 and
2015 (from 1.2 kg per dollar of GDP to 1.1 kg).
Therefore, fewer raw materials are required to produce a
unit of output. However, DMC per capita and in
absolute terms has continued to grow from 2000 to 2017
with consequences for global resource depletion and
environmental impacts

12.3 Halve per capita global food waste at the retail and
consumer levels and reduce food losses along
production and supply chains, including post-harvest
losses

A range of interventions designed to tackle food loss
and waste (e.g., research into the causes and
identification of solutions, target-setting, policy
formulation, legislation, and education/awareness
raising campaigns) are being implemented

12.4 Achieve the environmentally sound management
of chemicals and all wastes throughout their life cycle,
in accordance with agreed international frameworks,
and significantly reduce their release to air, water and
soil in order to minimise their adverse impacts on
human health and the environment

Mixed progress to global compliance rates for protocols
and conventions relating to environmentally sound
management of chemicals and wastes. Reporting of
information by parties signed to the Montreal Protocol
and the Basel, Rotterdam and Stockholm Conventions
varies with an average of 70%. The Minamata
Convention has been signed by 128 countriesa

12.5 Substantially reduce waste generation through
prevention, reduction, recycling and reuse

Information on total recycling rates is sparse and
variable, with data being better at a city level. While
recycling rates are highest in the high-income countries,
some low- and lower-middle-income countries do
collect quite reasonable percentages of their total
municipal solid waste for recycling (20–40%). There is
some evidence that recycling rates are lower in some of
the more developed, upper-middle-income countries.
The collection and management of waste electrical and
electronic equipment (WEEE) heavily depends on the
legislation in each country

12.6 Encourage companies, especially large and
transnational companies, to adopt sustainable practices
and to integrate sustainability information into their
reporting cycle

Sustainability reporting has been gaining momentum,
driven by new private sector partnerships to achieve the
SDGs along with growing interest from companies
(especially large companies), regulators, investors and
other stakeholders. 93% of the world’s 250 largest
companies (in terms of revenue) are now reporting on
sustainability

(continued)
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Despite recognising some broad progress made
towards achieving SDG 12, a recent survey
(which 454 sustainability experts completed)
rated progress on SDG 12 (as well as six other of
the SDGs) as poor (GlobeScan-Sustainability
2019). However, respondents to the survey were
also of the view that Climate Action (SDG 13)
and Ensuring Sustainable Consumption and
Production (SDG 12) are the most critically
urgent, and noted that these two SDGs receive
most attention within their organisation.

The UN (2018a, b) reports that serious con-
cern exists in relation to the lack of an adequate
monitoring framework for many of the targets
under SDG 12. No internationally established
methodologies or standards exist currently for
monitoring 10 of the 13 indicators for the targets
(but methodologies are being developed or tes-
ted). As an example, in its latest report on
monitoring of progress towards the SDGs for the
Asia and Pacific region, the UN Economic and
Social Commission for Asia and the Pacific
indicated that only 10% of the required data to
assess progress towards achieving SDG 12 exists
(ESCAP 2019).

In order to facilitate the monitoring of progress
towards achieving SDG 12, there is a need for
better data collection and more consistent data
collection. However, the qualitative rather than the

quantitative nature of several of the SDG 12 tar-
gets makes it difficult for countries to measure
their achievements (Chan et al. 2018). Adopting
methodologies that incorporate social science
approaches for qualitative assessment may assist
in overcoming some of the problems. Limited
resources along with limited technical capacity
and fragmented institutional systems mean that
many countries also have difficulty developing
monitoring processes and collecting the required
data (Steinbach et al. 2016). Steinbach et al.
(2016) note that substantive efforts in institutional
and technical capacity development as well as
financial resources are required to effectively
monitor changes in consumption and production
patterns, indicating that where they do exist, it is
important for current international reporting sys-
tems to converge in order to assist the process.

12.3 Geoscience and SDG 12

As with all the SDGs, if the ambitions of SDG 12
are to be met, geoscience will have an important
role to play. Chosen because they utilise some of
the concepts described above, the following case
studies provide just some examples of where an
understanding of geoscience can make a positive
contribution towards achieving SDG 12.

Table 12.3 (continued)

SDG 12 target Summary of progress

12.7 Promote public procurement practices that are
sustainable, in accordance with national policies and
priorities

Driving sustainability along value chains through public
procurement processes that consider social, economic
and environmental factors has gained increasing
recognition. It is being progressively embraced by
national and local bodies. The relevance of sustainable
public procurement as a strategic tool to drive
sustainability and transform markets is no longer
questioned. However, the need to ensure that it is better
integrated into broader sustainable consumption and
production policies continues

12.8 Ensure that people everywhere have the relevant
information and awareness for sustainable development
and lifestyles in harmony with nature

Numerous on-going public engagement and awareness
raising activities. Includes the UN’s One Planet
Network

a Montreal Protocol on Substances that Deplete the Ozone Layer, Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes, Rotterdam Convention on the Prior Informed Consent Procedure for Certain.
Hazardous Chemicals and Pesticides in International Trade, Stockholm Convention on Persistent Organic Pollutants,
and Minamata Convention on Mercury.
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12.3.1 Resource Decoupling
in a Green Economy
Strategy for Kenya

In Kenya, the Ministry of Devolution and Plan-
ning is mandated to coordinate the management,
implementation, monitoring, and reporting of the
SDGs. Within the Ministry, the SDG Coordina-
tion Department has been established with the
responsibility for ensuring appropriate monitor-
ing and evaluation of all SDG activities, and the
country has reported good progress on several of
the SDGs (see Government of Kenya 2017).

Like many low- and middle-income countries,
Kenya’s economy is heavily reliant on natural
resources. For 2014, the UN estimated that 42%
of Kenya’s GDP and 70% of overall employment
were derived from natural resource-related sec-
tors (UNEP 2014b), many of which are acutely
vulnerable to climate change and variability. In
recent years, viable deposits of oil, natural gas,
coal, and other minerals have been discovered.
However, the prospective benefits to the econ-
omy and enhanced national energy security from
the exploitation of these minerals need to be
weighed against the risks of negative environ-
mental impacts. To mitigate these impacts, the
Government of Kenya is to embrace sustainable
consumption and production approaches in order
to transition to a green economy.

In 2016, the government published its Green
Economy Strategy and Implementation Plan,
2016–2030 (Government of Kenya 2016). The
strategy outlines activities to achieve a low car-
bon, resource-efficient, equitable, and inclusive
socio-economic transformation in the country.
The strategy aims to facilitate Kenya attaining a
higher economic growth rate (consistent with the
country’s development blueprint, Vision 2030)
but which firmly embeds the principles of sus-
tainable development as the country’s growth
continues. The strategy is designed to guide
Kenya’s transition to a sustainable path in the
following five key areas: sustainable infrastruc-
ture development; building resilience; sustain-
able natural resources management; resource
efficiency; and social inclusion and sustainable
livelihood.

In order to optimise the contribution of the
agriculture, forestry, water, fisheries, wildlife,
land use, and extractive industry sectors to the
Kenyan economy, there is an emphasis on the
need for decoupling economic development from
sustainable natural resource management and the
conservation of Kenya’s natural resources. There
is recognition that Kenya’s natural resources are
under intense pressure from global and local
drivers such as population increase, over-
extraction of natural resources, poaching of
wildlife, urbanisation, changing consumption
patterns among the population, climate change,
and the use of chemicals. Intrinsically linked to
achieving such decoupling is the promotion of
resource efficiency. Within this area, the strategy
recognises that the challenge for Kenya is to
develop its resource efficiency agenda, reduce the
environmental impact of production and con-
sumption while addressing the policy and tech-
nical challenges of waste management. The
country aims to optimise the contribution of
Kenya’s natural resources to the economy, in-
dustrialisation, and livelihoods by recognising
the interlinkages of the economy–environment
nexus.

Kenya sees the delivery of the green growth
path outlined in the green economy strategy as a
way to ensure faster growth, a cleaner environ-
ment, and higher economic productivity and is
highlighted as one of the means by which the
country will meet the SDG 12 targets.

12.3.2 Maximising Value
and Efficiency of Mineral
Resource Use in Kenya

The Government of Kenya, through the Ministry
of Petroleum and Mining, State Department for
Mining, is in the process of establishing four
Value Addition Centres (VAC) located in dif-
ferent mineral-rich regions of the country.
Through this initiative, the government aims to
maximise efficiency in mineral resource use by
adding value to mineral products at the source
while enhancing the economic growth and well-
being of the local communities.
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Included among the VACs is the Voi Gem
Centre (Fig. 12.7). This is located within Voi
town in Taita-Taveta County in the south-east of
the country. The area has been the main source of
Kenyan gemstone production since indepen-
dence. The Voi Gem Centre has been operational
since 2017 and offers several value addition and
support services to the gemstone mining indus-
try. The Voi Gem Centre is expected to increase
the value of gemstones at the source, reduce
waste, and facilitate sustainable mining and
trading of gemstones. It will achieve this by
providing the facilities necessary to maximise the
value of gems extracted locally. Facilities at the
centre include

• An administration block offering all the
essential services in a single location.

• An accredited gemology laboratory for the
identification, verification, and valuation of
gems.

• A lapidary providing gem cutting, faceting,
and polishing.

• A jewelry-making section.
• A security safe for the secured custody of

gemstones.
• The provision of export permits.
• An exhibition hall for gemstone auction and

trading.
• Gemstone dealers’ booths.
• A bank and a restaurant.

The other VACs are still at the feasibility
stage with a tender award for construction
expected by the end of 2019 and full operation
by 2022. There is the Kakamega gold refinery
which is to be located at the Old Rosterman mine
in Kakamega County. This will include a
demonstration of the mine facility for safe and
sustainable mining as well as providing mercury-
free gold recovery services to the artisanal and
small-scale gold mining (ASGM) communities.
Others include the Vihiga Granite Slab Process-
ing Centre to be located at Emuhaya in Vihiga
County and the Soapstone Value Addition Cen-
tre to be located in Kisii county. Prior to con-
struction, all of these VACs will be subjected to
Kenya’s Environmental and Social Impact
Assessment (ESIA) process.

12.3.3 Reducing Mercury Emissions
into the Environment
and Use in Artisanal
and Small-Scale Gold
Mining (ASGM) in Kenya

The effects of mercury on human health are well
documented (UNEP 2019 and Bell et al. 2017)
yet globally, the use of mercury by artisanal and
small-scale gold mining (ASGM) shows no sign
of declining (UNEP 2013, 2017b). In the Kenyan
context, estimates of mercury use in ASGM

Fig. 12.7 The Voi Gem Centre. Credit: Martin Nyakinye (DGS)
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mining ranging 1.3–2 units of mercury per unit
of gold produced (Government of Kenya
unpublished report 2016). One particular study
(Ogola et al. 2002) found mercury use by ASGM
miners in a single county (Migori) in the west of
the country ranged 60–80 kilogrammes per
month. Since 2002, the area has experienced an
acceleration in the growth of ASGM activity.
Barreto et al. (2018) estimate that the engage-
ment by locals in ASGM in parts of Migori and
Siaya Counties could be up to 70% while the
figure could be as high as 100% in parts of other
counties in the west of Kenya, such as Kakamega
and Vihiga. Although clear, credible data is
scant; mercury use among the ASGM miners is
now estimated at multiple times the figures of
2002. This points to a serious and increasing
mercury use problem that needs to urgently be
addressed.

Mining operations involve deep unstable shafts
(Fig. 12.8), manual extraction, crushing of ore by
hand followed by milling, or alternatively by
panning gold directly from rivers in the region

(Fig. 12.9). Mercury is mixed with the resulting
heavy mineral ore concentrates forming a mer-
cury–gold amalgam. The amalgam is then heated,
vaporising the mercury to obtain the gold.

To minimise the environmental pollution and
health impacts caused by the use of mercury, the
government of Kenya is implementing a strategy
to reduce the anthropogenic emissions of mer-
cury by artisanal and small-scale mining activi-
ties. This will contribute to SDG 3 (good health
and well-being) and SDG 15 (life on land). In
2018, the Ministry of Environment and Forestry
issued a ‘Request for Proposals’ for consultants
to develop a national overview of the ASGM
sector in Kenya, and for the development of a
national action plan for the ASGM sector in
Kenya. The preliminary results from the studies
(McKay 2019; ISSITET 2019) are already pro-
viding a framework for intervention by the
Kenyan government to steer the ASGM sector
towards greener mining. Key recommendations
proposed by the studies to be implemented
include

Fig. 12.8 Manual winching of ore from an ASGM gold mine. Credit: Martin Nyakinye (DGS)

12 Ensure Sustainable Consumption and Production Patterns 299



• Formalisation of the ASGM sector in order to
provide easier entry points for interventions.

• Enhancing capacity awareness, education, and
capacity building among the ASGM practi-
tioners about the dangers of mercury use and
existing alternatives to mercury.

• Lower barriers to access for miners to finance
in order to increase uptake of greener, safer
technologies in their activities.

• Strengthening the human capacity and
resources available to relevant enforcement
agencies in order to ensure the adherence to
greener production pathways.

The development of Kenya’s National Action
Plan to Reduce and, Where Feasible, Eliminate
Mercury Use in Artisanal and Small-Scale Gold
Mining (UNEP 2017c) will provide concrete
actions and clear framework to reduce ASGM
mercury emissions in Kenya, and thus contribute
to the global effort to reduce overall levels of
anthropogenic mercury emissions into the atmo-
sphere and ecosystems. The end result is expected
to be a reduction in the negative environmental

and human health impacts of ASGM activity in
Kenya.

12.3.4 Estimating Demand
for Minerals Required
for Future Construction
in Hanoi

Between 1990 and 2016, the percentage of
Vietnam’s population living in urban areas
increased from about 20% to approximately 35%
(GSOV 2018). Such an increase in urban popu-
lation is resulting in an expansion in the size of
cities in the country much reflected elsewhere in
the world. For Hanoi, one such city in Vietnam,
current and future population trends have led to
the formulation of ambitious plans for additional
urban development (Iwata 2007; Leducq and
Scarwell 2018) as detailed in the Hanoi Master-
plan to 2030 (Perkins Eastman 2011).

Planned urban growth requires the construc-
tion of houses, schools, hospitals, roads, and
other infrastructure. The Hanoi Masterplan

Fig. 12.9 ASGM miners panning for gold. Credit: Martin Nyakinye (DGS)
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2030–2050 includes a major new road network,
new rail links, an expanded city core, five satel-
lite urban areas, and three eco-townships. This
development all requires an input of raw mate-
rials, particularly aggregates in the form of cru-
shed rock and sand. Without a steady supply of
these construction minerals, the expansion of
Hanoi cannot be delivered.

By undertaking a top-down mineral supply–
demandmass balance, Bide et al. (2018) were able
to estimate future demand for crushed rock and
construction sand required to meet the future
growth of Hanoi. The top-down approach
(Fig. 12.10) estimates future supply based solely
on trends in mineral production, trade in minerals,
and population growth. By calculating the current
apparent consumption of minerals and then using
projected population growth figures, estimates
were made for future demand for construction
minerals. Such a top-down approach is ‘simplis-
tic’ in comparison to a detailed material flow
analysis (MFA) (see Bide et al. 2018). However,
the methodology does lend itself to situations
where data (in particular, at the relevant region or
better still individual city level) is sparse or non-
existent. Such is the case for Hanoi where detailed
data for production and trade in mineral com-
modities are either not collected or are not publi-
clly available on either a city or regional level.

Following the methodology depicted in
Fig. 12.10, the apparent consumption of crushed
rock and construction sand was calculated for
Hanoi for 2007–2016 (Fig. 12.11). The effects of
a slowdown in the construction industry can be
seen from around 2010 to 2012. Changes in
policy regarding international exports of sand
have also had an effect. However, despite the
impact of these external forces the general trend
has been one of increased consumption for cru-
shed rock and consistent consumption for sand.

Having calculated apparent consumption over
a period of time, the data were then combined
with forecasts of future population growth for the
city to estimate likely future demand for crushed
rock (Fig. 12.12) and construction sand
(Fig. 12.13) to 2030. The vertical lines are added
to illustrate the potential discrepancies in the
main trend line that may be observed in the

future. The forecasts are based on projections
using a compound annual growth rate calculation
over a 10-year period.

Results show that considerable increases in
demand for both crushed rock, and construction
sand are to be expected as the population of
Hanoi increases and homes and infrastructure are
constructed to accommodate this growth. For
crushed rock, there is a 2.5-fold increase in
demand in 2030 (86 million tonnes), over 2016
levels (33 million tonnes) and there is a twofold
increase for construction sand with 14 million
tonnes required in 2030 compared with 6 million
tonnes in 2016. Within a circular economy, some
of this demand would be met by secondary and
recycled aggregates. However, secondary and
recycled aggregates are generally only suitable
for lower grade applications (such as for building
foundations). The degree to which aggregates are
recycled in Hanoi is currently unknown. If the
increased demand for the minerals is to be met
while at the same time minimising negative
environmental and social impacts, planned new
extraction capacity is likely to be required.

Ideally, consideration of such mineral supply
requirements should be considered when plans
for urban development such as the Hanoi
Masterplan are compiled. If due consideration is
not given to future demand, issues can arise, such
as high price volatility, increased informal min-
ing with the associated negative environmental
and social impacts, slow economic growth, and
hindered development.

12.3.5 The Resources Impact
of Decarbonising
Economies

Over the last decade as the effort for the transi-
tion to a low-carbon future has increased, a
variety of technologies have been developed
(currently being scaled up) which rely on the
availability of numerous materials, including the
so-called critical metals. The growth in electrifi-
cation in transport (Fig. 12.14), energy storage,
and renewable energy generation is leading to
increased demand for minor metals that are often
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deemed critical, due to their associated supply
constraints. The demand for many of these minor
metals is expected to rise significantly in the
coming years. For example, for cobalt and
lithium (both used in batteries), the International
Energy Agency projects that cobalt production
will have to triple and lithium production will
have to increase fivefold by 2030 in order to
satisfy anticipated growth in the number of

electric vehicles (International Energy Agency
2019). For other metals, such as tellurium (used
in photovoltaics) and neodymium (used in wind
turbines), similar upward growth is expected.
Developed scenarios are suggesting an increase
in production from a few hundred tonnes in 2017
to over a couple of thousand tonnes in 2030 and
for neodymium a doubling in production by the
same year (Watari et al. 2018).

Fig. 12.10 Schematic diagram explaining the steps involved in the top-down future mineral supply and demand
calculation. Adapted from Bide et al. (2018)

302 J. Mankelow et al.



0

5

10

15

20

25

30

35

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

M
illi

on
 T

on
ne

s

Sand Crushed rock
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line) for Hanoi, 2007–2016. Credit: Bide et al. (2018)
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Fig. 12.13 Hanoi consumption of construction sand
(2007–2016) and estimated future consumption (2017–
2030). Estimated via material flow analysis, with 10%

(one standard deviation) error bars on projected years.
Credit: Bide et al. (2018)

Fig. 12.14 The introduction of electric buses is helping to reduce emissions and pollution. © Andrew Bloodworth
(BGS), used with permission
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Such an increase in demand for these minerals
will have an impact on global consumption and
production patterns. The markets of industrial
metals such as iron, aluminium, copper, and
others will also grow as they comprise essential
parts of decarbonisation technologies. If the
availability of metals is constrained, then the
upscaling of technologies essential for decar-
bonising our economies will slow down, with
corresponding negative impacts on climate
change mitigation. The supply risk is particularly
high for minor metals that are often produced as
by-products of industrial metals. They are not
mined on their own, they are dependent finan-
cially on the recovery of other metals, and their
market dynamics are influenced by the market of
the major metals they are connected with.

For many of the metals needed in decarboni-
sation technologies, their extraction and produc-
tion are linked with environmental consequences
and they are carbon intensive. Between seven to
eight per cent of the global energy production is
consumed for extracting and refining metals
(Wellmer et al. 2019). Lower ore grades of
extraction and continuous demand growth for raw
materials have led to huge amounts of waste rock
being produced. If decarbonisation is the aim, then
it is important that the extraction and production of
minor and critical metals to be consumed by green
technologies are responsibly sourced and follow
the principles of sustainability. Successful inter-
ventions will have to consider the whole material
cycle and should be based on the systemic
understanding of the interaction between the
economy, environment, and society.

12.4 Conclusions

Achieving many of the SDGs will ultimately
depend on the responsible stewardship of the
Earth’s finite natural resources. Natural resource
management is directly tied to at least 12 of the
17 Sustainable Development Goals (SDGs) and
therefore achieving the targets of SDG 12 will
help deliver the other goals (IRP 2017). Despite
showing some positive progress in several tar-
gets of SDG 12 in recent years, overall the need

to significantly modify current trends to ensure
sustainable consumption and production patterns
remains if the goal is to be achieved by 2030.

Demand for raw materials from emerging and
transitioning economies as a result of their
growing populations and the drive to enhance the
quality of life will continue to grow into the
future. Achieving the SDG 12 targets will require
a fundamental shift in how natural resources are
managed and used. The concepts of resource
efficiency, resource productivity, decoupling,
resource nexus, and circular economy have
entered mainstream science and policy develop-
ment, and having gained traction they are now
increasingly being implemented into practices.
All have a role to play in supporting this shift.
The need to improve natural resource manage-
ment continues as does the requirement for
agreeing and implementing mechanisms of data
collection needed to monitor progress towards
achieving SDG 12.

Geoscience with its inherent links to the under-
standing and management of natural resources has
and will continue to have an important role in
helping to achieve sustainable consumption and
production patterns. With an understanding of the
links between natural resource (or raw material)
supply and demand, geoscientists can contribute by

• Assisting in the development of relevant
policies and ensuring that decision makers
are informed of the likely material demand
impact of emerging policies. The Green
Economy Strategy and Implementation Plan
for Kenya as summarised in this chapter is just
one example where governments around the
world are increasingly adopting the concepts
outlined in this chapter in order to better
manage and utilise their natural resources as
their economies develop. Likewise, under-
taking analyses such as the supply–demand
mass balance assessment for Hanoi to better
understand likely future raw material needs as
cities around the world grow in size is
important if better development plans for such
cities are to be implemented.

• Participating in initiatives such as the estab-
lishment of value addition centres and
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mercury reduction strategies. The examples
from Kenya show how this engagement can
assist those working in the informal/small-
scale mining sectors to maximise the value
from the minerals they extract while at the
same time reduce the use of chemicals harm-
ful to the environment and human health. This
supports SDG 3 (good health and well-being),
SDG 8 (decent work and economic growth),
and SDG 15 (life on land).

• Alleviating some of the supply risks associated
with minor and critical metals essential for
low-carbon technologies. For many of these
metals, our understanding of where they are
found, how we can explore for them, and how
we can enhance existing geological data to
promote new discoveries is limited, as their
historic use was small or non-existent. Com-
petitive geoscience data into deposit formation,
new exploration techniques, and geological
mapping will be essential to ensure risk-free
supply chains for low-carbon technologies
supporting SDG 7 (clean and affordable en-
ergy) and SDG 13 (climate action).

The last point in the list above can be con-
sidered as being along the lines of the ‘tradi-
tional’ role of a geoscientist—understanding the
formation, location, and viability (environmental,
social, and economic) of extracting and utilising
the natural resources required for manufacturing
the goods we need or producing the food we eat.
The other examples indicate the much wider
contribution geoscience, however, can make
towards achieving the targets of SDG 12.

12.5 Key Learning Concepts

• Global demand for natural resources (e.g.,
construction materials, ores and minerals,
fossil fuels, and biomass) is rapidly increasing
as countries seek to develop their economies
and enhance the standard of living of growing
local populations, many of whom are getting
wealthier.

• Responding to this increased demand, SDG 12
aims to help the world transition to sustainable

consumption and production patterns, so as to
achieve equitable socio-economic develop-
ment while also protecting resources for future
generations, minimising waste, and reducing
pollution of the natural environment (i.e.,
decoupling development from environmental
degradation). This requires appropriate poli-
cies, technological innovation, and the devel-
opment of resource-efficient infrastructure.

• The resource nexus recognises that there are
critical and complex interlinkages between
different resources (e.g., water, energy, food,
land, and material resources). Sustainability
requires the consideration of what may affect
the supply and demand of each resource,
recognising these interlinkages. Institutions
should work together to develop coherent and
comprehensive policies for resource manage-
ment, recognising that a diverse ecosystem of
stakeholders can inform planning and practice.

• A circular economy relies on sustainably
sourced natural resources, and the use of prod-
ucts that are designed for repair, reuse, reman-
ufacture, and recycling (so as to reduce the
disposal of materials). Increases in efficiency
across the entire life cycle of resource use means
more effective extraction and production, sus-
tainable and smarter consumption, and prevent-
ing or reducing negative environmental impacts.

• Geoscientists are part of the complex ecosys-
tem of stakeholders that can deliver SDG 12,
given their comprehensive knowledge of the
formation, location, and viability (economic,
social, and environmental) of extracting and
using natural resources. Geological data and
expertise can inform policymaking and
implementation of measures to decouple
resource extraction from environmental dam-
age, and decarbonise societies.

12.6 Educational Resources

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
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policy, government, private sector international
organisations, and NGOs). Consider using these
as the basis for presentations, group discussions,
essays, or to encourage further reading:

• Consider the social and environmental impacts
associated with the development of a standard
smartphone. Start by determining what min-
erals they contain, and consider where these
may have originated and the energy and water
resources required to extract and process these.
How well does a standard smartphone fit on a
model of the ‘circular economy’? What chan-
ges would you recommend to make smart-
phones adhere to ambitions of SDG 12?

• Walk around a local urban environment, close
to your institution or place of learning. What
natural resources that you can observe or
deduce were required to develop the built
environment you see? Reflecting on your
local and national geological setting, where do
you think of these resources came from? What
do you think this urban environment will look
like in 20 years, and what are the implications
on the types and quantities of materials used?

• Earth Overshoot Day (www.overshootday.
org/) is focused on the exhaustion of biologi-
cal resources that the Earth can regenerate in a
year, showing excessive consumption. Review
the solutions offered (www.overshootday.org/
solutions/), and in small groups choose one of
these, consider what contribution geoscientists
can make, and present this to the class. Cal-
culate your own environmental footprint
(https://www.footprintcalculator.org/) and
think what steps you personally can take to
reduce consumption.
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Recommended Reading and Websites

One Planet Network. The UN’s hub for SDG 12 with the
aim of being a platform to bring together the global
community helping to make this happen. www.
oneplanetnetwork.org

Further information on SDG 12 from the UN. https://
www.un.org/sustainabledevelopment/sustainable-
consumption-production/

Food and Agricultural Organisation of the United Nations.
http://www.fao.org/sustainable-development-goals/
goals/goal-12/en/

Information on monitoring of progress of SDG 12.
https://sustainabledevelopment.un.org/SDG 12, https://
sdg-tracker.org/sustainable-consumption-production
and https://unstats.un.org/sdgs/metadata/

The International Resources Panel. www.resourcepanel.
org

African Circular Economy Network. https://www.acen.
africa/

Extractives Hub. https://www.extractiveshub.org/main/default/
The Responsible Minerals Initiative. http://www.

responsiblemineralsinitiative.org/
The Elsevier Journal specifically for Sustainable Con-

sumption and Production. https://www.journals.
elsevier.com/sustainable-production-and-consumption

Taylor & Francis Sustainable Development Goals Online.
A curated library to support the United Nations’
SDGs. https://www.taylorfrancis.com/sdgo/goal/
ResponsibleConsumptionAndProduction/all
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SDG 13 aims to:

This requires:

Strengthen resilience and reduce
the number of deaths attributed to
disasters

Build the capacity of all countries
to adapt to climate change

Build climate change into 
national policies

Reductions in greenhouse
gas emmissions

Inclusion of climate change
science and strategies
into education systems

Adoption of disaster risk
reduction policies and 
operational plans to adapt
to adverse impacts

Budgetary commitment and
mobilisation of resources to
develop sub-surface carbon
storage

Climate change challenges

Communicating the science of
how natural processes and
anthropogenic activities
contribute to climate change

Improving implemen-
tation and monitoring
of the Sendai Framework
for Disaster Risk
Reduction

Encouraging greater uptake
of mitigation and adaptive
strategies, leaving no one
behind

Achieving a balance
between economic
development and
carbon emissions

Adoption of the
precautionary principle,
limiting global warming
<1.5ºC above
pre-industrial levels

Role of geoscience in mitigating and adapting to climate change

Provide sub-surface
geological models
that support mitigation
strategies (e.g., for
energy and carbon
storage) and low carbon
energy resources
(e.g., geothermal)

Understand climate
influenced hazards,
and the roles of
natural processes
and human activities

Understand multi-
hazard cascades and
their short and long
term impacts

Provide scientific
advice to inform
policy, urban planning,
and protection
of cultural heritage

Input to education
on earth systems
and raising awareness
at local community
level
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13.1 Introduction

Climate in a narrow sense refers to weather, in a
wider sense it refers to the state of the climate
system that is statistically described over a period
ranging from months to thousands or millions of
years. The World Meteorological Organization
(WMO) generally averages the mean and vari-
ability of climate parameters such as temperature,
precipitation, and wind over 30 years. The
Intergovernmental Panel on Climate Change
(IPCC) defines climate variability as differences
in the mean and other statistics of climate
parameters on all spatial and temporal scales
beyond that of individual weather events. Cli-
mate change refers to changes in the state of the
climate that is depicted by differences in the
mean and other statistics of climate parameters
that persist over an extended period, typically
decades or longer (IPCC 2014).

An extreme weather event is a rare event at a
particular place and time of year where the value
of the weather variable is above (or below) a
threshold value near the upper (or lower) ends of
the range of observed values of the variable. The
characteristics of extreme weather vary from
place to place. A persistent pattern of extreme
weather over a season can be classified as an
extreme climate event (e.g., drought or intense
rainfall). Both extreme weather events and
extreme climate events could be collectively
referred to as ‘climate extremes’.

Natural processes and human activity cause
climate change. Changes in solar cycles and
volcanic eruptions are examples of natural phe-
nomena that affect the global climate. However,
since the industrial revolution economic devel-
opment, population growth and land-use change
have augmented natural change by contributing
unprecedented levels of greenhouse gases
(GHGs) including carbon dioxide, methane, and
nitrous oxide. There is growing evidence that
human influence has contributed substantially to
surface warming of continents (Bindoff et al.
2013), affected the global water cycle, caused
glaciers to retreat as well as increased surface
melting of the Greenland ice cap, loss of Arctic

sea ice, and raised the upper oceanic heat content
and global mean sea levels (IPCC 2014). Recent
findings indicate that human activities have
caused around 1 °C of global warming since pre-
industrial times (IPCC 2018).

The impacts of climate change have been
observed on natural and human systems on all
continents and oceans. These include alteration
of hydrological systems that affect the availabil-
ity and quality of water resources, variations in
geographic ranges of seasonal activities, animal
and bird migration patterns, abundances and
interactions of terrestrial, freshwater, and marine
species, fluctuations in crop yield as well as
ocean acidification.

The prognosis for climate change over the
twenty-first century is not very favourable under
all assessed emission scenarios (Fig. 13.1), even
without the addition of GHGs due to natural
sources. Surface temperature is expected to rise,
more frequent and longer lasting heatwaves are
anticipated, extreme precipitation events will be
more intense and frequent, and the ocean will
continue to warm and acidify while global mean
sea level is projected to rise albeit unevenly
across regions. Past emissions have already
committed the forthcoming climate to warming
conditions. The gravity of the situation is worse
at 2 °C compared to 1.5 °C. Compared to 1.5 °C,
global warming of 2 °C is projected to result in
more extreme weather, higher impact on biodi-
versity and species, lesser productivity of maize,
rice, and wheat, 50% more of the global popu-
lation exposed to water shortages and several
hundred million more people exposed to climate-
related risk and susceptible to poverty by 2050.

Climate change will amplify existing climate-
related risks and create new risks for natural and
human systems in all stages of development.
There are two complementary approaches to
reducing and managing the risks of climate
change. These are climate change mitigation and
adaptation. Mitigation refers to human actions to
reduce the source or enhance the sinks of GHGs
in order to restrict future climate change. Sub-
stantial emission reduction is required over the
next decade including the removal of carbon
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dioxide from the atmosphere, to limit global
warming to 1.5 °C and reduce climate risks
(IPCC 2018). Adaptation is the process of
adjustment to actual or expected climate and its
effects. Adaption is required to respond to com-
mitted warming due to past emissions. However,
the increased extent of climate change limits the
potential for adaptation. With increased mitiga-
tion, there is a better opportunity for effective
adaption and reduced costs.

Sustainable Development Goal (SDG) 13,
Climate Action, is therefore a key global chal-
lenge for managing climate change with effective
policies, investment, and technologies as well as
behavioural and lifestyle choices. The goal is to
‘Take urgent action to combat climate change

and its impacts’ with three targets (13.1–13.3)
and two means of implementation (13.A and 13.
B), as listed in Table 13.1.

The collective ambition of SDG 13 is to
strengthen resilience and adaptive capacity to
climate-related hazards and disasters, integrate
climate change measures into policies, strategies,
and planning, as well as improve education,
awareness-raising and capacity building by
meeting the commitments of the United Nations
Framework Convention on Climate Change
(UNFCCC), the primary platform for negotiating
global action on climate change.

Climate actions are linked to numerous SDGs
including SDG 1 (end poverty), SDG 2 (zero
hunger), SDG 3 (good health and well-being),

Fig. 13.1 Global greenhouse gas emission scenarios. All
scenarios result in some degree of warming. Current
policies are likely to result in warming of more than 3 °C,

double the warming desired in the Paris Agreement. Credit:
Ritchie and Roser (2019). Reproduced under a CC-BY-SA
licence (https://creativecommons.org/licenses/by-sa/2.0/)
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SDG 7 (energy), SDG 11 (sustainable cities),
SDG 14 (life below water), and SDG 15 (life on
land). Using the SDGs as an analytical frame-
work, the IPCC underscored that the potential
synergies for climate mitigation actions that limit
global warming to 1.5 °C far outweigh the neg-
ative outcomes in various sustainable develop-
ment dimensions (IPCC 2018).

Science is closely connected to the imple-
mentation of climate actions in building the resi-
lience of the poor, ensuring sustainable practices
in the agriculture, health, and energy sectors as
well as conserving oceans and coastal ecosystems
(ICSU 2017; IPCC 2018; Pereira et al. 2019). The
contribution of geoscience towards these objec-
tives is set out in Table 13.2, which also shows
the indicators used to monitor progress towards
SDG 13. Examples of geoscience being relevant
to SDG 13 include modelling the susceptibility of
multiple hazards to inform disaster risk reduction
and understanding where ground conditions are
appropriate for carbon and energy storage. Cli-
mate extremes are expected to be unprecedented
as the climate changes. The risk of disasters will
be determined by the exposure of assets and the
vulnerability of society. For example, the impact
of a tropical cyclone depends on where it makes
landfall. Likewise, the impact of a heatwave will
depend on the vulnerability of the population. The
cumulative impacts of disasters can affect the
livelihood options and resources of a society as
well as their capacity to prepare for and respond to

future climate extremes. This situation calls for
enhanced synergies between climate change
adaptation (CCA) and disaster risk reduction
(DRR).

This chapter explores these contributions,
setting out how geoscientists can contribute to
the targets of SDG 13. We emphasise the
importance of common framing for climate and
disaster risks over different time frames and
spatial settings as well as knowledge of the
subsurface to contribute to the multidisciplinary
solution space of climate action. We begin with
an overview of global progress in tackling cli-
mate change (Sect. 13.2). We then illustrate the
role of geoscience in climate change adaptation
and mitigation (Sect. 13.3) as well as examples
of actions on resource mobilisation and capacity
building (Sect. 13.4). In the conclusion
(Sect. 13.5), we highlight the important ways in
which geoscience knowledge plays a critical role
in limiting global warming to 1.5 °C and
addressing future climate risks, to achieve SDG
13 for the global community.

13.2 Progress in Tackling Climate
Change

Scientific work on climate change goes back as
early as the fifteenth century and the industrial
revolution served as an impetus for investigating
atmospheric carbon dioxide and surface

Table 13.1 SDG 13 targets and means of implementation

Target Description of target (13.1 to 13.3) or means of implementation (13.A to 13.B)

13.1 Strengthen resilience and adaptive capacity to climate-related hazards and natural disasters in all countries

13.2 Integrate climate change measures into national policies, strategies and planning

13.3 Improve education, awareness-raising and human and institutional capacity on climate change mitigation,
adaptation, impact reduction and early warning

13.A Implement the commitment undertaken by developed-country parties to the United Nations Framework
Convention on Climate Change to a goal of mobilizing jointly $100 billion annually by 2020 from all
sources to address the needs of developing countries in the context of meaningful mitigation actions and
transparency on implementation and fully operationalize the Green Climate Fund through its capitalization
as soon as possible

13.B Promote mechanisms for raising capacity for effective climate change-related planning and management in
least developed countries and small island developing States, including focusing on women, youth and
local and marginalized communities
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temperature (Koh et al. 2013). Progress in the
science domain gained traction in the 1970s and
culminated in the establishment of the Intergov-
ernmental Panel on Climate Change1 in 1988 by
the World Meteorological Organization (WMO2)
and the United Nations Environment Programme
(UNEP3). The initial task for the IPCC as

outlined in UN General Assembly Resolution
43/53 of 6 December 1988 was to prepare a
comprehensive review and recommendations
with respect to the state of knowledge of the
science of climate change, the social and eco-
nomic impact of climate change, and possible
response strategies and elements for inclusion in
a possible future international convention on
climate (IPCC 2018).

The First Assessment Report of the IPCC in
1990 led to the creation of the United Nations
Framework Convention on Climate Change

Table 13.2 SDG 13 indicators by 2030 and geoscience relevance

SDG 13 indicator Relevance to geoscience

13.1.1 Number of deaths, missing persons and directly
affected persons attributed to disasters per 100,000
population
13.1.2 Number of countries that adopt and implement
national disaster risk reduction strategies in line with the
Sendai Framework for Disaster Risk Reduction 2015-
2030
13.1.3 Proportion of local governments that adopt and
implement local disaster risk reduction strategies in line
with national disaster risk reduction strategies

Susceptibility modelling of multiple hazards such as
landslides, flash floods, coastal hazards, etc. for
developing local disaster risk reduction strategies

13.2.1 Number of countries that have communicated the
establishment or operationalization of an integrated
policy/strategy/plan which increases their ability to
adapt to the adverse impacts of climate change, and
foster climate resilience and low greenhouse gas
emissions development in a manner that does not
threaten food production (including a national
adaptation plan, nationally determined contribution,
national communication, biennial update report or other)

Enhance forecasting of climate-related hazards through
susceptibility modelling and improve knowledge of
ground conditions for storage of carbon and energy

13.3.1 Number of countries that have integrated
mitigation, adaptation, impact reduction and early
warning into primary, secondary and tertiary curricula
13.3.2 Number of countries that have communicated the
strengthening of institutional, systemic and individual
capacity-building to implement adaptation, mitigation
and technology transfer, and development actions

Improve communication on relevance of geoscience for
integrating climate change mitigation, adaptation and
disaster risk reduction as well as better geoscience
curricula for water supply and sanitation, ground
conditions, land use planning, subsurface development,
siting of critical infrastructure, multi-hazard early
warning; heat island effect, etc.

13.a.1 Mobilized amount of United States dollars per
year between 2020 and 2025 accountable towards the
$100 billion commitment

Mobilisation of resources on a bilateral basis from the
Global North to the Global South through national
geological organisations for subsurface evaluation,
carbon capture and storage, etc.

13.b.1 Number of least developed countries and small
island developing States that are receiving specialized
support, and amount of support, including finance,
technology and capacity-building, for mechanisms for
raising capacities for effective climate change-related
planning and management, including focusing on
women, youth and local and marginalized communities

Reinforcing existing regional geoscience networks such
as the CCOP in East Asia and SPC in the Pacific Islands
for raising capacity in least developed countries and
small island developing States, covering aspects of
geoscience for integrated adaptation, disaster risk
reduction and mitigation

1https://www.ipcc.ch/.
2https://public.wmo.int/en.
3https://www.unenvironment.org/.

318 J. J. Pereira et al.

https://www.ipcc.ch/
https://public.wmo.int/en
https://www.unenvironment.org/


(UNFCCC4), the key international treaty to
reduce global warming and cope with the con-
sequences of climate change. Since then, the
IPCC has been conducting periodic assessments
on the scientific basis of of risk of human-
induced climate change, its potential impacts,
and options for adaptation and mitigation.
The IPCC plays a critical role in linking the
science and policy domains for climate change,
where findings from this platform serve as the
basis for climate change negotiations at the
UNFCCC (Gao et al. 2017). The risk framing
approach to climate change introduced by the
IPCC provides a conceptual basis for the inte-
gration of climate change and disaster risk
reduction over a range of time frames and spatial
settings (Fig. 13.2).

Notwithstanding this, there is a fundamental
difference in the use of the term ‘climate change’
in the science and policy domains with respect to
its attribution. The science perspective as repre-
sented by the IPCC ascribes climate change to
natural variability or external forcings that are
both natural and due to human activity. In the
policy domain, the UNFCCC restricts the defi-
nition of climate change to changes that are
directly or indirectly attributed to human activity
and that is in addition to natural climate vari-
ability over comparable time periods. Further
clarification has been provided to improve the
science policy discourse by mainstreaming terms
such as detection and attribution (IPCC 2014).

Detection is the process of demonstrating a
statistical change in climate or a system without
providing a reason for that change. Attribution is
the process of evaluating the range of causes for
a change or event to ascertain relative contribu-
tions, with the provision of statistical confidence.
Scientific communication on climate change is
expected to be more nuanced with an increase in
studies on the impacts of climate change that take
into account aspects of detection and attribution.

The UNFCCC was ratified in 1994 and serves
as the primary platform for enacting mechanisms
to stabilise greenhouse gas concentrations to
prevent dangerous human interference with the

climate system. The stabilisation is to be
achieved within a duration to allow ecosystems
to adapt naturally, maintain food production, and
enable sustainable development. Industrialised
nations spearhead emission reduction taking into
account values of ‘equity’ , ‘common but dif-
ferentiated responsibilities and respective capac-
ities’, and the ‘precautionary principle’.
Figures 13.2 and 13.3 show the annual and
cumulative total CO2 emissions (by world
region), respectively, from 1751 to 2017. It is
evidence from these that while China is currently
the largest emitter of CO2, European Union states
and the USA have made by far the largest con-
tributions to CO2 emissions over time.
The UNFCCC has sought to enhance global
engagement in climate actions through various
means including the Kyoto Protocol (1997),
Cancún Agreements (2010), Durban Platform for
Enhanced Action (2011), and most recently the
Paris Agreement (2015) (Ha and Teng 2013;
Gallo et al. 2018; Kuriyama and Abe 2018).

Progress in tackling climate change has
accelerated in the policy domain through the
Paris Agreement5. The Paris Agreement is a legal
framework of the UNFCCC in which the Global
North and Global South share the burden of
reducing the emission of GHGs to manage the
risks of climate change. A political target has
been set to hold the increase in the global average
temperature well below 2 °C compared to pre-
industrial levels, and if possible pursue a warm-
ing limit of 1.5 °C. It is economically feasible to
achieve this target through stringent mitigation
efforts whilst enabling effective adaptation mea-
sures to cope with the climate impacts despite the
political challenges (Yu and Zhu 2015; Leemans
and Vellinga 2017; Cooper 2018; Travis et al.
2018).

The robust review of the global literature by
the IPCC has confirmed that many impacts will
be less potent by limiting the global warming to
1.5 °C compared to 2 °C. Limiting the global
limit to 1.5 °C is possible but requires deep
emission cuts, deployment of a range of

4https://unfccc.int/.

5https://unfccc.int/process-and-meetings/the-paris-
agreement/the-paris-agreement.
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technologies, behavioural changes, and increased
investment in low carbon options, at an
unprecedented scale (IPCC 2018). Four plausible
pathways with no or limited overshoot of 1.5 °C
have been proposed, including a scenario with
lesser use of technology through afforestation to
one where emission reduction is mainly achieved
through technological means such as carbon
capture and storage. Early action is expected to
be cheaper and would lead to better outcomes as
well as reduce the need for adaptation.

Global progress on SDG 13 and implemen-
tation of the Sendai Framework is tracked using
the Sendai Monitor,6 released in March 2018.
The Sendai Monitor is an online tool where
official information is uploaded by Governments
based on a set of indicators that were negotiated
in 2016 (United Nations 2016). Only nine of the
195 countries have validated their data while 108
have not started the process as of June 2019.

Reports from the remaining countries are still in
progress. Nearly half of the nations in the world
have adopted and implemented national disaster
risk reduction strategies in line with the Sendai
Framework while data is not available for the
remaining countries. Information is lacking for
all other indicators where some have not been
identified. The situation is expected to improve
after the means for implementing the Paris
Agreement, currently being negotiated by
Governments, are established.

13.3 The Contribution
of Geoscience to Climate
Action

Geoscientists have made major contributions in
multidisciplinary settings to enhance under-
standing of climate change in the science
domain. Geoscience knowledge drives models

Fig. 13.2 Annual total CO2 emissions, by world region. Credit: Ritchie and Roser (2019). Reproduced under a CC-
BY licence (https://creativecommons.org/licenses/by/4.0/)

6https://sendaimonitor.unisdr.org/.
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that provide basic information for climate change
adaptation. Subsurface geoscience information is
also critical for key technologies that support
climate change mitigation. There is significant
potential for geoscientists to contribute further in
the scientific discourse, for example, on the
attribution of climate change to determine the
causes of climate-driven geohazards. Geoscience
inputs in this aspect could provide insights to
delineate the contribution of natural and anthro-
pogenic causes and serve as the basis for devel-
oping climate change policies that are equitable.

The geoscience community has also played a
significant role in the policy domain, specifically
in advancing progress in climate change mitiga-
tion. For example, geologists in the UK, Norway,
and Canada played a critical role in the adoption
of carbon capture and storage (CCS) as a climate
change mitigation option under the Clean
Development Mechanism, a cooperative instru-
ment of the Kyoto Protocol (Lovell 2009) and in

developing sound regulatory advice to underpin
safe storage and enhance public confidence in
CCS. The potential deployment of CCS tech-
nology to the Global South will help to balance
energy resource development with emission
reduction.

13.3.1 Climate Change Adaptation
(Target 13.1)

The 2015 Paris Agreement calls for measures to
strengthen climate change adaptation and this is
important to address impacts due to historical
emissions, which have already committed the
future climate to warming conditions. Even if the
climate eventually equilibrates at 1.5 °C or less
above pre-industrial levels, anticipatory adapta-
tion planning is required to eliminate the risk of
large damages and adaptation costs in exposed
and vulnerable areas (Travis et al. 2018).

Fig. 13.3 Cumulative CO2 emissions, by world region. Credit: Ritchie and Roser (2019). Reproduced under a CC-BY
licence (https://creativecommons.org/licenses/by/4.0/)
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In line with Target 13.1 of SDG 13, the Paris
Agreement and the Sendai Framework for Disaster
Risk Reduction mutually support development
goals by strengthening resilience and adaptive
capacity to climate-related hazards and disasters,
particularly within national systems. The Sendai
Framework on Disaster Risk Reduction empha-
sises climate change as a driver of hazards
(Box 13.1). The transformation of scientific
knowledge on climate, systematic observation, and
early warning into tools, products, and services that
support decision-making at the local level is critical
for this purpose (Dolman et al. 2016; Giuliani et al.
2017; Forino et al. 2017). Greater involvement of
local governments in implementing disaster risk
reduction measures is expected to bring positive
outcomes in reducing the number of deaths and
injuries due to climate extremes and change.

Box 13.1. The Sendai Framework
and Climate Change
The UNISDR (now UNDRR) Sendai
Framework on Disaster Risk Reduction has
seven global targets covering mortality,
affected people, economic loss, damage to
critical infrastructure, national and local
disaster risk reduction strategies, interna-
tional cooperation, and early warning
including risk information and assess-
ments. Four priority areas have been
identified covering

• Understanding disaster risk.
• Strengthening disaster risk governance

to manage disaster risk.
• Investing in disaster risk reduction for

resilience.
• Enhancing disaster preparedness for

effective response, and to ‘Build Back
Better’ in recovery, rehabilitation, and
reconstruction.

For more information see the relevant
sections of SDG 1, ending poverty.

The Sendai Framework considers cli-
mate change and variability as a significant

impediment to sustainable development.
Climate is recognised as an underlying
driver of increasing disaster risk both in
terms of severity and increased frequency
and intensity. In addition to large catas-
trophic disasters, the Sendai Framework
equally applies to the risk of small- to
large-scale, frequent and infrequent, sud-
den and slow-onset events, caused by nat-
ural or anthropogenic hazards. New risks
and a steady rise in disaster losses are
expected in the short, medium, and long
terms, especially at the local level.

The Sendai Framework promotes partnerships
and multi-hazard management of disaster risk in
development, at all levels and across all sectors.
There is a wide range of complementary approa-
ches to deal with current disaster risks and future
risks due to climate change within national sys-
tems, which constitute ‘no-regrets’ options (IPCC
2012; Forino et al. 2017). The use of science is
advocated, for example, in comprehensive surveys
on multi-hazard disaster risks, development of
regional disaster risk assessments and climate
change scenarios. Geoscientists should foster part-
nerships with climate scientists and other specialists
to advance knowledge on multi-hazard risks.

Geological hazards have been widely inves-
tigated and significant contributions have been
made to reduce the risk of catastrophic disasters
(Marriner et al. 2010). Notwithstanding this,
national-level investigation on the susceptibility
of climate-influenced hazards using the wealth of
information available from national geoscience
agencies is not widespread (Cigna et al. 2018).
Geoscience information has also not been main-
streamed into the policy domain with respect to
climate change adaptation, to benefit society
through cross-sectoral planning. This is reflected
by the limited geoscience inputs and participa-
tion of national geoscience agencies in preparing
progress reports such as the National Commu-
nications and Biennial Update Reports to the
UNFCCC. National Adaptation Programmes are
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conducting climate risk assessments in desig-
nated conservation sites, which draw on geo-
science information (Wignall et al. 2018).
However, this is not a common practice, partic-
ularly in the Global South.

Earth processes and society are connected in
multiple ways and geoscience inputs provide
invaluable insights to understanding risk, expo-
sure, and vulnerability. Whilst knowledge and
technology is progressing in many areas, the
geoscience community has to enhance the effort
to contribute to the multidisciplinary solution
space to meet the challenges expressed in the
Paris Agreement and the Sendai Framework
(Rogelj and Knutti 2016; Pereira 2018). In this
context, a key challenge is to forecast and lessen
the impact of natural hazards as the climate
changes, particularly in the Global South. In Asia
and Africa, lack of data, poor understanding of
interactions between geology, climate change,
and land-use change coupled with weak institu-
tions and capacity have caused much damage and

destruction to infrastructure (Hearn 2016;
Broeckx et al. 2018; Maes et al. 2018).

Susceptibility modelling is advancing in the
evaluation of climate-related hazards such as
landslides, floods, erosion, and subsidence (e.g.,
Cigna et al. 2018; Reichenbach et al. 2018;
González-Arquerosa et al. 2018; Hosseinalizadeh
et al. 2019). Susceptibility modelling enables
spatial demarcation of areas where a hazard event
could occur, depending on contributing surficial
features, geological conditions, and processes
that vary depending on the hazard. Modelling of
hazards at the global, regional, and national scale
is not sufficient to provide specific adaptation
measures at the local level, as indicated by the
experience of landslides (Fig. 13.4), glacial lake
outburst flooding, and coastal hazard assessments
(Radosavljevic et al. 2016; Allen et al. 2018;
Broeckx et al. 2018).

Local-level studies offer the best options for
monitoring and early warning adaptation mea-
sures. The British Geological Survey (BGS) has

Fig. 13.4 Landslide (Cusco, Peru). Credit: Galeria del Ministerio de Defensa del Perú. Reproduced under a CC-BY
2.0 licence (https://creativecommons.org/licenses/by/2.0/)
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assessed the entire range of nationally available
datasets to delineate areas of the United King-
dom that are susceptible to hazards including
landslides, flooding, and subsidence, targeting
World Heritage Sites in the UK (Cigna et al.
2018). This approach can be applied to target
other areas where there may be a risk to infras-
tructure such as dams, transport routes, and
coastal power stations, among others. Areas at
risk can be subject to further detailed investiga-
tion using conventional engineering geology
methods (see SDG 9, covering resilient
infrastructure).

Landslide susceptibility modelling is pro-
gressing to incorporate the effects of climate and
environmental changes at different spatial and
temporal scales (Gariano and Guzzetti 2016;
Reichenbach et al. 2018). Machine learning
algorithms are advancing to use a small number
of samples for landslide susceptibility modelling
with periodic updates to take into account cli-
mate change (Huang and Zhao 2018). Suscepti-
bility modelling based on terrain morphology,
geology, soils, and land cover has been found to
be cost effective, applicable at large or small
scales, complementary to hydrological models
and suitable for land-use decision-making (van
Westen et al. 2008; Perucca and Angilieri 2011).
For example, high-resolution terrain mapping is
taking into account the identification of and
linkage of landslides and erosional processes as a
response to tectonic activity and climate change
(Geach et al. 2017).

Machine learning models have also been
found to be effective in delineating areas sus-
ceptible to internal erosion or piping processes,
which contribute to loss of agricultural produc-
tive capacity, land degradation, and increased
sediment yields (Hosseinalizadeh et al. 2019).
The monitoring of areas susceptible to landslides
prior to the occurrence of wildfire has been
identified as an adaptation option to help reduce
the effects of erosion (Peterson and Halofsky
2018). Similarly, the monitoring of periglacial
degradation of bedrock and moraine has been
identified as a key option for early warning of

debris flow in high mountain regions as the
temperature increases (Wei et al. 2018).

Flood and flash flood risk assessment and
solutions to flood and flash flooding have also
benefitted from the susceptibility approach.
Intensive data requirements and access to expert
knowledge for standard engineering flood mod-
els are a challenge to governments of the Global
South (Cunha et al. 2017; Teng et al. 2017; Komi
et al. 2017). Flash floods and water shortages
have also been reported to occur in the same
areas at different seasons. Geoscience knowledge
is significant in this respect, particularly to pro-
mote sustainable urban drainage systems, for
storage for excess water in underground reser-
voirs and engineered structures to ensure con-
sistent water supply (Stephenson 2018; Nguyen
et al. 2019).

Coastal hazards such as storms and floods as
well as slow-onset sea-level rise, inundation, and
erosion are expected to impact communities that
live in susceptible coastlines with high exposure.
Recent geoscience findings indicate that a small
rise of 0.5 m in sea level is expected to double
the frequency and the intensity of tsunami-
induced flooding of the coasts of Macau due to
earthquakes along the Manila Trench (Li et al.
2018). Sea-level rise also threatens coastal aqui-
fers and exposes infrastructure such as waste
disposal sites that could emerge as future pollu-
tion sources (Jamaludin et al. 2016; Yahaya et al.
2016; Stephenson 2018). Geomorphological
features are an important factor in the develop-
ment of decision-support tools that deal with
coastal disaster risk reduction and multi-hazard
risk of social–ecological systems (Fischer 2018;
Ferreira et al. 2018; Hagenlocher et al. 2018).
Geoscientists have the capacity to advance dis-
aster preparedness in a variety of sea-level sce-
narios, to build the resilience of coastal
communities.

There is great potential for geosciences to
progress susceptibility modelling for multi-
hazards at the local level under a variety of cli-
mate settings, in collaboration with experts from
diverse disciplines.
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Box 13.2. Disaster Resilience in Kuala
Lumpur, Malaysia
The Asian Network on Climate Science
and Technology (ANCST7) facilitates the
advancement of science, technology, and
innovation through multi-sector and mul-
tidisciplinary partnerships, to support the
implementation of the Sendai Framework
on Disaster Risk Reduction and the Paris
Agreement.

ANCST has been instrumental in
bringing together geoscience, climate, and
atmospheric experts from Malaysia and the
UK, to jointly develop the project on
‘Disaster Resilient Kuala Lumpur’, sum-
marised in Fig. 13.5. In this project,
selected meteorological and hazard models
including susceptibility approaches are
being adapted for tropical circumstances
and integrated onto a common multi‐haz-
ard platform for the City Hall of Kuala
Lumpur (DBKL) to improve forecasting.

Improved forecasting capacity for flash
floods, landslides (Fig. 13.6), sinkholes,
strong winds, urban heat, and air pollution
at the city and neighbourhood scales is
expected to contribute greatly to enhance
disaster resilience as the climate changes in
tropical terrain.

13.3.2 Climate Change Mitigation
(Target 13.2)

The Paris Agreement set the global goal of lim-
iting warming to below 2 °C above pre-industrial
levels while ‘pursuing efforts to limit the increase
to 1.5 °C’ (UNFCCC 2016). Geoscience con-
tributes to this goal by supporting the transition
to a low-carbon energy regime to mitigate
greenhouse gas emissions and address future
energy security. Renewable energy resources and
technologies such as geothermal, wind, solar
power, hydropower, tidal wave, and biomass as
well as their applications and services to

buildings, industry, electricity, and transport
utilise geoscience information. Geoscience
knowledge, integrated into policies, strategies,
and planning at various levels, has great potential
to support integrated tools to facilitate the tran-
sition to a low-carbon energy regime, adapt to the
adverse climate change impacts and foster dis-
aster resilience, and achieve Target 13.2 of SDG
13 (Lovell 2009; Barrie and Conway 2014;
Martens and Kühn 2015; Kühn et al. 2016).

Wind, solar power, hydropower, tidal wave,
biomass, and other renewable forms of energy
generation are dependent on weather and climate.
Modelling and measurement for resource assess-
ment and site selection for these energy sources
draw on geoscience information. For example, the
placement of renewable energy facilities may
extend to complex terrain and offshore regions that
are difficult to model. More effort is required to
combine geoscience information with climate and
other data sources to enable a multidisciplinary
and dynamic analysis of the suitability of renew-
able energy facilities (see also the chapter explor-
ing SDG 7, affordable and clean energy).

Carbon capture and storage (CCS) is
increasingly accepted as a viable, feasible, and
safe technology for climate change mitigation.
However, CCS alone cannot be expected to
support the goal of maintaining global tempera-
tures below 2 °C, particularly in the absence of
effective policy drivers. The CCS technology
essentially involves the separation of carbon
dioxide from a source and subsequently storing
the carbon for long-term isolation from the
atmosphere (Metz et al. 2005). The process
involves three stages: capture, transport, and
storage. The CO2 is collected from a static
emitter such as a power plant, compressed and
then routed to a storage site through pipelines.
Storage sites are essentially geological forma-
tions with suitable porosity and permeability
including oil and gas reservoirs, deep coal seams,
saline aquifers, and salt caverns (Fig. 13.7).

The deployment of CCS has been shown to be
geologically viable, safe, effective and its costs
are expected to decrease (Szulczewski et al.
2012; Cook 2017). However, there are concerns
regarding pressure increase and saltwater7http://ancst.org.
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displacement in deep aquifers. Pressure increase
could lead to the disintegration of cap rocks or
reactivation of faults and subsequently cause
leakage of carbon dioxide. Saltwater displace-
ment may contaminate drinking water reservoirs
in shallow groundwater systems above the stor-
age complex, if they are connected. The effort to
increase the understanding of sequestration
mechanisms and technology is continuously
ongoing (Charalampidou et al. 2017; Kühn et al.
2017; Renforth and Henderson 2017).

Geoscientists can contribute to limiting neg-
ative emissions by providing safe storage
capacity to meet the temperature target of the
Paris Agreement. Advances in integrating CCS
technology with other types of energy production
(e.g., biomass) and energy storage require sig-
nificant geoscience knowledge (Martens and
Kühn 2015). Another emerging geoscience
sequestration technology is coupled carbonate
weathering (CCW), from carbonate mineral
weathering in combination with aquatic

photosynthesis on the continents, which may
help to offset atmospheric CO2 at a global scale
(Liu et al. 2018).

Geothermal energy is increasing in use for
both heating and cooling (Lund and Boyd 2016),
requiring more enhanced knowledge on subsur-
face conditions. This includes information on
natural and induced fractures as well as perme-
ability characteristics to better predict mechanical
and flow response of heat and ensure safe and
economical energy supply from shallow and
deep geothermal resources (Kühn et al. 2016).
A range of modelling is applied in all phases of
geothermal exploitation, from the prediction of
geothermal potentials to the optimisation of
borehole locations as well as in improving the
efficiency of existing geothermal facilities
(Bocka et al. 2013; Hong et al. 2017). A thor-
ough understanding of the subsurface is critical
for managing geothermal systems effectively,
particularly in urban areas, to avoid overex-
ploitation and conflicts with other subsurface use.

GEOPHYSICAL HAZARDS
• Flash floods & floods
• Landslides
• Sink-holes

ATMOSPHERIC HAZARDS
• Strong winds
• Urban heat
• Air pollution

MULTI-HAZARD 
PLATFORM
Platform for 
managing and 
communicating  
risks in a changing 
climate

METEOROLOGICAL 
PARAMETERS 
• Precipitation
• Temperature
• Humidity
• Wind Speed

PHASE 1: 
METEOROLOGICAL

FORECASTING

PHASE 2:
HAZARDS MODELLING

PHASE 3: 
MULTI-HAZARD 

FORECASTS

MANAGEMENT, CAPACITY BUILDING AND OUTREACH

Fig. 13.5 Established in 2013 with seed-funding from
the Cambridge Malaysia Education Development Trust
Fund and Malaysia Commonwealth Studies Centre,
ANCST under the coordination of Universiti Kebangsaan
Malaysia’s Southeast Asia Disaster Prevention Research
Initiative (SEADPRI-UKM) was instrumental in bringing

together a multidisciplinary team of scientists from
meteorological, geological and atmospheric backgrounds
for the Disaster Resilient Kuala Lumpur project supported
by the Newton Ungku Omar Fund, a joint initiative of the
Governments of UK and Malaysia. Credit: Authors’ Own
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Long-term utilisation of geothermal systems
requires numerical simulation and three-
dimensional models. These research fields
should be further expanded in the geosciences.

Wind and solar are becoming increasingly
important energy sources. However, energy
production from these facilities is intermittent
and alternate sources are required to compensate
for fluctuating power generation.

Geological formations offer a great potential
to store energy over various timescales in the
form of subsurface storage of heat, subsurface
hydrogen storage, and compressed air energy
storage (Kabuth et al. 2017). Storage of energy is
primarily in salt caverns (Ozarslan 2012; Bauer
et al. 2013; Bauer 2016). Compressed air energy
storage is most promising in wind farms, con-
verting electricity into mechanical energy in the
form of highly pressurised air, which is then

stored in the subsurface. The pressurised air is
then used to generate electricity through wind
turbines, which is integrated into the grid during
peak loads. The use of porous geological for-
mations is currently under investigation to
expand the deployment of compressed air energy
storage (Wang and Bauer 2017). This is expected
to advance the expansion of wind and solar en-
ergy as porous geological formations are more
widely available and can offer even larger storage
capacities. The use of geological formations to
integrate energy storage and carbon storage is
also being explored to close the entire carbon
cycle (Martens and Kühn 2015).

Offshore, the marine environment offers much
potential for renewable energy and carbon storage
(see also SDG 14). The development of renew-
able energy is most advanced for wind while
wave and tide energy sources are expanding

Fig. 13.6 Landslide susceptibility modelling in the Disas-
ter Resilient Kuala Lumpur project used the statistical
approach, where parameters that influence the hazard were

correlated with the inventory to obtain the weightage that is
used to derive the level of susceptibility at the city scale,
which is subsequently validated. Credit: Authors’ Own
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rapidly (Barrie and Conway 2014). Much of the
advancement in the marine sector is challenged
by a range of geoscience issues (Barrie et al.
2014). Geological characteristics and physical
environment parameters need to be properly
assessed to facilitate the safe deployment of
marine renewable energy and support offshore
carbon storage. Geological information is critical
for understanding geotechnical conditions on
which the energy system will be anchored. The
routing of cables is also dependent upon the
geological and physical conditions of the seabed,
where the understanding of ocean phenomena
such as subaqueous landslides needs to be
improved (Mengerink et al. 2014; Reichenbach
et al. 2018). The assessment criteria for site
suitability and potential assessment for carbon
storage is under development, drawing on geo-
logical characteristics and their potential for
leakage. This new feature of continental shelf

research is expected to advance strategies for
carbon storage in offshore sedimentary basins.

13.3.3 Education and Awareness
Raising (Target 13.3)

Education, awareness raising, and strengthening
of institutional capacity are key to achieve Tar-
get 13.3 of SDG 13 (Fig. 13.8). However, edu-
cational curriculum reforms in institutions of
higher learning have had limited success in
ensuring that all students are exposed to climate
science, climate change, disaster risk reduction,
and sustainability issues (Hess and Collins 2018;
Brundiers 2018; Nakano and Shaw 2018). Sci-
entists tend to converse with their peers and
require new skill sets to communicate with the
media, policymakers, and other stakeholders to
influence public discussion about climate change.

Saline Aquifer

Caverns in
Salt Deposit

Unmineable
Coal Seams

Depleted oil and
gas reservoir

CO2 Capture and
Compression

Fig. 13.7 There are various ways in which geological formations can sequester and store carbon dioxide as well as
stockpile energy, and this requires substantial geoscience knowledge of subsurface conditions and processes. Credit:
Authors’ Own
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This contributes to a poor understanding of the
role of geoscience in climate change and disaster
risk in many policy and planning institutions.
There is also the need to develop a good narrative
for the geoscience story of climate change (Filho
et al. 2018; Harris 2017; Reis and Ballinger
2018).

A wide range of education, awareness-raising,
capacity building, and policy engagement orien-
tations is required, including more inclusive and
transformative social learning approaches, to
effectively support the Paris Agreement (Macin-
tyre et al. 2018). The geoscience community
needs to strengthen linkages with multiple dis-
ciplines including the social sciences, forge
strategic partnerships, and participate actively in
science-policy platforms. The rich tradition of
geo-conservation and emerging capacity for
providing web-based ‘smart geo-services’ can be
leveraged upon for this purpose. Enhanced
communication on the relevance of geoscience
knowledge in integrating climate change adap-
tation and disaster risk reduction will also sup-
port sustainable development. These aspects
should be explicitly integrated into geoscience
education, training, and continued professional
development (Stewart and Gill 2017; Bolden
et al. 2018; Zhang et al. 2018).

Geoscience institutions have played a leading
role to support education, awareness raising, and
capacity building to mitigate greenhouse gas
emission and meet future demands for renewable
energy supply. The Sleipner storage site in the
North Sea is the world’s first and longest oper-
ating CCS demonstration project, which is being
successfully monitored by using geoscience
knowledge to raise awareness and provide
assurance to policymakers, investors, and the
public on the safety of the technology. Aware-
ness raising of CCS is also emphasised in
Canada, where geoscience expertise was utilised
at the Weyburn CO2-Enhanced Oil Recovery
project to refute claims of leakage (Jones et al.
2011; Sacuta et al. 2017). Another major CCS
demonstration project is in Australia. The
demonstration site is the result of two decades of
work focused solely on carbon capture and
geological formations, initially drawing on the
expertise of geologists, geophysicists, geo-
chemists, and hydrogeologists (Cook 2017).

The number of specialised courses on
geothermal energy is limited worldwide (Zarrouk
2017). Raising awareness of geothermal energy
in Germany uses a geoethical approach where a
generic underground laboratory has been estab-
lished (Meller et al. 2017), and transparent

Fig. 13.8 Students in
Ladakh express their
perspectives on climate
change through paintings
and artwork © Geology for
Global Development (used
with permission)
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communication is encouraged. This is tangible
science that can serve to enhance mutual under-
standing of stakeholder groups and increase
public awareness to facilitate responsible
exploitation of geothermal energy. Capacity
building of geoscientists in climate mitigation
technology is advanced by the European Geo-
sciences Union, which periodically brings toge-
ther geoscientists from all over Europe and the
rest of the world to discuss future challenges
during the General Assembly. The issue of
renewable energy and carbon storage is of
explicit concern at this platform where advances
in multidisciplinary approaches and future
research needs are highlighted, providing
insights on the role of geoscience (Kühn et al.
2016).

13.3.4 Resource Mobilisation
and Capacity Building
(Targets 13.A and 13.B)

Resource mobilisation in the context of mean-
ingful mitigation actions (Target 13.A) as well
as capacity building in the least developed
countries and small island developing States
(Target 13.B) are important means of imple-
mentation for SDG 13. The Global South faces
many challenges in maintaining economic
growth while increasing energy efficiency and
shifting from carbon to renewable energy to
reduce GHG emissions (Liobikienė and Butkus
2018), with links to many other SDGs. Such
challenges include capacity limitations and the
availability of and access to technology and
financial resources. Economic development is a
necessity for the Least Developed Countries
(LDCs) as they manage the risks of climate
change. Issues such as extensive poverty (SDG
1), widespread unemployment (SDG 8), poor
access to clean water (SDG 6), rural electrifica-
tion (SDG 7), deforestation as well as dryland
and desert expansion (SDG 15) are critical for
LDCs (Teklu 2018). Small island developing
states (SIDS) are already experiencing the
impacts of climate change (see SDG 14), par-
ticularly in the tourism and fisheries sectors

(Nurse et al. 2014). Existing vulnerabilities and
weak adaptive capacities need to be urgently
addressed to ensure the sustainability of SIDS in
a changing climate (Robinson 2018).

Resource mobilisation and capacity building
related to geoscience have had a long history of
creating enabling conditions for contributing to
economic development and poverty eradication
in the mineral, energy, and construction sectors
of the Global South. Enhanced capacity in geo-
science knowledge has also played an important
role in ensuring the well-being of society by the
provision of information on groundwater
resources, disaster risks, and environmental pol-
lution as well as food security and human health.
The practice of resource mobilisation for
enhancing geoscience capacity is now supporting
climate change mitigation actions in the Global
South. Climate change adaptation is of particular
focus in LDCs and SIDs. In both these cases, the
importance of ensuring that the recipient country
has the capacity to absorb and sustain the tech-
nology being deployed by the donor cannot be
overemphasised.

Resources have been mobilised for enhancing
geoscience capacity in carbon capture and stor-
age (CCS) from the British Geological Survey
and Geoscience Australia to emerging economies
such as China and India (Feitz et al. 2017; BGS
2018). Regional bodies such as the Coordinating
Committee for Geoscience Programmes in East
and Southeast Asia (CCOP) and the Geosciences
Division of the Pacific Community (SPC) serve
as important one-stop-networks for strengthening
geoscience knowledge in CCS and renewable
energy in the Global South. The CCOP convenes
training and capacity building in CCS on a rou-
tine basis for national geoscience organisations in
the region (CCOP 2018). The SPC facilitates
opportunities for exploration of geothermal en-
ergy and ocean thermal energy conversion to
advance sustainable development in the region
(Petterson and Tawake 2016).

Groundwater has a significant relationship
with the water, health, food, and energy nexus in
the context of climate change (Jakeman et al.
2016). Countries in the Pacific islands are fre-
quently exposed to climate extremes, and sea-
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level rise is an imminent threat to groundwater
resources, as characterised in the chapter
exploring SDG 14. Many LDCs and SIDs need
enhanced geoscience capacity for groundwater
resource management and climate extremes.
National geoscience institutions are addressing
this need through the mobilisation of resources.
For example, rural Africa has benefited from
work conducted by BGS to support adaptation
and build resilience to climate change (BGS
2011). Among the products of this project is the
aquifer resilience map for Africa, which draws
on existing information on geology and hydro-
geology (see SDG 6). Geoscience Australia is
developing tools that encompass desktop soft-
ware designed for local governments and com-
munities to provide insights into the likely
impacts of future risks, so that appropriate
responses can be taken for planning, preparing,
and responding to disasters.

13.4 Summary and Conclusions

All countries are exposed to increased risks due
to climate change. Climate change adaptation
and mitigation are two complementary approa-
ches for reducing and managing the risks of cli-
mate change. Adaption is required to respond to
committed warming due to past emissions but its
potential is limited for high levels of warming.
Climate change mitigation by substantially
reduced emissions over the next few decades is
critical to reduce future climate risks. The Paris
Agreement sets an ambitious target to maintain
global average temperatures well below 2 °C and
if possible, limit warming to 1.5 °C above pre-
industrial levels, whilst supporting adaption
efforts in the least developed countries and small
island developing states. The complementary
goals of the Paris Agreement and Sendai
Framework on Disaster Risk Reduction have
strengthened policy coherence under SDG 13 on
urgent actions for combating climate change and
its impacts (Djalante 2019; Mizutori 2019).

Geoscience is steadily increasing its contri-
bution to the multidisciplinary solution space that
addresses the challenge of climate change.

Susceptibility modelling of hazards such as
landslides, floods, erosion, and subsidence offers
invaluable insights for understanding risk,
exposure, and vulnerability to predict and lessen
the impact of natural hazards as the climate
changes. Nationally available geoscience datasets
must be leveraged to develop local-level moni-
toring and early warning adaptation measures,
under a variety of climate settings. Geoscience
also fundamentally supports emission reduction
and the transition to a low-carbon energy regime.
This is done primarily through carbon capture
and storage (CCS) and the development of
geothermal energy which are viable, feasible, and
safe options to mitigate carbon emissions.

Geoscience knowledge has been integrated
into policies, strategies, and planning at various
levels. At the global level, carbon capture and
storage has been successfully promoted at the
UNFCCC (Lovell 2009). But increasingly geo-
science data and understanding need to be
mainstreamed into the policy domain with
respect to climate change adaptation, to benefit
society through cross-sectoral planning. This
calls for a major transformation in the geoscience
community with respect to education, awareness
raising, capacity building, and policy engage-
ment. The geoscience community needs to
strengthen linkages with multiple disciplines
including the social sciences, forge strategic
partnerships, and participate actively in science-
policy platforms. Such aspects should be
explicitly integrated into geoscience education,
training, and continued professional develop-
ment. The long-term benefits would include
enhanced resource mobilisation and strengthen-
ing of geoscience capacity for climate change
mitigation actions in the Global South, particu-
larly for the least developed countries and small
island developing states.

13.5 Key Learning Concepts

• Climate change refers to changes in the state of
the climate that persists over an extended per-
iod, typically decades or longer, which is
caused by natural processes and human
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activity. Natural processes that affect the global
climate are solar cycles and volcanic eruptions.
Human activities have contributed to natural
change by contributing unprecedented levels of
greenhouse gases (GHGs) including carbon
dioxide, methane, and nitrous oxide.

• Human activities have caused around 1 °C of
global warming since pre-industrial times,
contributing to surface warming of continents,
affecting the global water cycle, causing gla-
ciers to retreat as well as increasing surface
melting of the Greenland ice cap, loss of
Arctic sea ice, raising upper oceanic heat
content and global mean sea levels.

• Past emissions have already committed the
future climate to warming conditions. The
gravity of the situation is worse at 2 °C
compared to 1.5 °C. More extreme weather,
higher impact on biodiversity and species,
lesser productivity of maize, rice, and wheat,
50% more of the global population exposed to
water shortages and several hundred million
more people will be exposed to climate-
related risk and susceptible to poverty by
2050 should global warming increase to 2 °C
compared to 1.5 °C.

• All countries are exposed to increased risks
due to climate change. Climate change miti-
gation and adaptation are two complementary
approaches for reducing and managing the
risks of climate change. Climate change mit-
igation is critical for substantially reducing
emissions over the next few decades and
reduce future climate risks. Climate change
adaption is required to respond to committed
warming due to past emissions but its poten-
tial is limited for high levels of warming.

• Geoscientists support emission reduction and
the transition to a low-carbon energy regime.
This is done primarily through carbon capture
and storage (CCS), development of geother-
mal energy, and subsurface energy storage by
providing options that are viable, feasible, and
safe. Geoscience knowledge is recognised at
the global policy level for carbon capture and
storage.

• The risk of disasters is determined by the
extent of a hazard, exposure of assets, and

vulnerability of society. Susceptibility mod-
elling of hazards such as landslides, floods,
erosion, and subsidence offers invaluable
insights for understanding risk, exposure, and
vulnerability to predict and lessen the impact
of natural hazards as the climate changes.
Nationally available geoscience datasets can
be leveraged to develop local-level monitor-
ing and early warning measures under a
variety of climate settings, requiring enhanced
synergies between climate change adaptation
(CCA) and disaster risk reduction (DRR).

• Geoscience knowledge needs to be main-
streamed into the policy domain with respect
to climate change solutions that benefit soci-
ety. A major transformation is required in
geoscience education, training, and continued
professional development with respect to
awareness, capacity building, policy engage-
ment, strategic linkages, and transdisciplinary
networking for climate change actions.

13.6 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, and NGOs). Consider using these
as the basis for presentations, group discussions,
essays, or to encourage further reading.

• How may climate changes affect the fre-
quency and magnitude of natural and envi-
ronmental hazards? Prepare a matrix with
characteristics of climate change (e.g., rising
temperatures andsea-level rise) on one axis,
and diverse natural hazards relevant to your
region (e.g., landslides, flooding, and subsi-
dence) on the other axis. For each cell, con-
sider if there is an effect of the climate change
characteristic on the natural hazard, and if so,
describe it. How can the contents of your
matrix inform steps taken to reduce disaster
risk?
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• What are the geological characteristics asso-
ciated with good locations for carbon capture
and storage? Review a geological map of your
region (use the OneGeology Portal8 or any
available paper/digital maps) to determine if
there are potential geological units that may
be suitable.

• Communicating geoscience to public audi-
ences is a valuable skill. Reflecting on the
theme ‘what does geological history teach us
about climate change today’, design a public
engagement activity that helps children
understand key lessons from the geological
record for climate action.

• Research the four plausible pathways pro-
posed with no or limited overshoot of 1.5 °C
warming (mentioned in Sect. 13.2). What are
the geoscience contributions to each? Divide
into four groups, with each giving a summary
of different pathways, the role of geoscientists,
and any assumptions made when assuming
this pathway would have no or limited over-
shoot of 1.5 °C warming. Debate the merits of
each pathway as a class, and vote on which
you would choose to pursue.
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Abstract

CO2

CO2

Marine resources provide potential economic and development benefits

Improving ocean health and supporting development requires:

Protecting Marine Environments:

LIFE
BELOW WATER14

Host biodiversity, which
helps to reduce pollution

Absorb carbon dioxide Provide ecosystem to
services which support
the global economy

Provide livelihoods to
billions of people living
in coastal communities

Provide an essential
source of food and
nutrition

Geoscientists can help to assess,
trace, and reduce marine pollution
and its impacts

Marine parks help to protect
important biological and
geological diversity

Increased scientific knowledge
and research capacity

Science instituitions and 
programmes that facilitate
learning across countries and
disciplines

Increased sharing of marine
technologies and data.

Geoscientists can advise on
the benefits and risks of 
extracting seabed mineral
deposits

Geoscientists inform coastal
infrastructure development,
critical for trade and tourism

Geoscientists can help leverage
the renewable energy potential
of ocean resources

Healthy Oceans:

Some CO2  released by human
activity is dissolved into the oceans,
rivers and lakes, resulting in acidification

Climate change is contributing to 
sea-level rise, resulting in flooding, 
erosion, and groundwater contamination
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14.1 Introduction

Covering 71% of Earth’s surface, and making up
97% of the water on Earth, the sheer scale and
size of oceans on Earth underline their impor-
tance to the evolution of our planet. Oceans
probably formed on Earth as soon as its surface
was cool enough for liquid water to exist. In
geological terms, modern oceans are ‘born’ and
subducted within 200–300 million year lifecy-
cles. The world’s oceans, seas and coastal areas
are critical to sustainable development, helping
to advance social and economic development
(Halpern et al. 2012). For example:

• Oceans are complex ecosystems hosting sig-
nificant biodiversity, with careful manage-
ment needed to reduce pollution of all kinds.
This biodiversity is not surprising given the
geological and geomorphological diversity
shown in ocean seascapes. This includes
trenches with depths of almost 11 km, around
80,000 km of mid-ocean ridges, mountains,
seamounts, ocean islands, and ocean plateaus,
island arc systems, and voluminous abyssal
plains some 4 km beneath sea level.

• Oceans play a critical role in climate,
absorbing heat and carbon dioxide from the
atmosphere. Approximately one-third of the
carbon dioxide released into the atmosphere
by human activity has been dissolved into
oceans (Sabine et al. 2004), contributing to the
problem of ocean acidification.

• Coastal and marine environments (Fig. 14.1)
add approximately US$2.5 trillion to the
global economy each year, when considering
tangible outputs including fishing, shipping
traffic, and carbon absorption (Hoegh-
Guldberg 2015), estimates that the overall
ecosystem services provided by coastal and
marine resources contribute US$28 trillion to
the global economy each year (United Nations
2016).

• Oceans provide livelihoods and opportunities
for billions in coastal communities. The UN
estimates that over three billion people depend
on marine and coastal resources for their

livelihoods, including fishing and tourism
(United Nations 2019a, b).

• Oceans provide food, with total fish produc-
tion in 2016 (including both inland and mar-
ine sources) of 171 million tonnes, with 88%
of this for direct human consumption (FAO
2018). 63% of this 171 million tonnes are
from marine sources.

• Access to oceans is needed to extract a range
of energy and mineral resources including oil,
gas, gas hydrates, aggregates and construction
materials, and seabed minerals (including rare
earth elements, gold, copper, and silver).

Delivering SDG 14 is therefore necessary if
we are to deliver many other SDGs, including
reducing the vulnerability of the world’s poorest
communities (SDG 1.5), reducing hunger
through access to nutritious proteins (SDGs 2.1
and 2.3), promoting sustained, inclusive and
sustainable economic growth and employment
(SDG 8), and strengthening resilience to climate-
related hazards (SDG 13.1). Protecting oceans
from degradation is therefore of primary impor-
tance, as is the responsible harvesting of living
and non-living resources. Sea-level rise threatens
entire coastal communities, and even countries,
increasing their vulnerability to flooding (Wahl
2017). Ocean acidification, due to increased
absorption of carbon dioxide in seawater, is
making it harder for ocean species (e.g., oysters,
and corals) to develop carbonate shells and
structures (NOAA 2019a), and therefore poses a
threat to both jobs and food security. Warmer
oceans are also associated with reductions in
some fish stocks. Sea-surface temperatures have
risen by 0.7 °C over the last 100–130 years, with
this projected to increase to 1.2–3.2 °C by 2100
due to greenhouse gas emissions. This may
change the geographic regions where aquaculture
of some species is viable, and lead to a decline in
cold-water fish species.

Table 14.1 outlines seven targets and three
means of implementation relating to SDG 14.
These include ambitions to address marine pol-
lution, restore marine environments, and improve
the management of ocean resources. This chapter
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Fig. 14.1 Indian Ocean (Maldives). Key economic sectors in the Maldives rely on access to coastal and marine
environments, including fisheries, tourism, shipping, and boat building. Image by David Mark from Pixabay

Table 14.1 SDG 14 targets and means of implementation

Target Description of target (14.1 to 14.7) or means of implementation (14.A to 14.C)

14.1 By 2025, prevent and significantly reduce marine pollution of all kinds, in particular from land-based activities,
including marine debris and nutrient pollution

14.2 By 2020, sustainably manage and protect marine and coastal ecosystems to avoid significant adverse impacts,
including by strengthening their resilience, and take action for their restoration in order to achieve healthy and
productive oceans

14.3 Minimize and address the impacts of ocean acidification, including through enhanced scientific cooperation at all
levels

14.4 By 2020, effectively regulate harvesting and end overfishing, illegal, unreported and unregulated fishing and
destructive fishing practices and implement science-based management plans, in order to restore fish stocks in the
shortest time feasible, at least to levels that can produce maximum sustainable yield as determined by their
biological characteristics

14.5 By 2020, conserve at least 10 per cent of coastal and marine areas, consistent with national and international law
and based on the best available scientific information

14.6 By 2020, prohibit certain forms of fisheries subsidies, which contribute to overcapacity and overfishing, eliminate
subsidies that contribute to illegal, unreported and unregulated fishing and refrain from introducing new such
subsidies, recognizing that appropriate and effective special and differential treatment for developing and least
developed countries should be an integral part of the World Trade Organization fisheries subsidies negotiation

14.7 By 2030, increase the economic benefits to Small Island developing States and least developed countries from the
sustainable use of marine resources, including through sustainable management of fisheries, aquaculture and
tourism

14.A Increase scientific knowledge, develop research capacity and transfer marine technology, taking into account the
Intergovernmental Oceanographic Commission Criteria and Guidelines on the Transfer of Marine Technology, in
order to improve ocean health and to enhance the contribution of marine biodiversity to the development of
developing countries, in particular small island developing States and least developed countries

14.B Provide access for small-scale artisanal fishers to marine resources and markets

14.C Enhance the conservation and sustainable use of oceans and their resources by implementing international law as
reflected in UNCLOS, which provides the legal framework for the conservation and sustainable use of oceans and
their resources, as recalled in paragraph 158 of The Future We Want
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examines how geoscientists can help to deliver
these targets, with an emphasis on Small-Island
Developing States (commonly abbreviated to
SIDS) in the Pacific. SIDS have significant and
challenging development issues (e.g., resilience
to climate change and natural hazards) and
opportunities (e.g., renewable energy and sus-
tainable tourism). They give us a valuable per-
spective on the health of the oceans and coastal
regions, with opportunities for geoscientists to
contribute to ocean conservation and restoration.
The lessons we present here, however, have
broader relevance. Coastal areas in countries
such as the United Kingdom are associated with
deprivation due to a decline in industries such as
tourism (House of Lords 2019), and in other
contexts, easy access to the ocean is a key driver
of urban development with associated pollution
challenges. The future of the oceans therefore has
relevance for communities across the globe.

In this chapter, we first describe diverse
coastal communities, but with a particular
emphasis on Small Island Developing States (or
SIDS, Table 14.2), their distribution, develop-
ment challenges, and the geological processes
that determine their existence (Sect. 14.2). We
proceed to explore the role of geoscientists in
protecting such marine environments
(Sect. 14.3), highlighting sources of pollution
with a geological origin and geoscience activities
to identify, monitor, and reduce potential pollu-
tion to marine environments. We then explore the
diverse and valuable ocean resources that drive
sustainable development (Sect. 14.4). The final

section synthesises key lessons to increase sci-
entific knowledge, develop research capacity,
and transfer marine technology for ocean man-
agement (Sect. 14.5).

14.2 Coastal Environments, Small
Island Developing States,
and Sustainable Development

Coastal communities take many forms, with both
general and location-specific sustainability chal-
lenges. Communities include rural areas with low
population density, agriculture and small-scale
fishing, and urban areas (including megacities)
with high population density, busy ports, and
heavy industry. Coastal communities may form a
small part of one nation (e.g., approximately 3
million out of 60 million people (5%) live on the
coast of the United Kingdom), or the entire
population of a nation. Small Island Developing
States, or SIDS, consist of one or more small
islands, or island groups, forming archipelago
countries or overseas territories. For example, the
Solomon Islands include more than 900 islands,
and Vanuatu consists of at least 82 islands. While
each individual island typically has a small land
area, the total land and marine territory attributed
to any individual nation can be large.

The Pacific islands region, with 22 countries
and territories, covers an area approximately the
same size as Africa, around 300 million km2.
Papua New Guinea is the only ‘Pacific Island’ to
have a large land area, being around the same size

Table 14.2 Small Island developing states (both countries and territories)

Region Country or territory

Caribbean Anguilla, Antigua and Barbuda, Aruba, Bahamas, Barbados, Belize,
British Virgin Islands, Cuba, Dominica, Dominican Republic, Grenada,
Guyana, Haiti, Jamaica, Montserrat, Netherlands Antilles, Puerto Rico,
Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the Grenadines,
Suriname, Trinidad and Tobago, and the United States Virgin Islands

Pacific American Samoa, Cook Islands, Federated States of Micronesia, Fiji,
French Polynesia, Guam, Kiribati, Marshall Islands, Nauru, New
Caledonia, Niue, Northern Mariana Islands, Palau, Papua New Guinea,
Pitcairn, Samoa, Solomon Islands, Timor-Leste, Tonga, Tuvalu,
Vanuatu, Wallis & Futuna

Atlantic, Indian, Mediterranean Oceans,
and the South China Sea

Bahrain, Cape Verde, Comoros, Guinea-Bissau, Maldives, Mauritius,
São Tomé and Príncipe, Seychelles, Singapore
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as France. The remaining countries have a
cumulative land area of approximately
85,000 km2, or the same size as Austria, within
an ocean area close to the size of Africa. They are
also, therefore, large ocean states, some with
Exclusive Economic Zones (areas of sea where a
state has special rights regarding marine resour-
ces, illustrated in Fig. 14.2) of enormous dimen-
sions. A classic example is Cook Islands with
around 200 km2 of land and 2 million km2 of the
ocean (Petterson and Tawake 2016, 2018). Papua
New Guinea has a population of approximately
8.5 million people, with other Pacific SIDS hav-
ing populations between approximately 900,000
(Fiji) and 10,000 (Tuvalu).

In geological terms, SIDS include ocean
structures such as island arcs, atolls, raised or
obducted parts of the oceanic crust that are cur-
rently situated above sea level, and rifted pieces of
continental crust. Oceanic island arcs form from
the subduction of oceanic crust beneath other
oceanic crust, whilst seamounts and ocean pla-
teaus form from mantle plumes. SIDS are given
special attention in development discussions
because of a set of shared characteristics including
small land area, remote geographic locations,

limited economic development opportunities, and
enhanced vulnerability to disaster and risk. SIDS
also create some unique opportunities for sus-
tainable development. Issues of relevance include

• Energy. A lack of reliable and sufficient power
has constrained development within many
SIDS. Many SIDS have a large dependency on
(mostly imported) oil for a relatively small
amount of electricity generation. In some
Pacific island small states (e.g., Papua New
Guinea, Vanuatu, and Solomon Islands), large
proportions of the population do not have
access to electricity, with the exception of
local diesel generators or solar energy. Access
to solar-powered batteries is rapidly increas-
ing, and this is mitigating energy-poverty for
some. Increasing use of renewable technolo-
gies, including new ocean energy technolo-
gies, could bring greatly improved, reliable,
and increased output to provide a renewed
basis for future economic and social develop-
ment. Cheaper and more reliable energy pro-
duction could help to achieve additional SDGs
including improving food and water security,
and enhanced employment opportunities.

Fig. 14.2 Exclusive Economic Zones in the Pacific Ocean. Credit Maximilian Dörrbecker, CC BY-SA 2.5 (https://
creativecommons.org/licenses/by-sa/2.5/)
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• Water and Sanitation. Many SIDS, particu-
larly small atoll-SIDS, can rely on fragile
freshwater lenses that sit on top of the denser
saline ocean, rainwater harvesting, and
expensive desalination that requires large
amounts of energy. While the mortality rate
attributed to unsafe water, unsafe sanitation,
and lack of hygiene (per 100,000 population in
2016, with data from World Bank, 2019a) for
Pacific island small states (5.2) is significantly
below that of the Least Developed Countries
(34.3) and even the world average (11.8), it is
still more than 17 times higher than the
European Union (0.3). Atoll small islands may
experience extended times of drought, which
bring severe water stress. Tuvalu, for example,
experienced a La Niña-influenced drought,
lasting five months in 2011. This required
water to be brought by ship from Australia,
New Zealand, and elsewhere.

• Food Security. In the Caribbean, 1 in 5 people
is undernourished, compared to less than 1 in
20 people in neighbouring Latin America
(United Nations 2015). The prevalence of
undernourishment (% of the population in
2017, with data from World Bank 2019b) for
Pacific island small states (5.6%) is signifi-
cantly below that of the Least Developed
Countries (23%) and even the world average
(11%), but more than twice that of the Euro-
pean Union and North America (2.5%). Some
islands within SIDS, and particularly within
atolls have limited soil and land resources.
Their soils are sandy, lack organic material,
and are saline, reducing the potential for
diverse agriculture.

• Economic Growth and Livelihoods. SIDS are
typically small, remote, have a narrow
resource and export base, and have a high
exposure to external economic shocks. Given
their large exclusive economic zones, there
may be new opportunities and livelihoods
through seabed mining. This would need to be
managed in such a way so as to minimise
environmental damage and maximise wealth
return for the national good. The creation of
marine parks and reserves, with geoscience as
an integral part of their design to take account

of issues such as the geology of the ocean
floor, and the range of ocean landscapes could
also provide economic, social and environ-
mental benefits.

• Environmental Protection. SIDS have a high
exposure to global environmental challenges
including climate change and natural hazards.
SIDS crystallise environmental change issues
in an acute manner, often capturing global
attention because of their susceptibility to cli-
mate change impacts, including rising sea
levels. The small size of many SIDS neces-
sarily leads to high percentages of island pop-
ulations and infrastructure being impacted by a
single disaster event. Cyclone Pam in 2015, for
example, had an economic impact in Vanuatu
equivalent to 64% of the value of the national
economy (ILO 2015). Many SIDS are atolls,
which are low lying islands, only a metre or
several metres above sea level. They are largely
formed of sand and broken coral limestone
clasts of varying sizes, that are deposited, and
cemented, upon a slowly subsiding ocean
island volcano. In plan view they are circular to
sub-circular in shape reflecting the geomor-
phology of the uppermost subsiding volcanic
edifice. Atolls enclose an inner shallow lagoon
on one side but drop off steeply to open ocean
on their outer side. Atoll islands tend to be long
and narrow and can form a number of wide-
spread discrete archipelago units within one
country or territory. A sea-level rise of a few
metres over a short space of time could lead to
the inundation of these islands, threatening
their existence and entire (unique) cultures.
Even relatively small sea-level rises increase
the impact of the largest spring tides (so-called
‘King Tides’) on atoll islands. Pacific atolls
have a combined population of approximately
200,000 people. The Maldives, the world’s
most populous atoll country in the Indian
Ocean, has a population of approximately
436,000. When considering a global popula-
tion of 7.6 billion, atoll peoples thus represent
distinct cultural centres.

We return to some of these themes later in this
chapter, exploring how geoscience understanding
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and engagement can provide solutions to chal-
lenges and maximise the benefits of potential
opportunities.

Box 14.1. History of Settlement in
Pacific Atolls

For around 4000 years, Micronesia (the
atoll islands of the Pacific, Nauru, Marshall
Islands, Federated States of Micronesia,
Kiribati, and Tokelau) and Polynesia
(Samoa, Tonga, Tuvalu, and Cook Islands)
have been populated (Irwin 1998; Dickin-
son 2009). Humans have survived and
colonised a widely dispersed series of
sand- and coral-dominated islands and
islets across millions of square kilometres
of theocean. For the great majority of this
history, humans have existed on fragile
freshwater lenses that form as a lower
density layer, sitting on top of ocean water,
within atolls, supplemented by rainwater
capture. They have eaten a diet largely
comprising seafood, added to from sparse
land agricultural produce such as coconuts,
breadfruit, and slow-growing, salt-resistant
taro. Materials for shelter and sailing were
entirely supplied from local bush materials.

Perhapsmore than any other people, atoll
people are ocean people. The history of the
settlement of the many scattered islands and
archipelagos is a testament to the close
oceanic affinity. Countless ocean-going

journeys into the unknown involving thou-
sands of indigenous peoples from areas such
as Taiwan, China, Malaysia, and India
resulted in the Pacific islands such as Papua
NewGuinea andSolomon Islands becoming
occupied from approximately 50,000 years
ago, and the Micronesian and Polynesian
islands from c. 4000 years ago (Irwin 1998).

The people of the Pacific are thus rooted
in the ocean. Their history and various
lifestyles have adapted to, and been influ-
enced by, the ocean. This is best appreci-
ated standing on a low-level atoll, less than
a metre above mean sea level, watching life
around as the tide rises and falls. The atoll
island may be only tens or hundreds of
metres wide. It is often hard to define
where the ocean ends and land begins with
the rising and falling tides.

14.3 Protecting Marine
Environments

Fundamental to the ambitions of SDG 14 is
protecting marine environments. For example,
Target 14.1 focuses on reducing marine pollution,
14.2 on protecting marine and coastal ecosystems
to achieve healthy and productive oceans, and
14.3 on addressing the impacts of ocean acidifi-
cation. Coastal and marine environments are
affected by a range of environmental stresses, and
understanding these is critical to ensuring a

Fig. 14.3 A typical atoll: Gilbert islands, Kiribati. Note the annular island geometry, the low-lying nature of the
islands and the thin nature of most islands (© Michael G. Petterson)
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sustainable future for oceans. This requires
interdisciplinary marine science (Government
Office for Science 2018), including those with
geological expertise. In this section, we set out
three broad environmental challenges facing the
oceans, and the role of geoscientists in under-
standing and managing these: marine pollution
(Sect. 14.3.1), sea-level rise (Sect. 14.3.2), and
ocean acidification (Sect. 14.3.3).

14.3.1 Marine Pollution
and Sustainable
Development

Beiras (2018, p. 3) note marine pollution to be
‘the introduction of substances or energy from
humans into the marine environment, resulting in
such deleterious effects as harm to living
resources, hazards to human health, hindrance
to marine activities, including fishing, impair-
ment of quality for use of seawater, and reduc-
tion of amenities’. Marine pollution includes a
wide range of substances from human activities
including toxic chemicals, pharmaceutical prod-
ucts, metals, gases, solid wastes, plastics,
increased nutrients (e.g., from agricultural runoff
into the ocean), sewage, ocean ship discharges,
oil spills, and fishing nets. Of these, oil pollution
is an example of a substance with an extractive
industrial origin, and plastic is a tracer for how
widespread and pervasive human pollution
within the ocean environment has become.

Global oil production, in 2018, was around
2.2 million barrels per day, or 4700 million
tonnes equivalent annually, up from 4000 million
tonnes in 1993 (BP, 2019). Of this, around one-
third is extracted from strata beneath the ocean
and coastal waters. Just under two-thirds of all oil
produced is transported by sea. Oil spills have
numerous causes, from leaking ships, oil tanker
accidents, to oil platform blowouts. One of the
worst incidents of modern times was the BP-
owned Deepwater Horizon blowout incident that
occurred on 20 April 2010, in the Gulf of Mex-
ico, with a total discharge of 4.9 million barrels
of oil. The incident killed eleven oil platform
workers and produced an oil spill that affected

180,000 km2 of ocean, or a similar size to
Oklahoma or Cambodia, as well as thousands of
kilometres of coastline. Managing this environ-
mental catastrophe involved dispersal, contain-
ment, and removal activities, involving 47,000
people and 7000 vessels (Liu et al. 2011). The
impacts of oil pollution are numerous and par-
ticularly distressing to marine and coastal wild-
life. For example, oil can destroy the insulating
ability of fur-bearing mammals, the water repel-
lence of birds’ feathers, and be ingested by
shellfish, fish, cetaceans, birds, and other marine
wildlife (NOAA 2019b).

Considering the huge volumes of oil that are
extracted from, or transported, through the
oceans, there are relatively few large-scale oil-
related environmental pollution incidents. Roser
(2019) notes a decreasing number of oil spills
from tankers between 1976 and 2016, averaging
1.7 large (>700 tonnes of oil) spills in the 2010s.
There is no room for complacency, however,
given the significant impact even small spills can
have on ecosystems.

Another pollutant, plastics, are a key indicator
of the Anthropocene, a proposed epoch where the
activities of humans are the dominating influence
on Earth’s systems (see Waters et al. 2016).
Plastics are particularly useful ‘tracer’ materials
for the global impact and reach of human indus-
trialisation. Geyer et al. (2017) estimate that, his-
torically, 8300 million metric tonnes (Mt) of
plastic were produced up to 2015, of which 79%
have been accumulated in landfills or the natural
environment, with every indication that these
figures are set to increase. Plastic production has
exponentially increased from the 1950s and shows
few signs of slowing down. The sheer scale and
extent of plastic pollution, from the deepest
oceans, to the ocean surface, and many terrestrial
environments is a particularly sobering and
instructive story of the human impact on the pla-
net, including oceans and marine life (Fig. 14.4).

Ocean gyres are large areas where ocean
currents concentrate plastic, either at or close to
the ocean surface. All oceans have examples of
these plastic-concentration zones. The charac-
teristic that makes plastics so useful (their dura-
bility and resistance to being chemically altered)
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makes them particularly difficult within the ocean
environment. Ocean processes, such as storms,
wave action, hydration, and surface exposure to
the atmosphere and ultraviolet radiation, tend to
break plastic particles into ever-decreasing sizes,
rather than organically digest plastic substances.
Eriksen et al. (2014) estimated the total number
and weight of plastic particles from 24 expedi-
tions between 2007 and 2013, across all five
subtropical ocean gyre plastic concentration
zones. Their calculations estimated a minimum
value of 5.25 trillion particles weighing almost
300,000 tonnes.

Eriksen et al. (2014) also hypothesised that
ocean processes remove size fractions less than
4.75lm from the ocean surface. Microplastics on
the ocean floor are forming modern geological
sedimentary strata and will be subject to all the
usual tectonics of the ocean: eventually being
subducted into the mantle and released into the
deep mantle earth system. Woodall et al. (2017)
showed that microplastics were up to four orders
of magnitude more abundant in deep-sea sedi-
ments from the Atlantic and Indian Oceans than
in contaminated surface waters. They argued that
this high quantity of plastic in deep-sea

sediments accounts for the volumes of ‘missing
plastic’ identified from mass balance calculations
concerning the known amount of plastic entering
the ocean, compared with measured quantities of
plastic at the ocean surface.

Through links between the geosphere,
hydrosphere, biosphere, and anthroposphere,
plastic is becoming part of a complex web of
biogeochemical cycles, being ingested by living
organisms from bacteria to cetaceans. Wilcox
et al. (2015) performed a spatial risk analysis for
186 seabird species worldwide to model expo-
sure to plastic debris. They estimated that up to
90% of seabirds currently digest plastic in some
form, increasing to 99% by 2050. As humans, we
are also likely consuming plastic, or pollutants
from plastics, through digestion and breathing.

Plastics are one of our largest environmental
existential challenges, with a solution to the
management of waste plastic and its environ-
mental impacts appearing to be remote at the time
of writing. The ultimate solution to the plastic
pollution challenge will be through reducing or
eliminating its use, particularly single or limited
use plastics, together with improved management
of plastic waste and a surface ocean clean-up.

Fig. 14.4 Cartoon illustration of plastic production and resultant waste streams, and potential paths of a range
of plastic waste streams. The oceans, being the largest basins on Earth and covering 71% of the Earth’s surface, have a
high probability of becoming the final repository of plastic waste. Image by Ritchie and Roser (2018), using data from
Jambeck et al. (2015) and Eriksen et al. (2014). Reproduced under a CC-BY-SA Licence (https://creativecommons.org/
licenses/by-sa/2.0/)
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14.3.2 Changing Sea Levels
and Sustainable
Development

Global sea levels have varied significantly in
geological time. Key controls with respect to
global sea levels include the presence or absence
of large ice sheets (linked to changing climates)
and the volume of mid-ocean ridge activity
which displaces large quantities of ocean. The
geological record (e.g., ancient shoreline fea-
tures, microfossils in sediment cores) can be used
to plot how sea levels have changed in the past,
demonstrating that sea level can change rapidly
as ice melts or forms on the continents (USGS
1995). One of the most widely quoted diagrams
that estimates sea-level variation over the last
540 million years comes from Hallam et al.
(1992) (Fig. 14.5a). Sea levels can vary from
around 400 m higher than the present day

(during the Ordovician) to around 120 m lower
than the present day (at the peak of the last ice
age—20,000 years ago). Sea-level rises since the
Industrial Revolution are attributed to anthro-
pogenically induced climate change (see SDG
13), with a rise in sea levels of over 80 mm
between 1993 and 2019 (Fig. 14.5b). Global
warming results in two processes contributing to
sea-level rise: (i) added water from melting ice,
and (ii) thermal expansion of seawater (NASA
2019). Sea-level rise can result in the inundation
of land, increase the risk of flooding and coastal
erosion, and contamination of groundwater sup-
plies through the landward migration of the
interface between saltwater and freshwater.

Variation in Sea-Level Rise
Current estimates suggest sea levels will rise
between 0.25 and 1 m by 2100, depending on the
extent of carbon emissions. Sea-level rises of

Fig. 14.5 (top, a) Sea-level
changes during the
Phanerozoic Period,
showing a 500 m total
variation in sea levels (from
Robert, A. Rhode, Global
Warming Art, reproduced
under a CC-BY-SA 3.0
licence, https://
creativecommons.org/
licenses/by-sa/3.0/) and
(bottom, b) sea-level
variations 1993–2019 (mm)
from NASA satellite
observations, NASA Goddard
Space Flight Center
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0.25 m, 0.5 m, or 1 m are, however, global
averages, with much lower and higher values in
some regions. Daigle and Gramling (2018) syn-
thesise five reasons why this variation exists:

• Expanding seawater. Thermal expansion of
seawater contributes to sea-level rise. Spatial
variations in temperature changes will therefore
affect thermal expansion and sea-level rise.

• Glacial rebound. Isostatic rebound following
historical glaciations results in some land masses
rising and some sinking, and therefore relative
sea-level rise can differ from one place to another.

• Sinking land. Tectonic activity and subsidence
can result in changes to land surface levels.
The latter may be due to natural or anthro-
pogenic processes. For example, 25 years of
groundwater abstraction in the Mekong delta
(Vietnam) has resulted in subsidence of
*18 cm (Minderhoud et al. 2017).

• Earth rotation. The Coriolis effect can cause
variation in water height, with higher water

levels in some regions and lower water levels
in others.

• Melting ice sheets. This results in a weakening
of the gravitational pull from glaciers on
nearby waters and therefore a drop in water
levels near the glacier.

This combination of factors set out in Daigle and
Gramling (2018) results in complex regional vari-
ations in sea-level rise, and a need for modelling to
determine how any given place may be affected.

Sea-Level Rise and Atolls
Atolls are a key indicator of sea-level rise. Becker
et al. (2012) provide a comprehensive analysis of
observed sea-level change between 1950 and 2009
in the West Pacific region. Tide gauge measure-
ments reveal an average sea-level rise of *1.7
mm/year and satellite altimetry data sug-
gest *3.3 mm/year. In some regions, the sea-
level rise was around three times more than the
global average. Becker et al. (2012) also use GPS

Fig. 14.6 Sea-level trends during 1950–2009 (mm/year) from DRAKKAR-based reconstruction of sea level
(uniform trend of 1.8 mm/year included). Reprinted from Global and Planetary Change, 80, Becker et al, Sea-level
variations at tropical Pacific islands since 1950, Copyright (2012), with permission from Elsevier
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stations to measure variations in vertical uplift and
subsidence, taking these into account when deter-
mining changing sea-levels. Figure 14.6 indicates
that the reconstructed West Pacific sea-level rise
can be as high as 3 times that of global mean sea-
level rise, for the 1950-2009 period (indicated by
regions of white, pink, and red to the east of Aus-
tralia). Figure 14.6 shows that the areas of highest
sea-level rise occur in two distinct regions: from
PapuaNewGuinea in theWest, eastwards through
Honiara/Solomon Islands to Tuvalu and around
the Federated States of Micronesia and the Mar-
shall Islands in the North Pacific.

The Future of Atolls
Scientific discussion with respect to the future of
atolls is divided into those that propose a bleak
future for atolls as they become overwhelmed by
rising seas, and those that contend that most atolls
will still be present by the end of the century. For
example, Storlazzi et al. (2015, 2018) claim that
atolls will be uninhabitable within decades, argu-
ing that as sea levels rise the marine platforms
surrounding reefs are increasingly subject to dee-
per submarine conditions. This reduces their
ability to mitigate the energy of incoming waves.
Hence, the island itself bears the main force of
incoming waves. More frequent inundations will
allow saltwater to regularly ingress into freshwater
aquifers as well as impacting on the island itself
through erosion and general disturbance. Storlazzi
et al. (2018) predict that Kwajalein atoll, Marshall
Islands, and similar atolls that are dependent on
groundwater will become uninhabitable by 2030–
2040. The cumulative impacts of regular floods
will make the groundwater unpotable as chloride
levels rise above the maximum safe limit of
drinking (250 mg/l).

In contrast, others suggest that atolls change
shape and are dynamic over time, but with a
general trend of stability or modest island growth
(Kench et al. 2005, 2006, 2014, 2015, 2018;
Webb and Kench 2010; Biribo and Woodruffe
2013; Mclean and Kench 2016). They argue that
most atolls will still be present in 2100, and many
islands will have grown in size, or stayed the
same. A key factor in the persistence of atolls
over time is sediment availability. Many atolls

were largely built when sea level was higher
(approximately 2000–5000 years ago). The fall in
sea levels 2000–4000 years ago has depleted
sediment supply. Atolls have been supplied
mainly from sediment transport between islands,
or more extreme events, such as cyclones or
tsunamis, that not only erode parts of atolls but
also tend to build up the height of atoll interiors
(Kench et al. 2006). As sea levels rise again,
Kench and his co-workers argue that sediment
supply could increase and the higher frequency of
extreme weather events could be a constructive
island-building process. Each ocean-atoll envi-
ronment must be considered in relation to the
variables that affect atolls: ocean climate, wave
type, wavelength, height and direction, tidal
variations, ocean currents, wind direction/
strength/variability, ENSO-related variations,
the geometry and particle-size composition of
atolls and individual islands, local sea-level rise
rates, urbanisation/human interventions, and
sediment supply. Detailed analysis of an atoll
system within its individual oceanic environment
is therefore key to determining a scientific prog-
nosis of island shape/size and viability. One
challenge is urbanised atolls, which can constrain
natural processes and inhibit the natural changing
shape of islands. Once urban infrastructures, such
as airports, are constructed, they must be pro-
tected from environmental risks such as erosion.

Integrating Scientific Advice into Decision-
Making
Differing perspectives on the future of atolls
present a difficult dilemma for atoll leaders and
decision makers. Either atolls will survive for
only another 20–40 years (worst-case prediction)
or well into the twenty-second century (best-case
prediction). How do leaders usefully use such
contradictory scientific advice to inform sus-
tainable development decision-making? Policy
responses to these scenarios are illustrated by two
end members of a spectrum of possibilities

• Migration with Dignity. Migration may take
the form of internal (within country) and
external (to another sovereign territory)
migration. The migration of a whole
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culture/nation because of environmental
changes caused by anthropogenic climate
change is a radical and controversial issue. The
Dhaka Principles for Migration with Dignity
(United Nations 2012) set out good practice for
the treatment of migrant workers. There are
many challenges that migrants and host nations
face following mass migration, including the
creation of large camps and tent cities, hostility
expressed by host country communities, and
differential rights and treatments for migrants
with respect to their host-country citizens.
Migrants may have strong attachments to their
original place of origin, and challenges adapt-
ing to new livelihood and subsistence options.
Resettlement and migration programmes
should be carefully planned, with detailed
preparations for the early years of relocation
(Hagen 2012; Edwards 2013, 2014). Education
in adapting to a new physical and social envi-
ronment and new ways of making a livelihood
are particularly vital alongside approaches to
retaining social and cultural cohesion and
integration with the host community. Land
security, new livelihoods, and the support of
the local host community (to resettlement) are
key to migration success (Edwards 2013).

• Building to Defend. This requires physical
modification of the island environment through
improved sea defences, an increased island
elevation, and land reconstruction/reclamation.
Green and ‘soft’ coastal defence options
include reopening lagoon gaps in barrier reef
islands to allow the natural flows of sediment,
tides, and currents to redistribute material
within the system (Fig. 14.7). Many engineers
and scientists struggle to persuade the general
public to opt for ‘softer’, rather than harder, sea
defences, even if scientific evidence strongly
supports the deployment of soft engineering
options. Projects such as these are expensive
and maintaining the structural integrity of
reclaimed land may also be a challenge. Land
reclamation can also pose significant threats to
biodiversity and ecosystems.

Migration is the policy option that is most likely
to be chosen if Pacific decision makers were to take

the geoscience advice of Storlazzi et al. (2018) as
the most important/realistic scientific advice. If
Pacific leaders follow the advice of Mclean and
Kench (2016), they are more likely to follow the
latter, adopting green or ‘soft engineering’
approaches to allow natural processes to proceed
relatively unimpeded by urban development.
Intermediate planning options could include dis-
persing populations, creating a range of semi-
urbanised island centres, and focused sea wall
defence and island rampart building programmes.
Inhabited floating artificial islands are also actively
discussed at Pacific development meetings. It is
likely that public pressure will not allow a ‘do as
little as possible’ response to rising sea levels in
low-lying islands, and this may result in the deci-
sion being between hard engineering solutions and
mass migration. To date, there is no rapid or sud-
den move for a mass migration option, however,
these attitudes may change if there is a serious
coastal inundation event resulting in significant
casualties and/or infrastructure damage. A strong
urge to remain within country by the majority of
the population will probably push decision makers
into negotiations with the international community
with respect to exploring and developing major
engineering island-elevation increase and land
reclamation options. Geoscientists have a critical
role to play in communicating a range of options
derived from the latest geoscientific research
(complemented by other disciplines) as described
in Petterson (2019). This requires engagement with
Pacific Leaders, communities, and decision makers
to help inform decision-making.

Box 14.2. Responses to Sea-Level Rise
in the Pacific Ocean

Kiribati has purchased land on Vanua
Levu, Fiji, as a potential migration site for
part of their population. They are also
developing Kiritimati (or Christmas
Island), the site of British and USA nuclear
testing during the late 1950s/early 1960s.
Kiritimati is the world’s largest coral atoll
with an area of 388 km2 and is unusually
high for an atoll, bring 13 m above sea
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level at its highest point. Banaba is a raised
coral atoll, also with the potential for
migration. Banaba has been extensively
mined for phosphate and would have to be
rehabilitated from its current post-mining
situation if it were to become a suitable
new home for migrants from other parts of
Kiribati. Most of its original population
was resettled to Rabi Island (Fiji). Mar-
shall Islanders have a right to a green card
and residency within the USA, and Cook
Islanders can travel freely to New Zealand.

Land reclamation is common within
Pacific islands and, in some areas has a long
historical precedence. In Malaita (Solomon
Islands) indigenous people have constructed
artificial islands for centuries out of coral-
line materials. Reclaimed land engineering
has been a key factor in development on the

main island of Viti Levu (Fiji), and South
Tarawa (Kiribati). Jacobs, an international
engineering group, is developing prelimi-
nary feasibility plans to reclaim the
Temaiku area of Tarawa (Kiribati) which is
currently uninhabited and poorly drained.
The project would use sand and aggregates
from the Tarawa lagoon to raise the height
of the area, increase aquifer volumes, and
provide living space for the country. More
populated parts of Tarawa, Marshall
Islands, and Tuvalu could, in theory, attract
improved and raised sea-ramparts and
defences and extend the period of atoll
habitation significantly, despite rising sea
levels and consequent wave impacts.

The Pacific Community (SPC) exam-
ined potential options for sea defences and
groundwater protection on the island of

Fig. 14.7 Lagoon View, Tarawa, Kiribati. Note the intimate environmental links between ocean, lagoon, and island,
and the shallow form of large areas of the lagoon that could be infilled to provide larger island living space (©
Michael G Petterson)
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Lifuka Ha’apai Group, Tonga (SPC 2014).
Lifuka had experienced 24 cm of vertical
subsidence of the land relative to the sea,
after a Mw 7.9 earthquake in 2006. Geo-
logical studies suggested that the overall
longer term sustainability of the Lifuka
coastline was better-served through the
adoption of soft-engineering coastal man-
agement practices. Existing hard structures
were starving parts of the coastline of
sediment replenishment leading to coastal
erosion.

14.3.3 Ocean Acidification

Approximately one-third of the carbon dioxide
released into the atmosphere by human activity is
dissolved into oceans, rivers, and lakes, resulting
in acidification (a drop in its pH) (Sabine et al.
2004). CO2 can react with water to produce car-
bonic acid, which, in turn, partially dissociates to
produce a bicarbonate (HCO3

−) and a hydrogen
ion (H+), thus increasing ocean acidity. Since the
start of the industrial revolution, the acidity of
surface ocean waters has increased by around 30%
(NOAA 2019a). Future scenarios are currently
pessimistic, predicting significant rises in ocean
pH and acidification, alongside sea-level rise and
ocean warming. Assuming business as usual in
terms of carbon emissions, projections indicate that
pH could drop by 0.2–0.5 units by 2100, an
increase in acidity of 60–140% (Cummings et al.
2011). The oceans have not experienced this level
of acidity for 14 million years, with the impacts
being a significant disruption to marine ecosystems
and marine biogeochemical cycles (Sosdian et al.
2018). Ocean acidification results in a net decrease
in available carbonate ions making it harder for
calcifying organisms (e.g., oysters, clams, corals,
molluscs, and some plankton) to form biogenic
calcium carbonate which forms the hard, protec-
tive shells (NOAA 2019a).

The whitening of coral (coral bleaching) and
longer term degeneration of coral reef systems as
a result of ocean acidification reduce habitats for

perhaps one-quarter of ocean species, including
fish, crustaceans, and marine plants. Reef sys-
tems are particularly common in tropical and
subtropical waters, such as the Pacific islands,
Indonesia, Philippines, SE Asia, the Caribbean,
and the Maldives. The largest reef systems in the
world are located close to Australia (the Great
Barrier Reef), extending over 350,000 km2,
equivalent to the size of Germany. A key aim of
SDG 14 is the monitoring of the health of reef
systems and related ocean acidification pro-
cesses. Reefs, like atoll islands, are early warning
indicators of oceanic change. Geoscientists,
together with marine and bio-scientists play a
significant part in monitoring through collecting
chemical, physical, and oceanographic measure-
ments on reef systems. The health of reef systems
links closely to the health of atoll islands, as
atolls depend on their sediment supply and fish
resources (Sect. 14.3.2).

Ocean acidification is not uniform, with vari-
ation in sea-surface pH (Fig. 14.8). There is a
general correlation of acidity with seawater
temperatures and latitude/surface sea tempera-
tures. Colder, high latitude waters can dissolve
more carbon dioxide and will therefore suffer the
greater falls in pH. High latitude waters also have
lower saturation levels of carbonate (CO3

2−).
This combination of higher carbon dioxide sol-
ubility and lower bicarbonate saturation levels
means that high latitude, southern and northern
waters will experience the greatest rates of
change, resulting in reduced calcification rates
(e.g., of brachiopods, bivalves, and gastropods),
and a decline in mollusc shell weights over time
(Fabry et al. 2008; Cummings et al. 2011). Ocean
currents and the dilution of seawater close to
large continental rivers also have their impacts on
ocean pH. Anthropogenic nitrogen and sulphur
deposition to the ocean surface, as a result of
fossil fuel burning and agriculture, can also result
in increased acidity, particularly affecting coastal
waters due to inputs from freshwater sources
(Doney et al. 2007). Given the importance of
coastal ecosystems to food security, resilience to
natural hazards, and economic development, this
is particularly concerning (Doney et al. 2007).
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14.4 Ocean Resources
for Sustainable Development

An ambition of SDG 14 is to ‘increase the eco-
nomic benefits to Small Island developing States
and least developed countries from the sustain-
able use of marine resources, including through
sustainable management of fisheries, aquacul-
ture, and tourism’. (Target 14.7). Much of the
focus may be on living resources (e.g., fish
stocks, and coral reefs), but there is a need to
consider non-living resources both in the way
that they interact with living resources and in
their own right. The holistic management of
marine space in 3-dimensions will become an
increasing part of implementing SDG 14, as
ocean activities become ever more prominent.
Three important examples, discussed in this
section, are marine parks conserving bio- and

geodiversity (Sect. 14.4.1), the ocean as a source
of minerals (Sect. 14.4.2), and renewable energy
(Sect. 14.4.3).

14.4.1 Marine Parks

A common approach in marine conservation and
managing a range of competing activities within
marine space is the declaration of marine con-
servation parks with associated environmental
and planning restrictions (e.g., no-mining zones).
The Cook Islands, for example, is moving
towards the declaration of a marine conservation
zone that will have an area of approximately 1
million km2, or approximately half their EEZ
(Petterson and Tawake 2018).

Geoscientists can help shape the design of
marine conservation parks, advising on the geo-
diversity that a park should include. For example,

Fig. 14.8 Estimated change in seawater pH caused by anthropogenic carbon dioxide emissions between the
1700s and 1990s. Note how colder high latitude waters have higher acidities, resulting from the greater ability of colder
water to dissolve carbon dioxide. Global Ocean Data Analysis Project (GLODAP) and the World Ocean Atlas. Credit
Plumbago (CC BY-SA 3.0, https://creativecommons.org/licenses/by-sa/3.0)
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ocean landscapes such as the Ontong Java and
Manihiki Ocean Plateaus, rift valleys within the
plateau, abyssal plains and basins, and ocean
seamounts form the backdrop and substrate to
ocean ecosystems. These topographic-geological
elements support unique ecosystems and envi-
ronments with associated biota.

14.4.2 Ocean Seabed Mineral
Resources

Mining controversies tend to focus on the bal-
ance between mining benefits and environmental
degradation/damage caused by mining, and the
contentious issue of benefit distribution. Who
actually benefits from mining generated wealth?
From a Pacific developmental standpoint, there is
little to gain from mining if it does not deliver
tangible and lasting benefits at local, regional,
and national scales. This section discusses the
issue of seabed minerals as a potential marine
resource to support economic growth. Fig-
ure 14.9 presents the distribution of seabed
mineral resources.

Three main types of seabed minerals are
present in the Pacific islands region: polymetallic
sulphides, cobalt-rich crusts, and manganese
nodules (Petterson and Tawake 2016, 2018).

• Polymetallic sulphide deposits form through
hydrothermal activity in active tectonic set-
tings and are particularly rich in copper, lead,
zinc, gold, and silver, occurring at depths of
between approximately 1000 and 4000 m
beneath sea level. The Exclusive Economic
Zones (EEZs) of Papua New Guinea, Solo-
mon Islands, Vanuatu, Fiji, Tonga, and New
Zealand have a high potential for polymetallic
sulphide mining, with a mine potentially
beginning in 2019–20 (New Britain area of
Papua New Guinea).

• Cobalt-rich crusts (CRC’s) form on sediment-
free rock surfaces within the ocean, forming
layers up to 26 cm thick. These crusts and are
generally found at water depths of between
600 and 7000 m deep, on the flanks of sea-
mounts and undersea volcanoes, plateaus, and
similar features. Crusts are rich in not only
cobalt, but also nickel, copper, tellurium,

Fig. 14.9 Location of three primary marine mineral deposits: Polymetallic nodules (blue); polymetallic or seafloor
massive sulphides (orange); and cobalt-rich ferromanganese crusts (yellow). From Miller et al. (2018), https://doi.org/
10.3389/fmars.2017.00418, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)
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platinum, zirconium, niobium, tungsten, and
rare earths. They are particularly abundant
close to the Federated States of Micronesia,
Marshall Islands, Kiribati, Tuvalu, Cook
Islands, and French Polynesia.

• Polymetallic manganese nodules (Fig. 14.10)
form at depths more than 4000 m and up to
approximately 6500 m, from cold seawater
(hydrogenetic nodules) or from ocean floor
sediment pore waters (diagenetic nodules).
Most nodules are 4–14 cm in diameter, and
vary in shape from spheroidal/sub-spheroidal
to nodular/irregular. Polymetallic manganese
nodules contain cobalt, copper, nickel, rare
earths, molybdenum, lithium, and yttrium.
Polymetallic manganese nodules are present
within the EEZs of Kiribati, Cook Islands, and
French Polynesia. The Clarion-Clipperton
Zone (CCZ) in the Eastern-North Pacific is
the region of highest abundance for poly-
metallic manganese nodules known on earth.

The Cook Islands is taking the prospect of
seabed mining very seriously and has developed
a range of governance tools, legislation, and
expertise to prepare for a future possible industry
(McCormack 2016; Petterson and Tawake 2018).
The richest deposits of polymetallic manganese
nodules in the Cook Islands are mainly within the
Penrhyn Basin region of the EEZ, on the Eastern

side of the Manihiki Plateau. The Cook Islands
Government is targeting this region for mining
and beginning to plan how mines can operate
within the basin in a way that (i) does not impact
too much on the ocean floor and its biota;
(ii) does not skew the economy of the Cook
Islands too much; and (iii) provides a long-term
sustainable source of funding for the Cook
Islands, perhaps for a century or more.

This approach demonstrates the integrated
approach needed for policymaking, integrating
geoscience into broader socio-economic devel-
opment discourses (e.g., Petterson 2019). Geo-
science provides the data for the spatial extent
and grade of the mineral deposit. It also provides
data for the topographic and geological model of
the ocean floor. Together with bioscience, geo-
science assists with the understanding of ocean
floor ecosystems. Oceanography provides data
and an understanding of the ocean currents and
biochemical variations within the water column.
This informs our understanding of the origin of
manganese nodules and how waste water is
managed during the mining process, as well as in
broader environmental assessment regarding the
distribution of biota within the EEZ and the
design of complementary marine parks (see
Sect. 14.4.1). Geoscience and mining engineer-
ing knowledge are combined in developing a
range of mining operational strategies

Fig. 14.10 Polymetallic
manganese nodule from the
Pacific Ocean . Nodules grow
incrementally at rates of
1-10 mm per million years.
Image width approximately
20 cm. Credit Koelle (CC
BY-SA 3.0, https://
creativecommons.org/
licenses/by-sa/3.0)
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recommended for minimising ocean floor dis-
turbance, and management of ore and waste
material transportation. Set-aside areas are being
considered that are in adjacent sites, down-
current of mining activities (McCormack 2016).
These areas will be ‘no-mining zones’ and be
used to compare and contrast ecosystems and
environments with adjacent mined zones.

14.4.3 Renewable Energy Resources

As previously noted, many SIDS lack reliable,
and sufficient power, with a dependence on oil or
the use of diesel generators. Power provision
often cannot rely on costly gridded electricity
networks alone, but will most likely look towards
local grids in numerous locations or networks
that rely on no grids or limited village-level
connections. Increasing use of renewable tech-
nologies, including new ocean energy technolo-
gies, could bring greatly improved, reliable and
increased output to provide for future develop-
ment. Examples of land-based renewable tech-
nologies include solar, hydropower, wind,
biomass, and geothermal.

• Solar energy technologies have dropped
exponentially in price over the past 10–
20 years and battery life now extends to over
eight hours or so (e.g., Asian Development
Bank 2013). Solar energy is therefore
becoming an increasingly attractive option in
remote Pacific island locations, as well as
supplementing power supply in urban regions.

• Hydropower will become increasingly
important. Pacific countries such as Fiji,
Papua New Guinea and Samoa all utilise
hydropower to a significant extent already as
part of their overall energy mix. For example,
in Fiji hydropower already contributes 60% of
the installed energy capacity.

• Wind energy has hardly been realised in the
Pacific, although a few countries have inves-
ted in small wind farms (e.g., Fiji and Vanu-
atu). The use of wind energy will undoubtedly
grow with time as it has in Europe over the
past decade, for example.

• Biomass-generated power plants are another
option, as tropical countries have rapid bio-
mass growth rates. One biomass plant will
shortly come on line in Fiji, developed by
South Korea.

• Geothermal energy is possible in some
countries, with Fiji, Papua New Guinea,
Samoa, Solomon Islands, Tonga, and Vanuatu
having moderate to high geothermal potential,
for example.

Both solar and wind can be deployed in
oceans, requiring expertise in offshore geotech-
nical engineering. Other sources of energy
derived from ocean activity include wave and
tide energy, and ocean thermal energy conver-
sion (OTEC). The latter uses cold deep seawater
as a heat sink, and uses warm surface seawater as
a heat source to produce electricity. In closed
OTEC systems, a low-temperature boiling
working fluid (refrigerant), such as difluor-
omethane (R32) or ammonia, is vaporised at low
temperature by the heat of warm ocean surface
water, and condensed by cold deep ocean water.
In open OTEC systems, seawater itself is the
working fluid. This creates a continuous flow of
working fluid, which rotates a turbine and pro-
duces electricity (Fig. 14.11). OTEC plants can
be based on land with pipes extending to around
1 km below sea level, or fully marine platforms.

OTEC can generate surplus electricity when
there is a temperature difference higher than 17 °
C, between the surface and deeper waters. In the
equatorial region, the temperature difference
between ocean surface water and deep water (at
about 1 km depth) is in the range of 20–25 °C
throughout the year. Kiribati and Marshall
Islands are examples of Pacific atoll countries
with high ocean thermal conversion potential.
Figure 14.12 shows that large areas of the ocean
have the potential to generate electricity by
OTEC, including Mexico, the Caribbean, the
Philippines, Indonesia, Malaysia, coastal regions
of east and west Africa, and small island states.

OTEC boasts little to no seasonal variation
throughout the day and seasons. For remote
islands and coastal villages that have no power
grids, OTEC can provide clean, self-reliant,
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sustainable energy. Deep seawater and surface
seawater required for the operation of OTEC
power can be used on land for multipurpose uses

before returning to the sea (e.g., agriculture,
refrigeration, and aquaculture). Deep seawater,
still cold, can be used for cooling of surrounding

Fig. 14.12 Global map of temperature differences between surface waters and 1 km deep waters in the global
ocean. KRISO plan to deploy a 1 MW land-based OTEC plant in Kiribati, in 2020. Adapted with permission from
KRISO

Fig. 14.11 Principles of OTEC generation. Vapours from warm seawater are used as the operational working fluid
in an open-OTEC situation to drive an electricity generating turbine, then cooled and condensed, using cold seawater.
The system can also generate freshwater and waters of differing salinity/temperature/water depth for aquaculture and
agriculture purposes Adapted with permission from KRISO
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buildings and houses, and, because it is clean, it
can be used for seawater desalination, hydro-
ponics, and aquaculture.

OTEC, as a concept, is not new, but the
realisation of scaled-up plants that produce sig-
nificant amounts of electricity has been slow.
Most OTEC plants are land-based. Experiments
and demonstrations on full, ocean-sited plants
(i.e., a power station set within a full ocean
environmental setting) have been limited and
have met with little success to date. One current
developmental full, ocean-sited plant is the
NEMO project, supported by the EU with an aim
of installing a 16 MW OTEC plant on the
Atlantic island of Martinique. Korea Research
Institute of Ships and Ocean Engineering
(KRISO) plans to deploy a 1 MW land-based
OTEC plant for one year in South Tarawa,
Kiribati. If tests are successful, this may lead to
longer term projects and fully ocean deployed
projects (Fig. 14.13).

14.5 Science Capacity for Ocean
Management

Increasing scientific knowledge, developing
research capacity, and transferring marine tech-
nologies to improve ocean health and support
development of SIDS and the least developed
countries are central to SDG 14. This requires
enhanced research and development capacity in
all countries (see SDG 9), effective scientific
institutions at national and regional levels (see
SDG 16), and effective partnerships for devel-
opment (see SDG 17). These themes are
explored in depth in these respective chapters,
and we refer the reader to them. Below we set out
some examples that integrate geoscience and
ocean management.

• The Pacific Community (SPC)1 is the prin-
cipal scientific and technical agency

Fig. 14.13 1 MW Ocean Thermal Energy Conversion plant field experiment in Korea waters (© Hyeon-Ju Kim,
Korea Research Institute of Ships and Ocean Engineering)

1https://gsd.spc.int/index.php.
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supporting development in the Pacific, owned
and governed by its 26 members. Its Geo-
science Division aims to ‘apply geoscience
and technology to realise new opportunities
for improving the livelihoods of Pacific com-
munities’. The Geoscience for Development
Programme provides applied ocean, island
and coastal geoscience services to member
countries, providing expertise in oceanogra-
phy, coastal processes and geomorphology,
and hydrodynamic modelling (SPC 2019).

• The Caribbean Community (CC or CAR-
ICOM)2 has its headquarters in Georgetown,
Guyana. This grouping of fifteen member
states, and five associate members, supports
and engages in geoscience and environmental
activities from research to practice, and policy
advice. The CARICOM/Caribbean Call to
Action for SDG 14 included commitments to
addressing the plastic pollution issue, estab-
lishing marine conservation areas, and devel-
oping a range of marine and coastal
governance policies.

• The Coordinating Committee for Geo-
science Programmes in East and Southeast
Asia (CCOP)3 is based in Bangkok, Thai-
land. This intergovernmental organisation has
15 member countries from the East/SE Asia
region. CCOP exists to promote the contri-
bution of geoscience throughout the region
and beyond for economic and social well-
being, including links to SDG 14. CCOP
develops conferences, and professional
development and training activities aimed at
sharing knowledge and expertise among its
member countries.

• The One Ocean Hub,4 funded by UK
Research and Innovation (UKRI) through the
Global Challenges Research Fund (GCRF),
aims to transform our response to the urgent
challenges facing our ocean, developing an
integrated approach to managing how they are

used. The Hub specifically addresses the
challenges and opportunities of South Africa,
Namibia, Ghana, Fiji and Solomon Islands,
and will share knowledge at regional (South
Pacific, Africa, and Caribbean) and interna-
tional levels. The Hub is led by the University
of Strathclyde (UK), with more than 50 part-
ners around the world, including those with
geological expertise.

• Significance of Modern and Ancient Sub-
marine Slope LandSLIDEs (S4LIDE)5 is an
International Geoscience Programme (IGCP)
project, supported by UNESCO and the
International Union of Geological Sciences.
S4LIDE brings together geoscientists from
academia and industry to form an interna-
tional and multidisciplinary platform to
develop a more cohesive understanding of
submarine landslides.

• The Commonwealth Marine Economies
Programme6 aims to support 17 Common-
wealth SIDS to develop their marine (or
‘blue’) economies in a sustainable, resilient,
and integrated way. The project is led by the
UK Foreign and Commonwealth Office, with
partners including the UK National
Oceanography Centre, UK Hydrographic
Office, and the UK Centre for Environment,
Fisheries and Aquaculture Science. In Gre-
nada, for example, this programme includes
coastal vulnerability mapping, and an aim to
integrate with regional and global natural
hazard monitoring networks (FCO 2018).

• The Joint Group of Experts on the Scien-
tific Aspects of Marine Environmental
Protection (GESAMP)7 provides advice to
the UN system, working under the auspices of
10 key UN agencies (e.g., the International
Maritime Organisation, Food and Agriculture
Organisation, World Meteorological Organi-
sation, and UN Environment). The group has

2https://caricom.org/.
3http://www.ccop.or.th/.
4https://www.strath.ac.uk/research/
strathclydecentreenvironmentallawgovernance/
oneoceanhub/.

5http://www.unesco.org/new/en/natural-sciences/
environment/earth-sciences/international-geoscience-
programme/igcp-projects/geohazards/project-640-new-
2015/.
6https://www.gov.uk/guidance/commonwealth-marine-
economies-programme.
7http://www.gesamp.org/.
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working groups on themes such as marine
geoengineering, trends in coastal pollution,
and impacts of mining waste.

• The International Seabed Authority (ISA)8

is a United Nations body established by the
UN Convention on the Law of the Sea in
1994, and based in Kingston, Jamaica.
The ISA has 167 members, and the European
Union as a collective member. The ISA is
responsible for the issuance of exploration and
mining licences for seabed mineral-related
activities within international waters, and the
development of legal and regulatory systems
for seabed mining.

These examples of institutions and initiatives
demonstrate that geoscientists are connected to
existing groups working to deliver the ambitions
of SDG 14. The geological record provides a
fundamental source of information on how our
planet has previously responded to higher global
temperatures, the melting of continental ice, and
the acidification of oceans. Biogeochemists are
pioneering approaches to understand the cycling
of carbon (and other elements) through the nat-
ural environment (including interactions between
the lithosphere, atmosphere, and hydrosphere).
The development challenges of many SIDS have
a strong connection to the geological environ-
ment—access to potable water, access to a reli-
able and sustainable energy supply, resilience to
multi-hazard environments, and management of
infrastructure and waste in confined spatial areas.
While marine exclusive economic zones are
demarcated by borders (as illustrated in
Fig. 14.2), many of the challenges affecting our
oceans are global and require collaborations
across disciplines, sectors, and nations if we are
to deliver appropriate solutions to address these.

14.6 Key Learning Concepts

• SDG 14 focuses on the sustainable manage-
ment and development of the oceans. Key
focus areas include marine pollution, marine

environment, impacts of environmental and
climate change, ocean health, and sustainable
development of resources such as fisheries,
minerals, and energy. This chapter highlights
the close, symbiotic links between oceans and
ocean/coastal communities, and how geo-
science can help to address and deliver the
ambitions of SDG 14.

• Small Island Developing States, or SIDS,
exist in all the world’s oceans, particularly the
Caribbean and western Pacific regions. SIDS
are characterised by relatively small land
areas, large to very large ocean areas, geo-
graphical isolation, an archipelago geography,
and limited opportunities for economic
development. They also support unique cul-
tures and ways of life, with a particularly close
connection between humans and the open
ocean.

• Oceans are the lowest basins on Earth and will
receive much of the pollution produced by
humans, as rivers and gravity tend to move
material to the lowest point of gravitational
potential energy (the oceans). Plastics are an
excellent tracer for human pollution. Within
the last 60 to 70 years, plastics have found
their way into the deepest parts of the ocean
and are a new anthropogenic ocean sediment.
All oceans have plastic concentration zones at
their surface. Plastics have serious health and
mortality impacts on marine life. Human
consciousness related to plastic pollution is
growing rapidly, and many parts of the world
are controlling/reducing plastic waste, perhaps
for the first time in history.

• Sea-level rise occurs due to water thermal
expansion and the melting of ice. Current sea-
level rise is a consequence of human-induced
climate change, with low-lying atoll islands
particularly susceptible to inundation. There
are a range of scientific opinions about the
future of low-lying atolls. Some scientists
predict that they will respond to changing
ocean conditions and survive into the 2100 s
and beyond, with others indicating that atolls
may be uninhabitable by 2030–2040. Policies
must be developed to optimise responses to
sea-level rise within atoll countries.8https://www.isa.org.jm/.
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• The absorption of carbon dioxide into the
oceans results in acidification. This process
dissolves calcium carbonate, the key con-
stituent of marine mollusc shells, making it
difficult for marine molluscs to bio-generate
new shells, and adversely impacts reef
ecosystems.

• The holistic management of marine space in
3-dimensions will become an increasing part
of implementing SDG 14, as ocean activities
become ever more prominent. Geoscientists
can help shape the design of marine conser-
vation parks, advising on the geodiversity that
a park should include.

• Three types of seabed minerals occur on the
ocean floor: seabed sulphides produced by
hydrothermal vent mineralisation, and cobalt-
rich crusts and manganese (or polymetallic)
nodules, which grow slowly on the ocean
floor or seamount summits. These mineral
deposits contain a wide range of metals,
including those needed for new ‘green’ tech-
nologies. Mining of seabed minerals may
occur within the next decade, needing con-
sideration of how environmental challenges
will be managed and avoided.

• The ocean also provides energy resources,
with a lack of access to sustainable energy
supplies being a particular challenge in
SIDS. Solar and wind can be deployed in
oceans, requiring expertise in offshore
geotechnical engineering, and ocean activity
can be converted to electricity using wave
energy, tide energy, and ocean thermal en-
ergy conversion (OTEC). The latter uses
cold deep seawater as a heat sink, and uses
warm surface seawater as a heat source to
produce electricity.

• SDG 14 emphasises the need for increasing
scientific knowledge, research capacity, and
marine technology transfer. Many initiatives
are helping to connect the expertise and skills
of geoscientists with ocean management.
These approaches often bring together part-
ners from across countries and disciplines.
The concept of interconnected geoscience

links the application of geoscience to con-
textual developmental and environmental
situations.

14.7 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, and NGOs). Consider using these
as the basis for presentations, group discussions,
essays, or to encourage further reading.

• Examine bathymetric and oceanographic maps
noting the sheer variety of the ocean floor
seascapes (e.g., ocean ridges and mountains,
seamounts and volcano chains, trenches, island
arc systems, ocean islands, abyssal plains, and
fracture zones), contributing to ecological
diversity. Imagine you were designing a
‘marine geopark’ to profile geological diversity
and its relationship with biodiversity. What
features would you like this to include, and
what impact may they have on the biodiversity
that thrives in the region?

• Study the scattered distribution of ocean
islands and small island states in the Pacific,
Indian, and Atlantic Oceans, and their archi-
pelago nature. In small groups, select an
example and prepare a five-minute talk on
their history of settlement, geology, and eco-
nomic and developmental links to the ocean.
Have a class discussion on similarities and
differences between the examples presented,
the challenges in governing and administering
such island nations, and how geoscientists are
actively contributing to sustainable develop-
ment in SIDS.

• Study a global map of coral reefs, noting their
distribution patterns and the rich biodiversity
linked to reefs. Undertake a study identifying
which reefs are affected and unaffected by the

14 Conserve and Sustainably Use the Oceans, Seas … 363



effects of climate change (e.g., ocean acidifi-
cation). What actions are needed to reduce
ocean acidification? Explore the options and
prepare a one-page summary of recommen-
dations for policymakers.

• What overlap is there between the metals
found in mobile phones and the metals found
in seabed minerals? What challenges will
seabed mining bring in environmental and
technological terms?

• What linkages exist between SDG 14 and
other SDGs (i.e., how can delivering SDG 14
help to achieve other SDGs, how can progress
in other SDGs help achieve SDG 14)? Map
out these relationships and identify opportu-
nities for geoscientists in diverse sectors to
help deliver the ambitions of SDG 14. What
other sectors and disciplines would geoscien-
tists need to partner with to deliver solutions
to the challenges facing oceans around the
world?
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Abstract

LIFE
ON LAND15

Humans co-exist with many other species, complex ecosystems and habitats. SDG 15 aims to: 

Geoscience informs decision making to deliver SDG 15: 

Connecting geoscientists to SDG 15 requires:

Protect, restore and promote 
sustainable use of terrestrial 
ecosystems

Geological materials and 
processes influences the 
distribution and persistence 
of ecosystems

Strengthened partnerships 
between geoscientists and 
ecologists

Engagement in water resources 
sustainability forums

Expansion of land-based 
environmental monitoring 
networks and Earth-observation 
satellite systems

Knowledge of geology can 
therefore inform protection, 
conservation and restoration 
programmes

Limnology and palaeolimnology 
inform our understanding of 
freshwater systems

Access to environmental 
data improves land-use, 
manage resources, and 
reduce degradation

Halt and reverse land degradation Halt biodiversity loss

Sustainably manage forests Combat desertification
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15.1 Introduction

A flourishing life on land is the foundation for
sustenance and livelihood for all humankind.
Humans do not live in isolation from the millions
of other species that call Earth their home, the
complex ecosystems they form, and a myriad of
habitats (from forests to rock crevices, lakes to
dune systems, savannahs to caves). Rather they
coexist with complex interactions and depen-
dencies. The United Nations (2015a, b) note: ‘We
are all part of the planet’s ecosystem and we
have caused severe damage to it through defor-
estation, loss of natural habitats and land
degradation. Promoting a sustainable use of our
ecosystems and preserving biodiversity is not a
cause. It is the key to our own survival’. Exam-
ples of the importance of diverse life on land to
sustainable development objectives include

• Plants provide 80% of the human diet (FAO
2017), and approximately 2.6 billion people
depend on agriculture for their livelihoods
(UNDP 2019).

• Forests account for 30% of the Earth’s sur-
face, providing habitats to more than 80% of
all terrestrial species of animals, plants, and
insects (UNDP 2019). Forests contribute to
clean air and water, and help to mitigate
against climate change by sequestering carbon
dioxide. The International Union for the
Conservation of Nature (IUCN) suggest that
restoring 3.5 million km2 of deforested and
degraded land could sequester up to 1.7
gigatonnes of carbon dioxide equivalent
annually (IUCN 2019a). Nature-based climate
solutions can contribute to a third of the CO2

reductions needed by 2030 (UNDP 2019).
• Lewis et al. (2019) note that locking carbon in

ecosystems through more forests has broader
benefits, including helping to manage water
resources and create jobs. The value of
ecosystems to human livelihoods and well-
being is valued at US$ 125 trillion per year
(UNDP 2019). Around 1.6 billion people
depend on forests for their livelihoods (UNDP
2019).

• Mountain regions are a critical source of
freshwater, with all of the world’s major rivers
having their headwaters in mountainous
regions (FAO 2003). Mountain regions are
delicate due to extreme environments (e.g.,
altitude and temperature), and therefore
ecosystems associated with these regions (and
the services they provide) are particularly
vulnerable. Mountains are hubs of biological
and cultural diversity, influencing the climate
at many scales, and are home to approximately
12% of the global population (IUCN 2019b).

The ecosystems and services hosted and pro-
vided by forests, mountains, and freshwater
resources are therefore critical to supporting and
sustaining the long-term economic and social
development of communities around the world. It
is therefore counterproductive to pursue measures
that degrade these in the pursuit of a short-term
gain. Human activities, however, continue to
erode the health of ecosystems on which all
species (our own included) depend. Land-use
changes, including deforestation, result in a loss
of valuable habitats, a decrease in clean water,
land degradation, soil erosion, and the release of
carbon into the atmosphere. They contribute to
the loss of valuable economic assets and liveli-
hood opportunities. As set out by the Food and
Agriculture Organization (2019), natural re-
sources are deteriorating, ecosystems are stressed,
and biological diversity is being lost across the
globe. SDG 15 therefore sets the goal to ‘protect,
restore and promote sustainable use of terrestrial
ecosystems, sustainably manage forests, combat
desertification, and halt and reverse land degra-
dation and halt biodiversity loss’ (United Nations
2015a). This is essential to providing environ-
mental services for ensuring safe and sustainable
water supplies, supporting sustainable food sys-
tems, and mitigating climate change.

Table 15.1 shows 12 targets and three means
of implementation relating to the SDG 15. These
include ambitions to protect freshwater ecosys-
tems and their services, improve forest manage-
ment, combat desertification, and conserve
mountain ecosystems. Its targets and 12 indica-
tors draw heavily from and build on the 2011–
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2020 Strategic Plan for Biodiversity and its Aichi
Targets, to be reached by 2020 (see Box 15.1).

Central to the SDGs is the notion that develop-
ment and environmental protection are not contra-
dictory, but should move forward in parallel. For
example, innovation in agriculture (SDG 2), pursuit
of ‘green’ economic growth (SDG 8), and resource
efficiency in industrialisation and infrastructure
development (SDG 9) can not only reduce their
impacts on the natural environment, but also take
positive steps to reinforce environmental standards.
Given this focus, the progress being made towards
SDG 15 is a critical measure of overall progress on
the UN 2030 Agenda, and a key enabler for many
other SDGs and targets, including supporting food
security (SDG 2) and climate action (SDG 13).
Actions to implement SDG 15 directly affect the
lives and well-being of many indigenous commu-
nities, pastoralists, and others traditionally viewed

as excluded, marginalised, or at risk of being left
behind (United Nations 2018a).

This chapter characterises how geoscientists,
in partnership with others, can help to deliver the
targets in Table 15.1, and ensure the thriving of
diverse ecosystems. Unsurprisingly, given the
title ‘life on land’ the SDG 15 targets strongly
link to the biotic aspects of the natural environ-
ment, but it is impossible to understand terrestrial
and freshwater ecosystems without also recog-
nising interactions between biotic and abiotic
features. The underlying geology of a region
shapes the landscapes that form, including the
topography, vegetation, and diversity of natural
habitats (Fig. 15.1). Understanding the distribu-
tion of ecosystems (from wetlands to forests) and
taking measures to restore them requires
decision-making to consider geological materials
and processes, as outlined through this chapter.

Table 15.1 SDG 15 Targets and Means of Implementation

Target Description of Target (15.1 to 15.9) or Means of Implementation (15.A to 15.C)

15.1 By 2020, ensure the conservation, restoration and sustainable use of terrestrial and inland freshwater
ecosystems and their services, in particular forests, wetlands, mountains and drylands, in line with
obligations under international agreements

15.2 By 2020, promote the implementation of sustainable management of all types of forests, halt deforestation,
restore degraded forests and substantially increase afforestation and reforestation globally

15.3 By 2030, combat desertification, restore degraded land and soil, including land affected by desertification,
drought and floods, and strive to achieve a land degradation-neutral world

15.4 By 2030, ensure the conservation of mountain ecosystems, including their biodiversity, in order to
enhance their capacity to provide benefits that are essential for sustainable development

15.5 Take urgent and significant action to reduce the degradation of natural habitats, halt the loss of biodiversity
and, by 2020, protect and prevent the extinction of threatened species

15.6 Promote fair and equitable sharing of the benefits arising from the utilization of genetic resources and
promote appropriate access to such resources, as internationally agreed

15.7 Take urgent action to end poaching and trafficking of protected species of flora and fauna and address both
demand and supply of illegal wildlife products

15.8 By 2020, introduce measures to prevent the introduction and significantly reduce the impact of invasive
alien species on land and water ecosystems and control or eradicate the priority species

15.9 By 2020, integrate ecosystem and biodiversity values into national and local planning, development
processes, poverty reduction strategies and accounts

15.A Mobilize and significantly increase financial resources from all sources to conserve and sustainably use
biodiversity and ecosystems

15.B Mobilize significant resources from all sources and at all levels to finance sustainable forest management
and provide adequate incentives to developing countries to advance such management, including for
conservation and reforestation

15.C Enhance global support for efforts to combat poaching and trafficking of protected species, including by
increasing the capacity of local communities to pursue sustainable livelihood opportunities
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Many of the large geoscience unions, such as
the European Geosciences Union (EGU), include
divisions focused on biogeosciences, hydrology,
and soil system sciences, all at the interface
between geodiversity and biodiversity. Contri-
butions from others, including hydrogeologists,
geomorphologists, Earth observation specialists,
and contaminated land scientists, also contribute
to our understanding of landscapes, land degra-
dation, and the preservation and restoration of
natural habitats. The EGU General Assembly in
2019 included 32 sessions with ‘biodiversity’ in
the title or abstract, including diverse themes
such as ‘mountain building, volcanism, climate
and biodiversity in the Andes’, ‘coastal wetlands:
their processes, interactions and future’, and
‘biogeochemical cycles and ecohydrology in
changing tropical systems’.1 While engagement
by ecologists, zoologists, and botanists is

imperative to delivering SDG 15, the need for
geoscientists should not be overlooked.

In Sect. 15.2, we set out context to SDG 15,
examining progress and key challenges guiding
actions towards the targets. In Sect. 15.3, we explore
the role of geoscientists in informing actions towards
Targets 15.1 to 15.5. This section therefore includes
a discussion of geoscience and freshwater ecosys-
tems, forests, land degradation and desertification,
and mountain ecosystems. The results broadly relate
to the protection and restoration of diverse natural
habitats. Section 15.4 reflects on the examples
within this chapter to make recommendations to
strengthen the links between ecology and geology
communities to support SDG 15.

15.2 Progress Towards SDG 15
and Remaining Challenges

The Millennium Development Goals (2000–15)
included a broad goal focused on ensuring envi-
ronmental sustainability, including by reversing

Fig. 15.1 Biological environment associated with a limestone outcrop. Photo from Singing Sands, Bruce Peninsula
National Park, Canada (Credit Arbitrarily0, CC-BY-SA 3.0, https://creativecommons.org/licenses/by-sa/3.0/)

1https://meetingorganizer.copernicus.org/EGU2019/
sessionprogramme.
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the loss of environmental resources (e.g., forests)
and reducing biodiversity loss. Achievements
during this period included a substantial increase
in the extent of terrestrial protected areas, for
example, from 8.8 to 23.4% between 1990 and
2014 in Latin America and the Caribbean (United
Nations 2015b). Actions catalysed by this goal
were supported by the Strategic Plan for Biodi-
versity 2011–2020, including the Aichi Biodi-
versity Targets (Box 15.1).

Box 15.1. Strategic Plan for Biodiver-
sity 2011–2020

Agreed by the 10th Conference of the
Parties to the Convention on Biological
Diversity (a multilateral treaty with 195
states and the European Union), the
Strategic Plan for Biodiversity included a
set of targets to implement between 2011
and 2020, known as the Aichi Biodiversity
Targets (CBD 2010). This plan was seen as
a step towards a longer term vision of
living in harmony with nature by 2050,
with biodiversity ‘valued, conserved,
restored and wisely used, maintaining
ecosystem services, sustaining a healthy
planet and delivering benefits essential for
all people’ (CBD 2010).

The Aichi Targets include 5 strategic
goals (summarised below), with 20 targets
underneath these:

A. Address the underlying causes of
biodiversity loss by mainstreaming
biodiversity across government and
society

B. Reduce the direct pressures on biodi-
versity and promote sustainable use

C. Improve the status of biodiversity by
safeguarding ecosystems, species, and
genetic diversity

D. Enhance the benefits to all from bio-
diversity and ecosystem services

E. Enhance implementation through
participatory planning, knowledge
management, and capacity building

Action on these goals is primarily
through local to national activities, with
support from regional and global organi-
sations and partnerships. In 2020, the
Convention on Biological Diversity will
adopt a new framework to support efforts
to advance progress towards the 2050
Vision.

Despite some achievements, and an increase
in global awareness of the value of protecting
biodiversity, significant challenges remain. The
most recent Global Biodiversity Outlook report,
published in 2014, highlighted progress is not
enough to achieve the overall ambitions set in the
Strategic Plan (CBD 2014). The concluding
Millennium Development Goals report (United
Nations 2015b) noted that species are declining
overall in numbers and distribution. It is esti-
mated that between 15% and 37% of terrestrial
species may be lost by 2050 (Bradford and
Warren 2014), and the remaining species likely
will migrate to higher latitudes and altitudes to
create novel animal assemblages. Reliable pre-
diction of which species will go extinct, where
they will relocate to, and subsequent associations
can only be achieved through significant advan-
ces in our understanding of the physical and
biological world (Bradford and Warren 2014).

The United Nations (2015b) also estimates
that 5.2 million hectares of forest were lost each
year from 2000 to 2010 (the same regional extent
as Costa Rica). While this marks a decrease in
the rate of forest loss (down from 8.3 million
hectares in the 1990s), it is still significant with
particularly high losses in South America and
sub-Saharan Africa (United Nations 2015b).
Figure 15.2 shows the changing extent of forest
as a share of the land area in 1990 and 2015, with
both evidence of reforestation (e.g., in Europe)
and deforestation (e.g., in South America). The
Food and Agriculture Organization’s latest
reporting on ‘The State of the World’s Forests’
(FAO 2018a, b) also notes increasing forest
cover in parts of Asia.
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Fig. 15.2 Forest area as a share of Land Area in (top) 1990 and (bottom) 2015. From Roser (2019). Reproduced under
a CC-BY license (https://creativecommons.org/licenses/by/4.0/)
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Challenges extend beyond the loss of biodi-
versity and forest cover, to include also drought
and desertification, affecting migration and the
livelihoods of the global poor (Tittensor et al.
2011; UNECA 2018). About one-fifth of the
Earth’s land surface covered by vegetation shows
persistent and declining trends in productivity in
the decades between 1999 to 2013, threatening
the livelihoods of over one billion people (United
Nations 2018b). Land is one of the few produc-
tive assets owned by the rural poor, and almost
all such households engage in some form of
agriculture (Barbier and Hochard 2016).
Between 2000 and 2010, the numbers of rural
poor living on degrading agricultural land
increased in low-income countries, and in sub-
Saharan Africa and South Asia (Barbier and
Hochard 2016). There was a substantial loss of
arable land, with sub-Saharan Africa showing
some of the most severe land reductions (Nkonya
et al. 2016). Deforestation and loss of biodiver-
sity have become risks reported in many coun-
tries across Africa (Nkonya et al. 2016) and
South America (Fig. 15.3). Deforestation and

loss of biodiversity and food cause diverse health
effects such as undernourishment and skin dis-
ease and loss of medicinal plants. In Gabon, for
instance, the decline of agricultural production
has led to a change in dietary habits with
increased consumption of bushmeat. Deforesta-
tion also favours freshwater snails carrying
schistosomiasis and mosquitoes carrying malaria.

It is set against these challenges and trends
that the SDGs were agreed, and the ambitions of
SDG 15 were shaped. Since 2015, progress
towards the stated targets in Table 15.1 for pro-
tecting and preserving critical and fragile
ecosystems for human survival reveals mixed
trends (United Nations 2019a). Land degradation
continues, with biodiversity loss at an alarming
rate. Poaching and wildlife trafficking are hin-
dering efforts to protect ecosystems (United
Nations 2019a). Expansion of major agribusiness
frontiers (e.g., for cattle, soy, palm oil, and
cocoa) into tropical forest regions is another
cause for concern (Weisse and Goldman 2018).
The links between deforestation, biodiversity
loss and land degradation with climate change

Fig. 15.3 Deforestation in the Maranhão state of Brazil, 2016. Credit Felipe Werneck - Ascom/Ibama (CC-BY 2.0,
https://creativecommons.org/licenses/by/2.0/)
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(SDG 13), tenure insecurity (SDG 10), food
insecurity (SDG 2), gender inequality (SDG 5),
and poverty (SDG 1) are well-documented (Van
Haren and van Boxtel 2017). Taking action to
implement SDG 15, therefore, remains crucially
important to the attainment of other SDGs.

In setting the scene forSDG15, it is also important
to note that current discourses around tackling land
degradation and ecosystem and biodiversity loss
focus on local- or national-scale actions. The
local/national perspective is obviously very impor-
tant, particularly to ensure we leave no-one behind,
and the SDGs are delivered in an inclusive manner.
Responsibility to address challenges, however, falls
on the governments within whose borders these
issues persist, rather than them being seen as global
challenges, linked to our shared global economy, and
requiring shared responsibility (and leadership) in
their resolution. The conversion of forest to agricul-
tural land may be to meet the demands of export
markets in the wealthier countries of Europe and
NorthAmerica, and emergingmiddle classes in India
and China. This increased agricultural production
does not make any significant contribution to local
livelihoods or food security.

Van Haren and van Boxtel (2017) also note
that the emphasis on ‘local’ within the SDG
framework allows states to set their own defini-
tion of ‘sustainable development’ and to pursue it
according to national priorities and capacities.
This results in trade-offs between social, eco-
nomic, and environmental pillars of sustainable
development, and a lack of integrated thinking
regarding the environmental interactions with
social and economic dimensions (i.e., environ-
mental protection as an enabler of human and
economic development). Addressing SDG 15 by
2030 requires recognition of a shared responsi-
bility for ecosystem damage, and actions at both
local and global levels to reverse this.

15.3 Role of Geoscience
in Ecosystems and Planning

Geoscience is intimately linked with the biolog-
ical, chemical, and physical sciences and inves-
tigates the past, measures the present, and models

the future behaviour of our planet. The link
between geoscientists and sustainability has been
highlighted previously (Gill 2017; Rogers et al.
2018), together with recognition of the relevance
of geodiversity and geoconservation (Gordon
et al. 2017; Schrodt et al. 2019). We build on
these analyses in this section to illustrate how
diverse geoscience activities can help to address
the challenges described in Sect. 15.2, and meet
the targets expressed within SDG 15. Through
the monitoring of diverse environmental pro-
cesses and materials (e.g., lake sediments, the
rock record, variations in depth to groundwater),
geoscientists develop a holistic, multiscale,
multidisciplinary understanding of Earth systems
that can help underpin environmental policy
making and assess the impact of diverse policies
on the natural environment. Geoscience input is
particularly relevant for Targets 15.1 (conserve
and restore terrestrial and freshwater ecosys-
tems), 15.2 (end deforestation and restore
degraded forests), 15.3 (end desertification and
restore degraded land), 15.3 (ensure conservation
of mountain ecosystems), and 15.5 (protect bio-
diversity and natural habitats).

15.3.1 Biodiversity: Freshwater
Ecosystems

In both a biological and a societal sense, water is
the basis for life on land as we know it. It is and
will remain a crucial factor in the many chal-
lenges that our world faces, and its protection
and management cut across many of the SDGs
(Bhaduri 2016), such as health (SDG 3), gender
equality (SDG 5), and sustainable cities (SDG
11). The IUCN (2019c) note that over 140,000
described species (including 55% of all fish
species) rely on freshwater habitats, with these
species going extinct more rapidly than terrestrial
and marine species due to habitat loss, intro-
duction of alien species, pollution, and over-
harvesting. Achieving targets associated with the
conservation, restoration, and sustainable use of
freshwater ecosystems and their services there-
fore requires (i) expansion of officially protected
areas, particularly key biodiversity areas (KBAs),
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(ii) reduction in pollution, and (iii) increases in
environmental data to inform decisions about use
and restoration of ecosystems.

The protection and restoration of inland
freshwater ecosystems can be guided by under-
standing how these ecosystems are shaped by
geological environments and processes. For
example, Arbuckle and Downing (2002)
demonstrate relationships between freshwater
mussels (abundance and species richness) and
geology. They found that alluvial deposits
improve groundwater flux to streams, contribut-
ing to relatively stable stream flows in alluvial
watersheds, and helping to improve mussel per-
sistence. An implication of this particular study is
the knowledge that characterising geoscience can
inform conservation efforts. Arbuckle and
Downing (2002) found that mussel conservation
efforts are most critical in highly sloping land-
scapes with less permeable soils, where low
groundwater flows might lead to unfavourable
conditions. Systematic studies of how geological
materials (e.g., rock types) and processes favour
or hinder the success of particular species could
guide broader conservation efforts, the selection
of sites for restoration (where chances of success
are greater), and the identification of similar sites
around the world where rare biodiversity may be
found (and should be protected).

Official freshwater protected areas are recog-
nised to achieve the long-term conservation of
nature. UNEP-WCMC and IUCN (2016) esti-
mate that just under 15% of the world’s terrestrial
and inland waters are Protected Areas. A funda-
mental measure of their efficacy is the extent to
which protected areas overlap with places that
contribute significantly to the maintenance of
global biodiversity, including KBAs. Safe-
guarding KBAs around the globe in inland
freshwater ecosystems (as well as terrestrial and
mountain ecosystems) is critically important for
maintaining genetic resources, species, and
ecosystem diversity, and protecting the benefits
they provide to people.

One factor hampering the understanding of
hydrological systems and sustainable manage-
ment of freshwater ecosystems in many countries
in the Global South, including many across

Africa, is a decline in the networks of hydro-
logical observing stations and water quality
measurements. The World Bank (2018) estimate
that 68% of hydrometeorological observation
networks in so-called developing countries are in
a poor or declining state, with a further 14%
inadequate to meet all user needs. Stations may
be neglected and abandoned, with reductions in
budgets for field maintenance and inspection,
and insufficient discharge measurements being
made to understand the system. Consequences
include a lack of real-time data for monitoring
the progress of droughts and floods, and insuffi-
cient long-term data for the design of water-
related schemes and for the integrated manage-
ment of large multinational river basins, planning
and implementing projects. Furthermore, without
effective environmental monitoring, it is difficult
to assess the sources, migration, and impact of
pollution on freshwater ecosystems. For exam-
ple, Förstner and Prosi (1979) set out diverse
origins of heavy metal pollution in freshwater
ecosystems, including weathering of bedrock.

Systematic environmental data collection,
management, integration, and access are a widely
recognised development priority, informing pol-
icy coherence and resource management (Gill
et al. 2019). This includes monitoring of
groundwater resources (see SDG 6). Using
groundwater resources in an effective and envi-
ronmentally sensitive manner requires long-term
monitoring programmes, good understanding of
the geological environment, and effective part-
nerships and donor practices (Contestabile 2012;
Langenberg 2012).

Box 15.2. Limnology—Lakes and Sus-
tainable Development

Case study contributed by: Keely Mills
(British Geological Survey) and Laura
Hunt (British Geological Survey/University
of Nottingham)

Although <0.01% of the Earth’s fresh-
water occurs as surface water (i.e., in lakes,
swamps, and rivers), these systems are criti-
cally important to the environment, including
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the ecosystems and human populations that
they support. Freshwater lakes (lentic sys-
tems) have a high Natural Capital, and pro-
vide an array of ecosystem services including
clean water for drinking, water for domestic
use and sanitation, water for industry and
agriculture (e.g., irrigation), supporting fish
stocks (aquaculture), ecotourism, and recre-
ation. Lake systems are vulnerable to Earth’s
changing climate, and are also under
increasing stress from anthropogenic
impacts, both directly (e.g., through the
abstraction of water, or the introduction of
fish for aquaculture) and indirectly (e.g., as a
result of anthropogenic modification of its
catchment, including urbanisation)
(Fig. 15.4). Geoscientists working in the
disciplines of limnology and palaeolimnol-
ogy aim to understand how freshwater

systems change through space and time
which is crucial to ensuring global-scale
resource availability at a time when humans
are increasingly driving environmental
change (Mills et al. 2017; Dubois et al. 2018).

In its broadest definition, limnology is
the study of the functional relationships
and productivity of freshwater communi-
ties, and how they are affected by their
physical, chemical, and biotic environ-
ment. Geoscientists, who study palaeolim-
nology, seek to apply limnological
knowledge to understand how lake systems
have functioned in the past (Wetzel 1983).
Lakes are of particular interest to geosci-
entists as they accumulate sediments over
time, recording changes that occur in the
lake and its catchment at the time they
were deposited. These sediments can be

Fig. 15.4 Climatic and anthropogenic drivers, and the impacts they have on lake systems. From Mills et al. 2017.
© BGS/NERC (used with permission)
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extracted (as a sediment core) and analysed
for their chemical, physical, and biotic
parameters, allowing past environmental
conditions to be inferred.

For example, current limnological and
palaeolimnological research in western
Uganda is investigating how small crater
lakes respond to past climate change, and
recent human impacts (Fig. 15.5). Despite
the provision of groundwater pumps in
western Uganda, surface waters still pro-
vide drinking water to many remote com-
munities, and the crater lakes play a crucial
role in the livelihoods of many people.
Exponential population growth in the
region is placing unprecedented pressures
on all water resources, which is coupled
with uncertainty relating to the impact of
future climate change scenarios on water

balance in tropical Africa. The intensity and
magnitude of land‐use changes in the
region are already impacting the water
balance and water quality of the crater
lakes. Future changes in climate will only
serve to exacerbate negative feedback pro-
cesses, which has implications for achiev-
ing a number of the SDGs: including zero
hunger (SDG 2), clean water and sanitation
(SDG 6), and life on land (SDG 15).

The sensitivity of the lake systems in
western Uganda can be understood through
contemporary monitoring (limnology), but
records in the region are sparse, and often
incomplete. In the absence of monitoring
records, analysis of the crater lake sediments
(palaeolimnology) provides information on
past changes in hydrology and water quality
(on the order of tens to thousands of years).

Fig. 15.5 Lake Nyungu, Uganda. The catchment of this crater lake has experienced natural vegetation clearance to
create space for small-scale banana plantations. © Keely Mills (used with permission)
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Research in the region has shown that the
lakes are sensitive to past changes in hydro-
climate, and many phases of drought in the
region have been linked to political unrest
and the abandonment of settlements. Con-
versely, some lakes are known to have per-
sisted during long‐lived periods of rainfall
deficit. Quantifying the nature of past chan-
ges has major implications that can inform
the Earth system, and models that allow the
identification of areas and communities
which will be particularly vulnerable to
future hydrological stress (Mills et al. 2018).

For geoscientists to support efforts to protect
freshwater biodiversity, there is a primary need to
provide adequate and accurate data and infor-
mation for water resources management and
development activities at national levels (river
and basin). This includes undertaking, integrat-
ing, and expanding geoscientific research data
collection and knowledge management capacity
on water resources to support improved pol-
icymaking, public awareness, and multi-
stakeholder mobilisation. Geoscientists can help
to establish effective and sustainable environ-
mental monitoring networks across the Global
South. This will help improve the capacity for
effective water resources management at all levels
and inclusion systematically in integrated water
resource management plans. Geoscientists can
also advance and communicate research into the
geological links to freshwater species persistence
and diversity, helping to integrate this knowledge
into the design of conservation and restoration
programmes, or selection of sites to protect.

15.3.2 Biodiversity: Forests

Forests act as a source of food, medicine, and
fuel for more than a billion people. In addition to
helping to respond to climate change and protect
soils and water, forests hold more than three-
quarters of the world’s terrestrial biodiversity,

provide many products and services that con-
tribute to socio-economic development, and are
particularly important for hundreds of millions of
people in rural areas, including many of the
world’s poorest. The increasing demand for food
and natural resources will place enormous pres-
sure on the way we use productive land, partic-
ularly in the Global South where the
overwhelming majority of the world’s 800 mil-
lion poor and hungry people are concentrated.
Deforestation, chiefly caused by the conversion
of forest land to agriculture and livestock areas,
damages biodiversity, increases land degrada-
tion, removes natural protection against hazards
such as landslides, and hinders efforts to tackle
climate change. It also threatens the livelihoods
of those who depend on the forest, including
many indigenous communities. In 2019, there
was a surge in the number of fires in the Brazilian
Amazon rainforest, with this increase consisting
of large, intense, and persistent fires associated
with land clearing (NASA 2019). Figure 15.6
shows the extent of these, using an image from
the MODIS instrument on NASA’s Terra satel-
lite. Meeting the food and resource needs of
future generations, without reducing forest area,
is one of the great challenges of our times.

Forests are shaped by the underlying geology
of the region. Landscapes are determined by
geological processes—from ancient volcanic
activity and faulting to the large glaciations that
have carved valleys and transported large vol-
umes of material from one place to another. The
chemical and physical nature of soils is also
determined by the underlying geology. Soils
evolve as biological material combines with the
products of rock weathering and erosion. Dif-
ferent underlying rocks result in different soils
with different structures and chemistry. For
example, Fayolle et al. (2012) note that species
distribution in a study area in central African
moist forests is strongly driven by geological
substrate, climate, and recent history of human
disturbance. They note, for example, a large
sandstone plateau (*25,000 km2) having a
dominating role in shaping tree distribution pat-
terns. Higgins et al. (2011) suggest that
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Amazonian forests are shaped by geological
formations and their influence on the soil.

Given the relationship between geology and
soils, and soils and the resulting forest develop-
ment, understanding the subsurface is an impor-
tant part of forest management. The Land
Management Plan for the Forest of Dean (Forestry
England 2019) reflects on the complex geology
beneath the forest, and its impact on the vegeta-
tion covering the ground and the trees growing. It
notes that (i) limestones generally lead to alkaline,
well-drained, and often quite shallow soils;
(ii) sandstones, sands, and gravels lead to more
acidic, well-drained brown, ‘podzolic’ soils
(characterised by a high sand content, low nutri-
ents and moisture, and therefore poorer agricul-
ture); and (iii) fine-grained rocks, such as clays,

mudstones, and shales, lead to poorly drained
soils (Forestry England 2019). Understanding the
geological history of the region, and access to
appropriate geological maps, provides insights
into soil types and properties, and the likely
impact on vegetation. This can guide decision-
making in forest conservation and restoration,
ensuring strategies to reverse the decline in forests
articulated in Sect. 15.2 that are informed by our
best understanding of the natural environment.
While the underlying geology of forest regions
may be understood at a high resolution in many
parts of the world, this is not the case in the Global
South, indicating the importance of improved
geological mapping to help deliver SDG 15.

In addition to informing the restoration of
forests, geoscientists also have a critical role to

Fig. 15.6 Fire detections from the MODIS instrument on NASA’s Terra satellite (15 to 22 August, 2019). Credit
NASA Earth Observatory (public domain)
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play in managing erosion and slope stability, and
potential adverse effects of deforestation. Vege-
tation can help increase the stability of a slope,
by removing water from the system and
increasing the resistive forces in the slope (pro-
viding an anchor). Removing vegetation there-
fore reduces the shear strength of slopes and
promotes slope failure. Deforestation can also
result in increased flooding, due to soil erosion.
Geoscientists can help to identify areas that are
particularly prone to landslides, interpreting the
landscapes to assess for past mass movements,
and characterising the geology to determine
failure susceptibility. This information can
inform disaster risk reduction and management
approaches, with ‘understanding all components
of risk’ being a key facet of the Sendai Frame-
work for Disaster Risk Reduction (see SDGs 1
and 13). It can also help to embed disaster risk
reduction into the actions supporting SDG 15,
informing sites for forest restoration that also
increase community resilience to natural hazards.

15.3.3 Land Degradation
and Desertification

Target 15.3 aims to ‘combat desertification,
restore degraded land and soil, including land
affected by desertification, drought and floods,
and strive to achieve a land degradation-neutral
world’. Land degradation is defined as the
‘temporary or permanent decline in the produc-
tive capacity of the land, and the diminution of
the productive potential, including its major land
uses (e.g., rain-fed arable, irrigation, forests)
and farming systems (e.g., smallholder subsis-
tence), and its value as an economic resource’
(Stocking 2001). Land degradation can occur due
to natural processes, inappropriate land use, or
other human activities and habitation patterns
that contribute to contamination, soil erosion,
and the destruction of vegetation through defor-
estation or overgrazing (United Nations 1997).
For example, soil degradation may occur due to
the use of fertilisers, the dumping of industrial
waste, leaching of chemicals from mining activ-
ities (both artisanal and larger scale). Land

degradation is affecting one-fifth of the Earth’s
land area and the lives of one billion people
(United Nations 2019a). This represents a sig-
nificant loss of services essential to human well-
being.

Desertification is a specific type of land
degradation, where fertile land transitions to
desert as a result of ‘the persistent degradation of
dryland ecosystems by human activities—in-
cluding unsustainable farming, mining, over-
grazing, and clear-cutting of land—and by
climate change’ (United Nations 2019b). Such
activities contribute to a process where vegetation
binding soils are removed, soil nutrients are
depleted by farming, and/or the original nutrient-
rich topsoil is eroded away by animals, human
activities, wind, and water. What is left is a highly
infertile mix of dust and sand (United Nations
2019b), resulting in eventual ‘desertification’. The
impacts are widespread, including damage to
ecosystems, food security, livelihoods, and the
potential displacement of communities, creating
environmental refugees (Fig. 15.7).

Despite the crucial role that land plays in
human welfare and development, investments in
sustainable land management are low, especially
in the Global South (FAO 2012). The cost of
land degradation due to land use and cover
change accounts for 78% of the US$ 300 billion
total global cost of land degradation (Nkonya
et al. 2016), highlighting the need to prioritise
sustainable land management through effective
policies and planning. These should protect high-
value biomes and ecosystem services that benefit
both local and global communities. Policies and
planning should be informed by environmental
data and landscape characterisation (see
Box 15.3, for example) to ensure resources are
used wisely and actions do not exacerbate
existing environmental challenges.

Box 15.3 Desertification and Ground-
water
Geomorphological and hydrogeological
investigations can enhance our understand-
ing of the processes triggering desertifica-
tion and the actions needed to reverse this.

15 Life on Land 383



The Hunshandake Sandy Lands (Inner
Mongolia, China) are one of the largest
areas of sand in China, undergoing rapid
desertification. A study by Yang et al.
(2015) in the Proceedings of the National
Academy of Sciences traces the origins of
deserts in northern China. They describe
desertification triggered by climate change-
induced changes in the hydrological and
geomorphological systems approximately
4000 years ago. One aspect of the hydro-
logical change described by Yang et al.
(2015) is the sapping of groundwater away
from the region, diverting water resources
into the Xilamulun River, and resulting in a
drop in the water table of approximately
30 m. Rapid desertification ensued, having
a devastating impact on the Hongshan
Culture. This example illustrates the
potential for climate change to result in
rapid and intense desertification. It also

highlights the need to understand the
environmental factors contributing to
desertification. Yang et al. (2015) note that
the irreversible regional geomorphic and
hydrological change will hinder any reha-
bilitation efforts in this region, with
resources better used to support land
restoration efforts elsewhere.

More generally, improved monitoring
and improved management of groundwater
resources play an important role in under-
standing and tackling desertification.
Excessive abstraction can exacerbate
desertification, while increased access and
careful management can improve irrigation
and support reforestation programmes.
Chebaane et al. (2004) illustrate this through
a study in the Hydrogeology Journal that
outlines groundwater management options
in Jordan. Groundwater over-exploitation is
causing environmental damage, soil

Fig. 15.7 Telly, Mali. Desertification is a major environmental issue in Mali, with drought, soil erosion, and
deforestation all contributing. Credit Ferdinand Reus (CC-BY-SA 2.0, https://creativecommons.org/licenses/by-sa/2.0/)
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salinisation and could contribute to deserti-
fication. Management strategies include
limiting the amount of groundwater that can
be used for irrigation. While this would
tackle the problems of over-exploitation, it
is possible that a reduction in irrigation will
also contribute to desertification. In this
case, water management practices need to be
accompanied by land restoration projects,
with land that is not going to be irrigated
restored to its original condition using land
management practices.

15.3.4 Mountain Ecosystems

Mountains cover 25% of the world’s land sur-
face, and directly support 12% of the world’s
population (IUCN 2019b), and as articulated in

Sect. 15.1 and Target 15.4, conservation of
mountain ecosystems is integral to sustainable
development. Mountains have unique biodiver-
sity, contribute to essential freshwater and clean
air, and are homes to rich sources of cultural
diversity, leisure activities, and geological land-
scapes. They provide important income sources
for communities through agriculture, tourism,
and use of natural resources. The Mountain
Green Cover Index measures changes in the area
of green vegetation (forest, shrubs, pastures, and
cropland) in mountain areas, and is used to
monitor progress on Target 15.4. This index is an
indicator of the extent to which mountains are
efficiently managed, taking into consideration the
inherent trade-offs and delicate balance between
conservation and sustainable use of mountain
resources. The Earth observation community will
contribute to the data needed to monitor and
report on this indicator (Fig. 15.8).

Fig. 15.8 Mountain Ecosystems in the Sahale Arm in the North Cascades, Washington, United States. Credit Jeff
Pang (CC-BY 2.0, https://creativecommons.org/licenses/by/2.0/)
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As with other ecosystems described in
Sects. 15.3.1 and 15.3.2, there are links between
species distribution and diversity and the under-
lying geological materials and processes in
mountain regions. Significant biodiversity in
mountain regions is strongly associated with the
bedrock geology. Mountain substrates are often
very different to those in lowland basins, and
more heterogeneous, contributing to a greater
range of species (Rahbek et al. 2019). Badgley
et al. (2017) note that topographically complex
regions feature hotspots of biodiversity that
reflect geological influences on ecological and
evolutionary processes. Riehl et al. (2018) and
Antonelli et al. (2018) also highlight how species
richness correlates with erosion rates and
heterogeneity of soil types, with geomorpholo-
gists and geologists contributing to the under-
standing of both in diverse regions around the
world. Biodiversity is also influenced by the
location and orientation of mountain ranges in
relation to air circulation patterns, and how spe-
cies diversification, dispersal, and refugia (a
location supporting an isolated population of a
once more widespread species) respond to cli-
mate change. In summary, understanding bio-
sphere–lithosphere interactions, and their
responses to climate change, enriches our
understanding of the patterns and evolution of
mountain ecosystems and biodiversity (Badgley
et al. 2017).

15.4 Strengthening Links Between
Ecological and Geological
Sciences

Freshwater ecosystems, forests, and mountain
ecosystems all provide critical services to support
human development and flourishing. Their pro-
tection and restoration underpin progress on
many of the SDGs, and cannot be separated from
the economic and social development that many
choose to prioritise. Throughout this chapter, we
have illustrated how these diverse ‘land-based’
ecosystems and their biodiversity are shaped (in
part) by the underlying geology and geological

processes, and how land degradation (including
through desertification) can be exacerbated by
activities associated with the geosciences (e.g.,
mining, groundwater exploitation), and therefore
also addressed through improved management of
geological resources. This chapter, therefore,
advocates for strengthened links between eco-
logical and geological sciences. This is important
for three reasons:
1. The systematic collection, management,

integration, and availability of (geo)environ-
mental data can inform decision-making on
issues such as land use, groundwater
abstraction, and pollution management. In
many regions, environmental monitoring
networks lack capacity, or data is not stored
and made available in a way that others can
access it. Geoinformatics experts can help to
improve decision-making through developing
and implementing appropriate data standards.

2. Understanding of the distribution and prop-
erties of geological materials can inform
protection, conservation, and restoration
programmes, informing decisions about site
selection and regions where comparable bio-
diversity may be located.

3. Research into geological processes (e.g.,
erosion and, slope stability) can also inform
protection, conservation, and restoration
programmes, informing decisions about site
selection and how actions to deliver SDG 15
can align with initiatives to reduce disaster
risk.

Reviews of progress towards SDG 15 reveal
mixed trends for life on land, with key challenges
remaining unaddressed, and undesirable trade-off
of SDG-targets and business as usual approaches
not being challenged (United Nations 2018a).
Meeting the ambitious targets of SDG 15 will
require integrated approaches, and engagement
by geoscientists. Progress depends on access to
high-quality environmental data, knowledge
sharing, and new interdisciplinary and multisec-
toral partnerships (see SDG 17). In reflecting on
the examples set out in this chapter, we make the
following recommendations.
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• Ground geosciences in the sustainability of
life on land. Links between SDG 15 and
geoscience should be made clearer in the
training and organisational structures in the
geoscience community, by emphasising the
value of partnerships with ecologists and
introducing more teaching on geological
influences on ecosystems and biodiversity.
Furthermore, increasing public awareness of
the role of geoscience in SDG 15 is needed,
with research results being transparent and
comprehensible.

• Transition to water sustainability. Geosci-
entists will have to address the water-related
science, policy and societal questions regard-
ing global environmental change and the
pathways towards sustainable futures (see
SDG 6 for further discussion). Going forward,
geosciences should strive to support a transi-
tion to water resources sustainability and
enhance understanding of how the global
water system may change in the future, help-
ing to improve protections for freshwater
ecosystems. Studies of freshwater systems can
inform risk assessments and be used to
develop strategies to better promote the pro-
tection of water systems.

• Expand monitoring. Both traditional land-
based environmental observation networks
and state-of-the-art Earth observation satellite
systems can provide detailed observations to
inform policy and planning around SDG 15
(e.g., for groundwater, erosion, and land
degradation). Data should be collected in a
systematic way, managed carefully, and made
available with appropriate metadata to support
integration and long-term data sustainability.

These contributions will support efforts to
deliver SDG 15, halt land degradation, and pro-
tect and restore valuable ecosystems, with wide-
ranging positive consequences on human secu-
rity for generations to come.

15.5 Key Learning Concepts

• SDG 15 aims to ‘protect, restore, and promote
sustainable use of terrestrial ecosystems, sus-
tainably manage forests, combat desertification,
and halt and reverse land degradation and halt
biodiversity loss’, recognising that the environ-
mental services they provide facilitate sustainable
and resilient communities. Humans do not live in
isolation from the millions of species that call
Earth their home, the complex ecosystems they
form, and a myriad of habitats. Humans coexist
with complex interactions and dependencies.

• Addressing SDG 15 by 2030 requires recognition
of a shared responsibility for ecosystem damage,
and actions at both local and global levels to
reverse trends such as continued deforestation,
biodiversity loss, and land degradation.

• Ecosystems and their biodiversity are shaped
(in part) by the underlying geology and geo-
logical processes. Understanding of the dis-
tribution and properties of geological
materials can inform protection, conservation,
and restoration programmes, informing deci-
sions about site selection and regions where
comparable biodiversity may be located.

• Land degradation (including through deserti-
fication) can be exacerbated by activities
associated with the geosciences (e.g., mining,
and groundwater exploitation), and therefore
also addressed through improved management
of geological resources. For example,
improved monitoring and management of
groundwater resources play an important role
in tackling desertification.

• Many actions to support SDG 15 would
benefit from access to environmental data and
strengthened environmental monitoring net-
works. The systematic collection, manage-
ment, integration, and availability of (geo)
environmental data can inform decision-
making on issues such as land use, ground-
water abstraction, and pollution management.
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15.6 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, and NGOs). Consider using these
as the basis for presentations, group discussions,
essays, or to encourage further reading.

• Select a forest near you and investigate (a) the
geology beneath it, and (b) the primary tree
and plant species found in the forest. Prepare a
public information leaflet for visitors to the
forest that outlines the relationship between
geoscience and the forest ecosystems.

• Explore the impacts of desertification on other
SDGs. For example, how may desertification
affect SDG 2 (food security), SDG 8 (decent
work and economic growth), and SDG 11
(sustainable communities)? Is desertification
being exacerbated by attempts to deliver any
of the other SDGs?

• This chapter highlights challenges in main-
taining environmental monitoring networks to
inform decision-making. Research the exis-
tence of groundwater monitoring networks in
the least developed country, a small island
developing state, an upper-middle-income
country, and a high-income country. Charac-
terise their spatial distribution, the time range
of the information available, how information
is presented, and what parameters are
included.

• How could Earth observation support ground-
based data collection networks? Review the
availability of open-access Earth observation
data and outline how these could inform
decision-making linked to SDG 15. What are
the primary gaps in terms of the availability
and resolution of open-access Earth observa-
tion data?
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16.1 Introduction

Strong institutions, access to justice, and peaceful
communities are key for sustainable development
progress. Conflict, corruption, and weak institu-
tions provide significant barriers to the delivery
of national development strategies and the SDGs.
Ensuring access to health services (SDG 3) or
education (SDG 4), building resilient infrastruc-
ture (SDG 9) and sustainable cities (SDG 11),
and promoting prosperity (SDG 8) all depend on
security of contractors, access to and good
management of financial resources, and trans-
parent, evidence-based decision-making. SDG
16 aims to enable this safe and secure environ-
ment, at all scales, supporting the delivery of
public services and sustained economic devel-
opment. SDG 16 includes 10 targets and 2 means
of implementation (Table 16.1).

The promotion of peaceful and inclusive
societies, ensuring access to justice for all, and
the building of effective, accountable, and
inclusive institutions may seem distantly related
to the everyday work of Earth and environmental
scientists. Many links exist, however, including
with sectors employing geoscientists and the

activities that geoscientists are regularly engaged
in. Some examples include

• Many geoscientists investigate natural hazards,
risk, and the impacts of disasters. Disasters
disproportionately affect the poor, and those
living in states affected by violence and active
conflict (Harris et al. 2013; Peters 2017). Con-
flict may result in heightened vulnerability to
hazardous events, or the displacement of people
into areas more exposed to natural hazards. For
example, the Rohingya refugee camps in Ban-
gladesh are home to more than 700,000 people
who have fled persecution in Myanmar. The
refugee camps are affected by heavy monsoon
rains, triggering flooding and landslides, which
killed 170 people in 2017 (BBC 2019). Geo-
scientists may, therefore, come into direct
contact with the impacts of conflict, and their
work may be shaped by the likelihood of con-
flict changing exposure or vulnerability.

• Geoscientists working across multiple sectors
may be exposed to corruption and bribery.
Corruption undermines the rule of law and
prevents vital resources from being spent on
development projects (Fig. 16.1). In just one

Table 16.1 SDG 16 Targets and Means of Implementation

Target Description of Target (16.1 to 16.10) or Means of Implementation (16.A to 16.B)

16.1 Significantly reduce all forms of violence and related death rates everywhere

16.2 End abuse, exploitation, trafficking and all forms of violence against and torture of children

16.3 Promote the rule of law at the national and international levels and ensure equal access to justice for all

16.4 By 2030, significantly reduce illicit financial and arms flows, strengthen the recovery and return of stolen
assets and combat all forms of organised crime

16.5 Substantially reduce corruption and bribery in all their forms

16.6 Develop effective, accountable, and transparent institutions at all levels

16.7 Ensure responsive, inclusive, participatory, and representative decision-making at all levels

16.8 Broaden and strengthen the participation of developing countries in the institutions of global governance

16.9 By 2030, provide legal identity for all, including birth registration

16.10 Ensure public access to information and protect fundamental freedoms, in accordance with national
legislation and international agreements

16.A Strengthen relevant national institutions, including through international cooperation, for building capacity
at all levels, in particular in developing countries, to prevent violence and combat terrorism and crime

16.B Promote and enforce non-discriminatory laws and policies for sustainable development
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decade (2005–2014), USD$36–69 billion was
lost from Africa in illegal financial flows
(Global Financial Integrity 2017). To put this
into context, the cost of ensuring safely
managed water and sanitation across sub-
Saharan Africa is estimated to be approxi-
mately US$24.7 billion per year between
2015 and 2030 (Hutton and Varughese 2016).
Corruption can occur in all parts of mineral
and hydrocarbon value chains, at all stages of
the extraction life cycle, and in both big and
small operations. In a study of 496 mines in
Africa, with more than 92,000 survey
respondents, Knutsen et al. (2017) found that
the opening of new mines was systematically
related to increase in bribery and corruption
perceptions and the hampering of local-level
institutional quality.

• Many geoscientists work in science-based
institutions, which have an important role to
play in supporting sustainable development.
Examples include national geological surveys,
ministries of mining and the environment, and
academic or research institutes. Institutions
take diverse forms and exist for a myriad of

purposes. Irrespective of their function, if they
are not accountable and inclusive they can
propagate injustices, making it impossible to
achieve sustainable and resilient societies.
Institutions help to shape and model accepted
behaviours, such as financial transparency,
ensuring inclusive decision-making, and cre-
ating safe environments free from harassment
and discrimination. During a survey of aca-
demic fieldwork experiences (from the life,
physical, and social sciences disciplines), 22%
of respondents reported being the victim of
sexual assault (Clancy et al. 2014; St John
et al. 2016). Organisational cultures can help
to stop such behaviour, ensuring safe, open
and respectful environments, and a safe means
of reporting bad practice with the victim
having confidence that appropriate action will
be taken.

These examples demonstrate why SDG 16
matters to the professional work of geoscientists,
and suggest that achieving SDG 16 will require
engagement by geoscientists and those sectors
employing geoscientists. In this chapter, we,

Fig. 16.1 Exhorting the public to say no to corruption in Zambia. Credit Lars Plougmann, CC BY-SA 2.0 (https://
creativecommons.org/licenses/by-sa/2.0/), available at: https://commons.wikimedia.org/w/index.php?curid=3215552
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therefore, focus on three broad themes within
SDG 16, and their relationship to geoscience. We
begin in Sect. 16.2 by profiling the role of geo-
science in facilitating international diplomacy,
and peacefully settling disputes in accordance
with the Charter of the United Nations (Chapter
VI). In Sect. 16.3, we explore the importance of
tackling corruption if we are to reduce disaster
risk and ensure the benefits of the extractives
sector are felt by all. In Sect. 16.4, we move to
the theme of effective, accountable, and trans-
parent institutions. We also point the reader to
other relevant chapters, including SDGs 1, 10,
and 17.

16.2 Geoscience Diplomacy
and the SDGs

16.2.1 From Science Collaboration
to Science Diplomacy

A group of national academies across Europe
declared in 2016 that ‘science is global’,
emphasising the importance of international sci-
ence and research collaborations in tackling
global challenges. Positive, equitable partner-
ships play a critical role in scientific capacity
building, opening up access to science,
strengthening national institutions, and fostering
dialogue between groups. Scientists around the
world share sets of professional values that help
to foster trust and benefit sharing. The Royal
Society (2010) report ‘New Frontiers in Science
Diplomacy’ notes that

`̀ Scientific values of rationality, transparency and
universality are the same the world over. They can
help to underpin good governance and build trust
between nations. Science provides a non-
ideological environment for the participation and
free exchange of ideas between people, regardless
of cultural, national or religious backgrounds.''

In addition to science being an enterprise that
different groups can unite around, science is
critical to informing a nation-state’s response to
international humanitarian and development
challenges, and enhancing relationships across a
politically sensitive divide. The Royal Society

(2010) report, therefore, defines three types of
science diplomacy:

• Science for diplomacy, which involves scien-
tific collaboration specifically for the purpose
of improving diplomatic relations. For exam-
ple, in 1961 the USA-Japan Committee on
Science Cooperation was announced, aiming
to strengthen dialogue between the two
countries (Turekian and Neureiter 2012). This
programme has now existed for more than
50 years, bringing together scientists, senior
ministers and policy advisors from the US and
Japanese administrations.

• Science in diplomacy, in which scientific
advice is required to inform foreign policy
objectives, including active crisis situations.
For example, the United Kingdom has a Sci-
entific Advisory Group for Emergencies
(SAGE), which brings together leading
experts to ensure timely and coordinated sci-
entific advice to support UK cross-
government decisions (Cabinet Office 2012).
Recent activations of SAGE have been trig-
gered by the 2015 Nepal earthquake, the 2011
Fukushima nuclear emergency, and the 2010
eruption of the Eyjafjallajökull volcano in
Iceland (Fig. 16.2). In all of these contexts
(and others), scientific advice helped to inform
the UK’s response to these international situ-
ations. A link to minutes of a SAGE meeting
relating to volcanic ash disruptions caused by
the eruption of Eyjafjallajökull is included in
the further reading.

• Diplomacy for science, in which considerable
political and cross-cultural groundworks have
to be undertaken in order to facilitate scientific
endeavour. For example, Mount Paektu stands
on the border between the Democratic Peo-
ple’s Republic of Korea (DPRK, also known
as North Korea) and China, with the interna-
tional border running through the summit
crater. The Mount Paektu Geoscientific Group
(MPGG) is a UK scientific collaboration with
scientists from DPRK, which requires con-
siderable diplomacy and negotiation of inter-
national sanctions. This example is discussed
in detail in Sect. 16.2.2.
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Fig. 16.2 Ash from the eruption of Iceland’s Eyjafjallajökull Volcano in 2010. This image was taken on 19 April 2010
by the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite. The main ash plume is
seen as a brown streak south of Iceland. NASA image courtesy Jeff Schmaltz, MODIS Rapid Response Team at NASA
GSFC
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These three categories of science diplomacy
are not mutually exclusive, with some diplomatic
engagement likely to combine two or more of the
above. Political groundwork may be required in
sensitive areas to start new scientific projects or
host scientific conferences, with improved
diplomatic relations being among the longer term
benefits of that scientific collaboration. The
Synchrotron-Light for Experimental Science and
Applications in the Middle East (SESAME)
independent laboratory, based in Jordan, is an
example of a complex science diplomacy project.
This facility is unique in the region, offering
scientists the opportunity to access a centre of
excellence to advance research in diverse fields
(e.g., biology, chemistry, medicine, the environ-
ment, archaeology). The project, created under
the auspices of UNESCO and officially opened in
2017, required significant political groundwork
to identify a location and secure the necessary
support. This facility now brings together repre-
sentatives of Cyprus, Egypt, Iran, Israel, Jordan,
Pakistan, the Palestinian Authority, and Turkey,
aiming to promote peace through scientific
collaboration.

Gluckman et al. (2017) suggest a reframing of
the three categories above, focusing instead on
the purpose of the scientific engagement—ac-
tions that seek to directly advance the needs of a
nation-state; actions seeking to deal with cross-
border challenges; and actions that seek to meet
global needs and challenges. The latter two
categories particularly open up opportunities for
geoscientists to engage in science diplomacy.
Collaborations may

• Help to understand resources and manage
risks associated with cross-border rivers, tec-
tonic faults, or volcanoes that are close to a
border (Donovan and Oppenheimer 2019).

• Work to characterise or extract natural
resources (e.g., minerals, groundwater) from a
site that transgresses a border.

• Bring together complementary expertise and
resources to develop a combined satellite
monitoring programme.

• Enhance the scientific capacity of multiple
nation states, through shared learning,
research, and innovation.

These examples demonstrate how scientific
engagement or partnerships on issues linking to
hydrogeology, climate change, engineering
geology, minerals, hydrocarbons, and geological
hazards can all be related to diplomacy and the
strengthening (or establishing) of diplomatic
relations between two or more countries.

16.2.2 Case Study: The Mount Paektu
Geoscientific Group

An example of a long-running scientific project
that requires considerable diplomacy and nego-
tiation of international sanctions, among other
factors, is the Mount Paektu Geoscientific Group
(MPGG), which began in 2011 (Hammond
2016). Mount Paektu stands on the border
between DPRK and China (Fig. 16.3), with the
international border running through the summit
crater. The MPGG is a UK collaboration with
scientists from the DPRK. It was initiated fol-
lowing a request from the DPRK to the American
Association for the Advancement of Science
(AAAS). The AAAS reached out to a British
scientist, and this led to a meeting in Pyongyang
in 2011 that generated a research proposal.
However, as DPRK is under international sanc-
tions, it took 2 years to get the relevant permis-
sions from the UK and US governments.
Relations with DPRK were volatile at this time,
and this was the first time that institutions like the
UK Foreign Office had had to deal with such
requests for exemption. Hammond (2016) notes
that two elements were central in finally suc-
ceeding with the project: a strong scientific focus,
and enthusiastic scientists on all sides.

The MPGG does not work directly with the
partners in DPRK. It works through two NGOs
—one in Beijing and one in Pyongyang. Com-
munication can be time-consuming, particularly
with language differences, but over the years a
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very good relationship has built up. In addition, a
Memorandum of Understanding (MoU) was
signed between relevant Korean institutions, the
AAAS and the Royal Society—this was critical
in the success of the project. The role of the
Foreign Secretary of the Royal Society was very
important here—the UK universities involved
were nervous about signing an MoU with DPRK
institutions, but the Royal Society brought con-
siderable international experience and expertise.
This demonstrates the important role of effective
scientific institutions in delivering the Sustain-
able Development Goals (see Sect. 16.4).

Once work was underway and scientific data
was being gathered and processed, the partners
had to be flexible. In different geographical
contexts, science can differ in terms of access to
resources, approaches used, and priorities. Sci-
entists in DPRK had not visited active volcanoes
elsewhere in the world and had limited access to

scientific literature (Donovan 2019). Expecta-
tions also differ, and the restrictions resulting
from international sanctions affected the kinds of
work that could be done. However, several sci-
entific papers were produced from this first phase
of the project, and another is in review—this time
co-authored by Chinese scientists as well as UK
and Korean partners.

Volcano monitoring is best achieved by a net-
work that covers the entire feature; however,
China and DPRK currently monitor Paektu sepa-
rately and do not share data. The primary control
on data sharing is restriction by the Chinese gov-
ernment; however, after several years of discus-
sions, it has become possible to share some
partially processed data. The next stages of the
MPGG will seek to expand on this cooperation,
focussing on a cross-border seismic experiment
and the reconciliation of the stratigraphy, which is
interpreted differently by different groups of

Fig. 16.3 Lake Chon (summit caldera lake on Mount Paektu) from the Korean side of the volcano. © Amy Donovan
(University of Cambridge)
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authors (Donovan 2019). Ultimately, this project
hopes to reduce disaster risk around the volcano
through engagement and training in understanding
and reducing social vulnerability as well as hazard
modelling and scenario planning. As Hammond
(2016) notes, the driving force behind this project
is to understand the volcano and the risks it poses
—it is focussed on scientific discovery, and is
facilitated by diplomacy, open communication,
and flexibility. These ensure that goals are
achievable and that good relationships are main-
tained, and also require some patience and multi-
ple funding proposals—a single project, even a
five-year one, would not be enough to build the
necessary relationships for this kind of work.

16.2.3 Integrating Science Diplomacy
into a Career
as a Geoscientist

There are many opportunities for international,
transboundary geoscience projects in challenging
political contexts. Many international boundaries
are defined or characterised by geological and
geomorphological features, including rivers
(DPRK and China), mountain ranges (Chile and
Argentina), and lake boundaries (Tanzania and
the Democratic Republic of Congo) as well as
volcanoes (DPRK and China) and oceans
(Box 16.1). The International Groundwater
Resources Assessment Centre1 estimates that
there are 366 identified transboundary aquifers.
Regions where multiple countries have a vested
interest for political or scientific reasons also
provide rich opportunities for science diplomacy.
The Arctic Science Agreement2, came into force
in 2018, and helps to facilitate access to research
areas for data collection, supports open access to
scientific data, and promotes opportunities for
students and early-career scientists. The agree-
ment was signed by all eight member states of
the Arctic Council: Canada, Denmark, Finland,

Iceland, Norway, Russian Federation, Sweden,
and the United States of America.

Box 16.1 International Ocean Discov-
ery Programme (IODP)

This international marine research collabo-
ration brings together scientists from 23
eligible countries to collect seafloor sedi-
ments and rocks, and monitor environments
below the sea floor, to explore Earth’s his-
tory and dynamics. Key themes are climate
change, deep life, planetary dynamics, and
geohazards. Scientists from eligible coun-
tries (identified below) are selected to staff
IODP research expeditions, conducted in
diverse ocean settings (Fig. 16.4).

Platform Providers: National Science
Foundation (United States of America,
Canada); Ministry of Education, Culture,
Sports, Science and Technology (Japan);
and European Consortium for Ocean
Research Drilling (Austria, Denmark, Fin-
land, France, Germany, Ireland, Italy,
Netherlands, Norway, Portugal, Spain,
Sweden, Switzerland, United Kingdom).

Additional Funding Partners: Ministry of
Science and Technology (China); Institute
of Geoscience and Mineral Resources
(Korea); Australia-New Zealand IODP
Consortium; Ministry of Earth Science
(India); and Coordination for Improvement
of Higher Education Personnel (Brazil).

For geoscientists wanting to work at this inter-
face between science and international relations, it
is important to recognise that this requires invest-
ment in a range of skills and competencies beyond
those in technical geoscience (Gill 2016). Geo-
scientists require cultural understanding, patience,
and the ability to communicate across cultures and
disciplines. It is likely that geoscientists will need
to understand more about public policy than is
currently included in traditional geoscience cour-
ses (see SDG 1), recognising that science

1https://www.un-igrac.org/areas-expertise/transboundary-
groundwaters
2https://arctic-council.org/index.php/en/our-work2/8-
news-and-events/488-science-agreement-entry-into-force
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diplomacymaybring them into contactwith policy
makers, politicians, and diplomats. These skills
could be integrated into the education and contin-
ued professional development of geoscientists
(formal education), but are more likely to be
developed informally, through extracurricular
reading and activities. The gap between university
geoscience courses and the skills and understand-
ing required to contribute to sustainable develop-
ment objectives, including peace and justice,
requires new learning approaches and resources.

The complexity of doing science and building
science partnerships in politically sensitive areas
can make it challenging to secure funding. Those
providing finance may not be persuaded that a
project is achievable, that the time frame is real-
istic, or that institutions (in all countries involved)
will persevere to bring the project to fruition.
The SESAME facility (described in Sect. 16.2.1)
was opened in 2017, but there was significant
work in the two decades before that to manage

the process, identify a physical location for the
facility, and bring people together. This is also the
case for a lot of IODP projects (and the Interna-
tional Continental Scientific Drilling Programme)
which can take decades to put together, involving
negotiations across several countries. Building
partnerships of any type takes time and commit-
ment (see SDG 17), particularly when there are
complex political, cultural, or religious sensitivi-
ties to navigate. The United Kingdom, through
the Newton Fund, provides Researcher Links and
Institutional Links grants for the development of
collaborations between the UK and partner
countries (e.g., Brazil, China, India, Jordan,
Philippines) that tackle local development chal-
lenges. This type of funding can help to start
conversations, build trust, and explore shared
perspectives on societal challenges and science
priorities. The evidence generated at this prelim-
inary stage can then inform longer term engage-
ment and funding applications. In many contexts,

Fig. 16.4 IODP Arctic expedition September 2004. © NERC (used with permission)
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however, more time and preliminary funding will
be needed to establish the relationships necessary
for larger projects. International scientific con-
ferences and workshops also provide an informal
opportunity to contribute to science diplomacy,
building networks and relationships that span
different geographies and sectors.

Science diplomacy, broadly conceived, can
enhance international relationships and can
strengthen capacity in the Global South. An
important aspect of capacity strengthening is
through the sharing of knowledge, expertise, and
scientific resources—providing training, lending
or giving equipment, and providing opportunities
for wider interaction through conferences and
workshops. Indeed, achieving many of the SDGs
will involve significant international scientific
collaboration, much of which is likely to require
some level of science diplomacy. While SDGs
16 and 17 are explicitly linked to peace and
partnerships, engagement with challenging
political contexts and across ideological divides
will be necessary for success in achieving all the
SDGs.

16.3 Corruption and Geoscience

Corruption involves the abuse of power in return
for wealth, status, or access. It hinders a nation or
region from reaching its economic, social, and
environmental ambitions (Murshed and Mredula
2018). For example, comparing the Corruption
Perception Index (a measure of how corrupt
experts perceive a country to be) with the Human
Development Index (a measure looking at health,
education, and living standards) suggests that
countries perceived to be less corrupt generally
have higher measures in the Human Development
Index (Ortiz-Ospina and Roser 2019) (Fig. 16.5).

Two examples of corruption and their effects
that we explore in this chapter are

• Bribes paid to government officials by con-
struction workers, in return for ignoring vio-
lations of building codes. This can result in
buildings being vulnerable to natural hazards,

loss of life, and a higher reconstruction bill for
the city.

• Bribes paid to government officials by indus-
try, in exchange for privileged access to nat-
ural resources. This can result in poor deals
and lost revenue for the taxpayer, with a risk
that firms with poor performance and proce-
dures for health and safety, environmental
sustainability or human rights are given
lucrative contracts.

Other examples include bribing an official in
return for paperwork approving the export of
research samples, exploiting power to give a job
to a personal contact (i.e., a family member or
friend) even if they are not qualified, and the
collusion of parties in the public or private sector
to fix prices and increase consumer costs.

16.3.1 Tackling Corruption
to Improve Disaster Risk
Reduction

SDG 1 introduced the concept of disaster risk,
highlighting components of hazard, exposure, and
vulnerability. Changing one risk component cau-
ses a change in the overall risk. For example,
decreasing vulnerability, while hazard and expo-
sure remain the same, decreases the overall risk
(Adger 2006). Vulnerability can be understood as
‘the conditions determined by physical, social,
economic and environmental factors or processes
which increase the susceptibility of an individual,
a community, assets or systems to the impacts of
hazards’ (UNDRR 2017). Vulnerability consists
of four main components: physical (e.g., the built
environment), socio-economic (e.g., household
income), environmental (e.g., soil quality), and
institutional (e.g., levels of corruption) (de Ruiter
et al. 2017). Corruption increases vulnerability
and decreases the positive effects of disaster risk
reduction measures, which together increases risk
(Kenny 2012; Lewis 2011). Tackling corruption
can, therefore, help to decrease risk, and perpet-
uating corruption can increase risk (Leeson and
Sobel 2008).
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The institutional dimension of vulnerability
refers to the functioning of governments and
the effectiveness of policies such as risk mitiga-
tion strategies, and regulation control and law
enforcement (Ciurean et al. 2013). Governments
play an important role inmanaging a community’s
risk level and can decrease risk by implementing
disaster risk reduction measures or developing
policies such as mandatory building standards
(Ahrens and Rudolph 2006; Green 2005). Trust in
official information sources is often cited as being
of high importance to the level of institutional
vulnerability that exists (Werg et al. 2013). For
example, governments may issue evacuation
notices if they believe that a volcanic eruption is
imminent. If people do not have trust in the
integrity and knowledgeability of government
institutions, these warnings may not be heeded.
A key factor affecting trust in official institutions is

the extent to which those institutions are corrupted
or perceived to be corrupted.

Corruption is difficult to quantify (Ambraseys
and Bilham 2011), and it is, therefore, hard to
prove a causal relation between corruption and
disaster risk. There does seem to be a strong
correlation between corruption and the extent of
impacts from a disaster, such as an earthquake
(Alexander 2016; Ambraseys and Bilham 2011;
Escaleras et al. 2007). Over the past 30 years,
83% of the deaths attributed to collapsed build-
ings due to earthquakes occurred in anomalously
corrupt countries (Ambraseys and Bilham 2011).

The construction industry has been shown to
be the most corrupt industry of the global econ-
omy (Betts and Farrell 2009). Corruption in this
sector increases disaster risk by decreasing the
ability of the built environment to withstand
negative disaster impacts. In other words, cor-
ruption (institutional vulnerability) decreases the

Fig. 16.5 Human Development Index versus Corruption Perception Index, 2017. Images created by Ortiz-Ospina and
Roser (2019), using data from UNDP (2018), Transparency International (2018), Gapminder and UN (2019).
Reproduced under a CC BY license (https://creativecommons.org/licenses/by/4.0/)
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quality of the built environment (increasing
physical vulnerability). Physical vulnerability is
shaped by how well a building is designed and
constructed, and how well building codes are
implemented. Corruption can compromise these
factors, resulting in buildings that are poorly
constructed and in breach of building codes,
increasing a built environment’s vulnerability
(Bosher and Dainty 2011).

Corruption in the construction industry mainly
arises from two aspects:
1. Regulation Difficulties. This can be due to the

large number of companies involved in one
construction project, the often-changing
composition of partners per project and the
lack of repetition in projects.

2. Informal Labour. The relatively low barriers
in entering the industry’s labour market make
it prone to become an informal labour market.

These factors aggravate the industry’s cor-
ruption-proneness, which increases the built
environment’s vulnerability to extreme events
(Lewis 2003). Corruption not only directly
influences the quality of the construction of
buildings and the enforcement of building codes;
it can also negatively influence policy agendas
and foster inequality (Lewis 2008). Although still
debated, studies have shown that corruption has
stronger negative impacts on sustainable devel-
opment in developing countries compared to
developed countries (Freckleton et al. 2012;
Lewis 2011). Corruption is not just a causal
factor in disasters occurring, but can also be a
consequence of disasters and their damage.
Disasters can increase corruption in the public
sector as governments struggle to maintain
oversight during the often chaotic post-disaster
phase.

Box 16.2 Building Codes and Earth-
quake Damage in Turkey

In Turkey, corruption has resulted in a
mismatch between building codes that exist
on paper and the actual state of the built
environment, revealed by the number of

earthquake-damaged buildings (Akarca and
Tansel 2012; Alexander 2008, 2016). In
1999, the northwestern part of Turkey was
successively hit by two major earthquakes,
both causing significant damage and many
deaths. At the time, Turkey already had
strict building codes and regulations in
place. The extensive building damage was
inconsistent with these strict regulations.
While many older buildings survived the
earthquakes, many recently constructed
buildings were damaged. During the post-
disaster recovery phase, a study found that
local politicians had been taking bribes to
authorise the construction of sub-standard
buildings. This explained why many of the
old buildings remained standing while the
newer buildings were severely damaged: the
newer buildings were inappropriately
designed, poorly constructed, and located in
high-risk zones that were deemed not safe
for construction. During the subsequent
elections of 2002, nearly half of the elec-
torate voted for new parties that had not
been in power during the 1999 earthquakes
(Akarca and Tansel 2012) (Fig. 16.6).

There are different ways of addressing corrup-
tion and thereby improving Disaster Risk Reduc-
tion (DRR). The most important components of a
governance structure to best support risk reduction
are awareness, accountability, participation,
predictability, and transparency (Ahrens and
Rudolph 2006). By strengthening each of these
governance components, we can help to address
the challenge of corruption (Kaufmann et al.
2003). In the context of the construction sector,
this means

• Simplifying regulations so that complying
with them is easier for engineers and con-
struction employees during construction, as
well as for governmental assessors to evaluate
compliance with building codes after con-
struction (Kenny 2012).
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• Engaging local communities in DRR to create
shared information, ownership, and capacity
building (Bosher and Dainty 2011; Petal et al.
2008).

• Designing building standards and relevant poli-
cies in agreement with people working in the
industry, and providing easily accessible infor-
mation about these standards (Alexander 2008).

• Reforming the professionalisation of the local
construction industry (Alexander 2008), and
transitioning from a fragmented approach to a
holistic approach where the different compo-
nents of construction are better integrated
(Bosher and Dainty 2011).

For geoscientists, understanding the relation-
ship between corruption and risk, the ways in
which corruption manifests itself in the built
environment and the actions that can be taken to

strengthen governance is critical. Geoscience
informs the development of appropriate building
codes, recognising local ground conditions that
can affect the characteristics of a given hazard.
Geoscientists may engage directly with the pub-
lic through education, outreach, and research
activities. This provides an opportunity to share
knowledge regarding how hazards affect the built
environment and the consequences of corruption
on their safety. Finally, strong professional geo-
science organisations and learned societies—
while not exempt from corruption—can provide
independent knowledge and information that
helps to hold governments (with responsibility
for approving changes in land use, building
inspections and other relevant factors) to
account, while also ensuring that geoscientists
are held to high professional standards (see
Sect. 16.4.3).

Fig. 16.6 Istanbul. This city of approximately 15 million people in Turkey is close to the North Anatolian Fault,
responsible for several earthquakes throughout the history of Istanbul. Image by Şinasi Müldür from Pixabay
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16.3.2 Tackling Corruption
to Improve
the Extractives Sector

Corruption can occur in all parts of mineral and
hydrocarbon value chains, and at all stages of the
extraction life cycle. These include the awarding
of mining, oil, and gas rights, formulation and
implementation of contracts, operations phases
(including with regard to regulation), and com-
modities trading. Corruption in the extractives
sector often involves bribery (indeed, the OECD
reports that one in five cases of transnational
bribery occurs in this sector), but it can take other
forms, including embezzlement, extortion, mis-
appropriation and diversion of public funds,
abuse of office and trading in influence. It occurs
and has impacts across the public, private, and
civil society sectors, and is recognised as a major
impediment to development. Governments,
companies in all parts of the value chain and civil
society all have a role in preventing corruption
(OECD 2016).

Responsible mining and hydrocarbon extrac-
tion (and responsible sourcing of other raw
materials) means minimising the negative social,
environmental, and economic impacts of
resource extraction and maximising the positive
impacts (Wall et al. 2017). Corruption constitutes
just one set of potential negative impacts, and it
can exacerbate and be closely interlinked with a
wide range of other impacts (Goodland 2012;
Church of England 2017; Ayuk et al. 2019).
A particular concern is the link between corrup-
tion, illegal mining and trading of commodities,
and conflict and human rights abuses such as
forced and child labour (Bleischwitz et al. 2012).
Corruption around the awarding of access rights
and the formulation and implementation of con-
tracts can also lead to significant harm to envi-
ronments and communities.

There are many initiatives, schemes, and
standards relating to aspects of responsible min-
ing and hydrocarbon extraction. The most sig-
nificant one directly addressing corruption and
financial transparency is the Extractive Industries
Transparency Initiative (EITI) (see Box 16.3).
These challenges are also being actively

addressed by the Organisation for Economic Co-
operation and Development (OECD), the Inter-
national Monetary Fund, and the World Bank,
among others. Corruption and financial trans-
parency are also addressed alongside other social
and environmental impacts of mining, as part of
many schemes and initiatives. These include the
International Council on Mining and Metals
(ICMM) (a coalition of major mining compa-
nies), the Responsible Mining Index (RMI) and
the Initiative for Responsible Mining Assurance
(IRMA) (both independent non-profit multi-
stakeholder organisations), whole-chain single-
commodity schemes such as the Aluminium
Stewardship Initiative (ASI), and those relating
to particular geographical areas (particularly the
Democratic Republic of Congo and surrounding
countries) such as the Regional Initiative against
the Illegal Exploitation of Natural Resources
(RINR) under the auspices of the International
Conference on the Great Lakes Region (ICGLR).

Box 16.3 Extractive Industries Trans-
parency Initiative (EITI)

What is it? EITI sets and administers the
global standard to promote open and
accountable management of oil, gas, and
mineral resources, recognising that these
resources belong to a nation’s citizens. It
initially focused on revenue transparency
but, from 2013 onwards, the EITI Standard
has addressed a wider range of financial
and legal transparency and good gover-
nance objectives, across government and
industry. The EITI Standard requires
timely and accurate reporting by countries
on matters such as how licenses are allo-
cated, the tax, royalties and in-kind social
donations made by corporations involved
in extractives, and how revenues make
their way through national and local gov-
ernments (EITI 2019a).

Purpose: The EITI seeks to strengthen
public and corporate governance, promote
understanding of natural resource
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management, and provide the data to
inform reforms for greater transparency
and accountability in the extractives sector,
including curbing corruption.

Who is involved? There are currently 52
implementing countries, including many
nations with significant extractive indus-
tries. Implementation of the EITI standard in
each implementing country is led by amulti-
stakeholder group of representatives from
government, companies, and civil society,
working together towards a shared vision of
transparency and accountability. Multi-
stakeholder national groups set country-
specific objectives for EITI implementation
and oversee the reporting process to the
international EITI board. The EITI is jointly
funded by industry and governments.

Assessment and Evaluation: The EITI
standard is applied in the same way to all
implementing countries. Validation is the
process by which disclosed data is
reviewed and assessed alongside a broader
consultation process. Countries may be
deemed to be making inadequate, mean-
ingful or satisfactory progress, and the next
validation timetabled for 3 months to
2.5 years later. If progress is inadequate, a
country is temporarily suspended from the
EITI. If no progress has been made, a
country is delisted and must reapply. Since
2016, seven members have been deemed to
be making inadequate progress and tem-
porarily suspended (Afghanistan, Azerbai-
jan, Iraq, Kyrgyz Republic, Niger,
Solomon Islands, and Tajikistan). Seven
members have been assessed as making
satisfactory progress (Colombia, Mongolia,
Nigeria, Norway, Philippines, Senegal,
Timor-Leste) (EITI 2019b).

EITI Impact: Assessments of the impact of
EITI have been generally (though not uni-
versally) positive. A report from the Chr.

Michelsen Institute reviewing 50 evalua-
tions of EITI’s work recognised the scale of
the challenge, the relatively small scale of
the organisation, the long-term nature of its
developmental objectives, and the difficulty
of attributing change to a single interven-
tion. It concluded that good progress has
been made in many areas, including opera-
tional and promotional objectives, and that
there is some evidence of success regarding
development goals, though this is context-
dependent. The lack of participation of a
number of very significant resource-rich
countries, including some regarded as
highly corruption-prone, is a notable
weakness (Lujala et al. 2017). Nonetheless,
the EITI has already made a significant
contribution to tackling corruption and
associated problems in the extractives sec-
tor, and has scope to develop further.
Among other positive impacts, data col-
lected through the EITI process has been
used across the public and private sectors to
(i) inform legal and fiscal reforms,
(ii) strengthen tax collection, (iii) create
financial models to deal with high and low
commodity prices, (iv) monitor whether
contracts are being adhered to, and (v) clar-
ify the investment environment for compa-
nies (EITI 2019b) (Fig. 16.7).

Geoscientists can play a vital role in reporting
and addressing corruption. Some, particularly
those who take on senior management roles in
companies in the extractives sector, have signifi-
cant influence over company policies and gover-
nance, establishment of joint ventures and
selection of partner companies, procurement rules
for goods and services, negotiation of access
rights and operational compliance with regulatory
requirements—all vital considerations in seeking
to identify and control corruption (OECD 2016).
More generally, geoscientists often find them-
selves at the front end of exploration and opera-
tional phases on the ground, and may come into
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contact with improper practices including actual
or potential corruption. It is incumbent on them to
report such practices, and to conduct their own
professional activities according to high ethical
standards (see discussion of professional bodies
and codes of conduct in Sect. 16.4.3). It is also
essential that companies encourage their employ-
ees (geoscientists and others) to behave in this
way, and for geoscientists in leadership positions
to promote supportive and inclusive professional
environments in which such matters can be dis-
cussed openly (Peppoloni et al. 2019).

Minerals pass through long, global, complex
and entangled supply chains and value chains on
their way from mines to manufacturers, end-
products, and consumers. This constitutes a
major challenge to those further along these
chains who want to know where their raw
materials have come from and what the impacts
of their extraction are. Many manufacturing
companies are increasingly paying attention to
these questions, but have no way of accessing the
information which would allow them to be

answered. Certification of the standards under
which minerals have been extracted and pro-
cessed and their traceability through supply
chains is thus a shared challenge for mining
companies, investors, manufacturing companies,
and other stakeholders. A number of the schemes
and standards discussed above are seeking to
address this challenge, but with the exception of
a few commodities such as gemstones and cer-
tain ‘conflict minerals’, limited progress has been
made so far. This challenge is the subject of
ongoing interdisciplinary research. Alongside
societal, institutional, and managerial approa-
ches, new technologies (including blockchain
and related mechanisms) may have a role to play.
Geoscientific innovation may also contribute to
monitoring mining activities and their impacts
(including corruption, whether directly or indi-
rectly), and the subsequent tracking of materials,
for instance, through ‘big data’ approaches to
in situ sensing data made publicly available
online in real time, or by developing novel
remote sensing techniques and applications.

Fig. 16.7 EITI Process and Impact. Credit EITI (2019b), EITI Progress Report 2019, prepared by the EITI
International Secretariat (eiti.org)

16 Peace, Justice, and Strong Institutions 409



16.4 Effective Geoscience
Institutions

16.4.1 Characteristics and Types
of Geoscience Institution

SDG 16 sets out key characteristics of effective
institutions, noting them to be accountable and
transparent, having responsive, inclusive, partic-
ipatory, and representative decision-making, and
(for relevant global organisations) having mean-
ingful participation of developing countries.
Geoscientists are involved in a range of local,
national, and international institutions with a
responsibility to embed these characteristics.
Some of these (such as national geological sur-
veys, government departments, and agencies) are
public sector bodies and have a crucial role in
improving environmental data collection, man-
agement, integration and access to support sus-
tainable development objectives. Others
(including most learned societies and profes-
sional bodies) exist as not-for-profit organisa-
tions or charitable bodies, working to advance
the study of Earth science, strengthen the pro-
fession and improve societal access to Earth
science. There are several main categories of
geological or geoscientific institution:

• Global and continental unions and societies
(for example, the International Union of
Geological Sciences (see Box 16.4), the
Geological Society of Africa and the Euro-
pean Geosciences Union). We discuss the
contribution of this type of institution to sus-
tainable development objectives in
Sect. 16.4.2.

• National academies of science, whose scope
goes beyond geoscience but which may have
geoscience sections (examples include the US
National Academy of Sciences and the Tan-
zania Academy of Sciences—see the Intera-
cademy Partnership website3 for a partial list).

• National geological societies, sometimes refer-
red to as learned societies (examples include the
Geological Society of India and the Geological

Society of Australia). We discuss the contribu-
tion of this type of institution to sustainable
development objectives in Sect. 16.4.3.

• National professional geoscience bodies,
which are usually separate from national
geological societies (for example, the Ilustre
Colegio Oficial de Geólogos in Spain and the
Institute of Geologists of Ireland), although
both functions may be fulfilled by the same
body (as by the Geological Society of London
in the UK). Such institutions are also dis-
cussed in Sect. 16.4.3.

• Specialist geoscientific societies, associa-
tions and groups, whether at international or
national level, including specialist subgroups
of broader geoscience organisations (such as
the International Association of Hydrogeolo-
gists, the Seismological Society of America,
and the Forensic Geoscience Group of the
Geological Society of London).

• National geological surveys (such as the
Geological Survey of Botswana and the
Colombian Geological Survey).

• Government departments, agencies, and
directorates (examples in Kenya include the
Ministries of Environment and Forestry (in-
cluding the National Environment Manage-
ment Authority), Mining and Petroleum
(including the Directorate of Geological Sur-
veys), Water and Sanitation, and Energy).

• Voluntary groups focused on the interface
between geoscience and topics such as
development and ethics (such as Geology for
Global Development and the International
Association for Promoting Geoethics, together
with its national chapters).

• Regional, local and student societies,
groups, chapters, and clubs.

Many of these institutions have formal or
informal links and working relationships with
one another, and shared membership and objec-
tives. They all have great potential to bring
together, represent and build connections
between local, national, and international com-
munities of geoscientists, and to stimulate and
empower these communities to play a significant
part in delivering the SDGs.3http://www.interacademies.org/31841/Members
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16.4.2 International Scientific
Institutions
and Sustainable
Development

International scientific institutions, such as
unions operating at a continental or global level,
contribute to sustainable development progress
through promoting research, training, and edu-
cation. Institutions help to

• Advance scientific understanding, supporting
scientific discovery, innovation, and
dissemination;

• Strengthen public understanding of science
and trust in scientific advice;

• Build links with other institutions (e.g., other
scientific disciplines, think tanks, intergov-
ernmental agencies, national governments),
helping to develop interdisciplinary solutions
to complex challenges, provide a united voice
(e.g., on climate change), and embed science
into all forms of decision-making;

• Facilitate communication and collaboration
among geoscientists.

Many of these activities link to issues of
global sustainability, helping to inform and shape
societal transformations towards sustainability at
individual to global scales. For example, global
geoscience institutions can help to connect
geology with other natural or social sciences to
generate solutions to lack of resource access,
natural hazards, rapid urbanisation, and geodi-
versity and biodiversity conservation.

Transparency and good governance of scien-
tific institutions are inherently connected. The
more the organisation’s leadership is transparent,
the greater the opportunity for a culture of trust to
be established, an organisation to thrive, its
mission to be better delivered, and its societal
benefit to be maximised. In practice this requires
the following:

• Clear, accessible, and adhered to ‘rules’.
Rules may govern how an organisation oper-
ates and how members can get involved (e.g.,
through standing for elected positions). Such

rules should tackle injustices (e.g., encourag-
ing representation from marginalised groups)
and not perpetuate injustices. There should be
clear processes in place to respond when rules
are violated, and mechanisms to ensure action
can be and is taken.

• Management of Competing Interests. Those
with decision-making responsibilities should
declare any competing interests (financial or
otherwise), so as to ensure decision-making
focuses solely on the best interests of the
institution and society at large.

• Financial and Project Transparency. Organi-
sations should publish an annual report that
describes and characterises key financial infor-
mation (e.g., income and expenditure, assets)
and how resources have been used to advance
the aims and objectives of the organisation.
This information should be easily accessible,
presented in a form that stakeholders can
understand, and invite and encourage dialogue.
Reporting of progress against objectives
throughout the year helps to build interest in an
organisation, and supports accountability.

• Inclusive Decision-Making. Diversity and
inclusiveness are key to achieving the SDGs
(see SDG 5, SDG 10). Scientific institutions
should, therefore, actively model these values.
Inclusiveness in institutional representations,
especially in science, takes different forms and
meanings. It can be correlated with regional,
gender, ethnicity, or youth representation in
the decision-making system of a given scien-
tific institution, among many other factors and
characteristics. Representation should be
meaningful (not tokenistic) and participatory.

• Open Data. Open data plays an important role
in improving governance and achieving sci-
entific objectives relevant to sustainable
development. Institutions may support open
access to their own data and reports (e.g., the
International Union of Geological Sciences,
Box 16.4, publishes a fully open-access sci-
entific journal), or actively partner in broader
open science initiatives. The Digital Earth
Africa programme, for example, processes
freely available Earth Observation (EO) data
to produce decision-ready products to
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improve lives across Africa. This is funded by
the Leona M. and Harry B. Helmsley Chari-
table Trust and the Australian Government,
and includes partners such as the Committee
on Earth Observation Satellites and the Group
on Earth Observations.

These characteristics should not be unique to
large global or regional scientific institutions.
Such organisations, however, are often viewed as
global leaders and, therefore, have a responsi-
bility to develop, model, and catalyse good
practice. Global geoscience organisations can
develop resources or provide advice on gover-
nance that national organisations can adopt to
improve their effectiveness and accountability.
There are likely to be many contexts, however, in
which national institutions are more advanced in
their pursuit of openness and inclusivity, and can
help drive improvements at a global scale.

Box 16.4. International Union of Geo-
logical Sciences (IUGS)

The International Union of Geological
Sciences (IUGS), established in 1961,
plays a unique leadership role in the global
geological community. IUGS ‘promotes
and encourages the study of geological
problems, especially those of world-wide
significance, and supports and facilitates
international and interdisciplinary coop-
eration in the Earth sciences’. The IUGS is
a member of the International Science
Council (ISC, formerly ICSU), which
plays a leading role in coordinating the UN
Major Group on Science and Technology
(giving scientists a voice in UN processes).
Membership of the ISC, if active and sus-
tained, therefore, helps to give geoscien-
tists a voice in sustainable development
planning and decision-making.

Website: www.iugs.org/.

Membership: IUGS membership is at a
national level, through a so-called

‘Adhering Organisation’, such as a Geo-
logical Survey, Geological Society or
National Academy. IUGS also has ‘Affili-
ated Organisations’, which are typically
international societies (often with a regio-
nal or thematic focus) representing sections
of the geoscience community. At the time
of writing, IUGS had 57 active adhering
national members (with 8 active pending
members), and 56 affiliated organisations
(e.g., American Geophysical Union, Geo-
logical Society of Africa, Geology for
Global Development, International Asso-
ciation for Promoting Geoethics, Interna-
tional Consortium on Landslides, Society
of Economic Geologists).

What does IUGS do? IUGS fosters dia-
logue and communication among the glo-
bal Earth science community by organising
international projects and meetings, spon-
soring symposia and scientific field trips,
and producing publications. The topics
addressed through these activities relate to
fundamental research, economic and
industrial applications, environmental and
societal challenges, and educational and
developmental problems.

Examples of Activities:

• Commissions, Task Groups, and Initia-
tives. These are concerned with a wide
range of geological research and prac-
tice, often of interest to governments,
industry, and academia.

• Scientific Publishing. The journal Epi-
sodes covers developments of regional
and global importance in the Earth sci-
ences and is distributed worldwide to
scientists in more than 150 countries.
Research outputs from IUGS initiatives
and conferences are also published from
time to time as standalone Special
Publication volumes, usually by the
Geological Society of London on behalf
of IUGS.
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• International Geoscience Programme
(IGCP). Since 1972, IUGS has co-
sponsored, with UNESCO, the IGCP,
helping to build geoscience capacity
around the World, especially in devel-
oping countries. The programme aims at
fostering North–South and, especially,
South–South cooperation between geo-
scientists on key thematic areas includ-
ing geohazards, use of natural resources
and climate change.

• International Geological Congress.
This is a major gathering of the Earth
science community, taking place every
four years and supported by the IUGS.
The IGC includes the ‘Geohost’ pro-
gramme providing financial support to
early-career scientists and those from
low-income countries, enabling them to
participate fully in the congress.

• Resourcing Future Generations. This
flagship initiative seeks to engage the
international geological community in a
global effort to meet the world’s future
resource needs sustainably. It has stim-
ulated novel research agendas, interdis-
ciplinary links, and a major IUGS
conference on the topic in 2018. It arose
in part from the success of the Interna-
tional Year of Planet Earth in 2008
(with activities running from 2006 to
2009), which was organised by IUGS in
partnership with UNESCO and other
UN agencies.

16.4.3 National Geological Societies
and Professional Bodies

National Geological Societies and Professional
Bodies (NGSPBs) have an especially important
role to play, given their focal position in national
geoscience communities and the scope they have
to reach out beyond these communities. This is a
particular responsibility for those that are larger
and relatively well resourced. This is recognised,

for instance, by the Geological Society of Lon-
don, whose strategy for 2017–2027 includes the
aim of ‘promoting the role of geoscience in
sustainable global development’ (Geological
Society of London 2017). NGSPBs can and
should perform a number of functions that can
contribute to the delivery of the SDGs.

Within their own memberships, NGSPBs can
highlight the many ways in which geological
research, education, and professional practice can
help to deliver the SDGs, as described through-
out this volume. They can also play a wider
leadership role within their national geological
communities, and can communicate to those
studying geoscience (whether at school or uni-
versity level), public audiences (including via
social media and traditional media), and policy-
makers the vital role of geoscience in sustainable
global development. By working with their own
members with relevant expertise, NGSPBs are
ideally placed to raise awareness among these
audiences of our dependence on the Earth for a
vast range of resources, including energy, min-
erals, and water, and to make the case for
ensuring that they are sourced, managed, and
used in an environmentally, socially, and eco-
nomically responsible way. They can highlight
the detrimental social and environmental impacts
that extraction and use of natural resources can
have, but also the potential for these activities to
support sustainable livelihoods and economic
growth (SDG 8), to provide energy and materials
for sustainable patterns of consumption and in-
frastructure development (SDGs 6, 7, 9, 11, and
12), and to facilitate the necessary transition to
low carbon energy systems (SDG 13). Similarly,
they can communicate the need for high-quality
geoscience to underpin environmental manage-
ment and protection of ecosystems (SDGs 14
and 15), sustainable agriculture (SDG 2), pro-
tection against natural hazards (SDGs 1 and 11),
and engineering activities to develop infrastruc-
ture (SDGs 9 and 11).

A key role for NGSPBs is to engage with
national and regional governments and regula-
tors, urging them to develop and put into effect
policies and regulatory frameworks across the

16 Peace, Justice, and Strong Institutions 413



domains outlined above which are informed by
the best available geoscientific evidence, and
helping them to access the requisite expertise and
information via their members and the wider
geoscience community. This may take the form
of responding to external policy initiatives such
as departmental consultations and parliamentary
inquiries, or more proactive efforts to highlight
matters of concern identified within the geo-
science community. Effective development and
implementation of policy is essential for reducing
bribery and corruption (SDG 16.5) and ensuring
accountability and transparency (SDG 16.6) in
the natural resources sectors, and NGSPBs can
help governments and other decision-makers
connect to those with expertise and experience
relevant to addressing these challenges.

Professional bodies have as their core purpose
the role of setting, certifying, and policing high
professional standards in geoscience. This is
done by a variety of means, often including the
award of professional titles such as Chartered
Geologist (Geological Society of London), Cer-
tified Professional Geologist (American Institute
of Professional Geologists), Professional Geo-
scientist (Geoscientists Canada), Professional
Geologist (Institute of Geologists of Ireland),
Perito Geólogo (Ilustre Colegio Oficial de
Geólogos), and European Geologist (European
Federation of Geologists, working with its
national member professional bodies), which are
typically available to suitably qualified individ-
uals from outside as well as within the country of
the awarding body. Such bodies (as well as many
national geological societies) require title holders
and other members to abide by professional
ethics codes or codes of conduct, and promulgate
these codes as standards to which all professional
geoscientists should adhere. A partial list of these
codes is available on the website of the Interna-
tional Association for Promoting Geoethics4.

Significant efforts have been made to promote
common professional standards in geoscience
internationally, including through mutual recog-
nition agreements between professional bodies,
the work of the European Federation of

Geologists (which acts as an umbrella body for
national professional bodies across Europe), and
the work of a Task Group on Global Geoscience
Professionalism (TG-GGP) within the Interna-
tional Union of Geological Sciences (Peppoloni
et al. 2019). The awarding of professional titles
and associated activities of professional bodies
are intended primarily to ensure that high pro-
fessional standards are met in the practice of
geoscience, for the public good, rather than to
benefit individual geoscientists. Setting and
seeking to enforce high standards in the extrac-
tion and management of natural resources, in-
frastructure development and protection against
natural hazards are all essential to sustainable and
equitable global development. Furthermore,
efforts to extend the availability of professional
titles and the impact of associated standards
internationally support the education and pro-
fessional development of a global geoscience
workforce equipped to meet these global needs,
and help to build capacity in countries beyond
those currently able to support their own national
professional titles and bodies.

Professional bodies also play a vital role in
helping to develop and ensure adoption of
external standards, including mineral reporting
codes such as Pan-European Reserves &
Resources Reporting Committee (PERC), Aus-
tralasian Code for Reporting of Exploration
Results, Mineral Resources and Ore Reserves
(JORC), and those overseen by other member
bodies of the Committee for Mineral Reserves
International Reporting Standards (CRIRSCO).
Adherence to such standards and their adoption
by stock exchanges and other relevant bodies are
essential for ensuring accountability and trans-
parency in the mining sector and in downstream
minerals supply and value chains (see
Sect. 16.3.2).

NGSPBs can contribute directly to the deliv-
ery of SDG 16 through the good governance of
their own affairs (see the principles outlined in
Sect. 16.4.2) and their interactions with others.
By maintaining and applying rigorous gover-
nance documents and procedures, and keeping
these under review to make sure they are fair and
fit for purpose, they can help to engender a4http://www.geoethics.org/codes
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culture of rule of law and equal access to justice
for all (SDG 16.3) at a sub-governmental level,
within and beyond geoscience communities, and
ensure accountability and transparency (SDG
16.6). They should be responsive, inclusive, and
representative in their decision-making (SDG
16.7), and actively encourage participation of all
members in this, having regard to potential bar-
riers to participation including implicit discrimi-
nation and unconscious bias. They can work with
others to reduce corruption and bribery (SDG
16.5), by directly addressing such ethical issues
in their professional codes, through collaboration
with bodies such as the International Association
for Promoting Geoethics and fellow NGSPBs,
and by demanding high ethical standards from
sponsors, stakeholders and partner organisations
across the public, private and voluntary sectors.

Many NGSPBs and other geoscience institu-
tions have recently recognised the need to pay far
greater attention to issues of discrimination and
harassment (SDG 16.B), and have implemented
or initiated measures to create an environment in
which such behaviours are unacceptable and
those experiencing them feel confident in
reporting them. These measures include devel-
opment of new codes of conduct (for example,
regarding attendance at conferences) and
amendment of existing ones. There is also a
renewed focus on diversity, equality, and inclu-
sion in many geoscience institutions, although
much remains to be done to ensure a truly level
playing field.

Finally, NGSPBs can do a great deal to pro-
mote international cooperation and collaboration,
and to support capacity building, including
through helping national geoscience bodies in
developing countries to develop and grow their
activities (SDG 16.A). Through initiatives such
as the Associated Societies schemes of the
Geological Society of America and the Geolog-
ical Society of London, as well as through
bilateral relationships and informal cooperation,
better resourced national bodies can share expe-
rience regarding governance and organisation,
provide access to members with relevant exper-
tise and experience, share materials, support
participation in national and international

initiatives (such as Earth Science Week) and
offer moral support and friendship.

16.4.4 National Geological Surveys

A third group of geoscience institutions which
contribute to sustainable development is national
geological surveys. These are typically govern-
ment sector, not-for-profit research organisations,
tasked with

• Observing, characterising, and understanding
the Earth’s natural systems.

• The provision of reliable, impartial scientific
data and advice.

• Delivering projects that focus on public-good
science, to support national planning, eco-
nomic growth, and social well-being.

The longevity of many geological surveys has
enabled them to play an internationally important
role in delivering geoscience for, the responsible
use of natural resources, building resilience to
natural hazards and environmental change and
fundamentally to act as the national body for the
collection, management and long-term storage of
geodata (Fig. 16.8).

Some of the oldest surveys have played a key
influencing role in establishing and building national
survey activities around the globe. For example, the
British Geological Survey (BGS) founded in 1835,
the US Geological Survey founded in 1879, the
Argentinian Geological and Mining service created
in 1904, and in 1912 the South African Council for
Geoscience (formerly the Geological Survey of
South Africa). In contrast, the China Geological
Survey was only re-founded in 1999 but today has
many links with geological surveys across Africa
and Asia.

The mission statements of national geological
surveys highlight their roles in contributing to
economic growth. Most have yet to formally
adopt the SDGs within their programmes. One
exception is the British Geological Survey which
in its new research strategy 2019–23 (BGS 2019)
seeks to align its global activities and research
challenges to the SDGs. Coordination of research
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by geological surveys is also enhanced by global
partnership initiatives including OneGeology
(2019), the Global Earthquake Model (2019), the
Global Volcano Model (2019), the Commission
for the Geological Map of the World (2019)
(websites for which are all listed in the refer-
ences), all of which directly or indirectly under-
pin SDG 16 and its targets.

16.5 Key Learning Concepts

• Conflict may result in heightened vulnerability to
hazardous events, or the displacement of people
into areas more exposed to natural hazards.

• Science can help to facilitate international
diplomacy and inform foreign policy objec-
tives, to support the peaceful resolution of
disputes and conflict. Geoscientists have a
particular role in collaborating to understand
and/or help manage transboundary geological
features (e.g., volcanoes) or resources (e.g.,
aquifers). The sharing of resources (including

expertise) both North-South and South-South
is important in reducing risk.

• Corruption undermines the rule of law, and
prevents vital resources from being spent on
development projects and the effective regu-
lation of infrastructure development. Corrup-
tion, therefore, increases vulnerability to
natural hazards, and reduces the effectiveness
of disasterrisk reduction interventions.
Hazardous events can also lead to (increased)
corruption as a result of the post-disaster
chaos.

• The Extractives Industry Transparency Initia-
tive (EITI) is an example of a global initiative
that promotes open and accountable manage-
ment of hydrocarbon and mineral resources.
National-level multi-stakeholder groups are
responsible for setting objectives and imple-
menting these to improve transparency and
accountability.

• Science-based institutions have an important
role to play in supporting sustainable devel-
opment. Institutions help to shape and model

Fig. 16.8 The Core Store at the British Geological Survey. Part of the UK National Geological Repository. © NERC
(used with permission)
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accepted behaviours, such as good gover-
nance and financial transparency, ensuring
inclusive decision-making, and creating safe
environments free from harassment and dis-
crimination. They also work to ensure that
high professional standards for geoscientists
are set and implemented, and can be a vital
source of independent and authoritative geo-
logical information and expertise.

16.6 Educational Ideas

In this section, we provide examples of educational
activities that connect geoscience, the material
discussed in this chapter, and scenarios that may
arise when applying geoscience (e.g., inpolicy,
government, private sector international organ-
isations, NGOs). Consider using these as the
basis for presentations, group discussions or
essays, or to encourage further reading.

• Select a transboundary aquifer using the
IGRAC map of transboundary aquifers
(https://apps.geodan.nl/igrac/ggis-viewer/
viewer/tbamap/public/default), and research
how this shared resource is currently man-
aged. If you wanted to conduct research on
this aquifer, what political and cultural factors
may you need to consider prior to starting
your work?

• Conduct a volcanic crisis simulation to
explore the challenges of decision-making in a
volcanic crisis. There are various options
available on the Internet, which can be tai-
lored to your particular group. Another option
is Hazagora, a board game that has been
developed to engage with risk-sensitive
development decisions (https://serc.carleton.
edu/introgeo/roleplaying/examples/125523.
html, https://portal.opendiscoveryspace.eu/et/
osos-project/eruption-web-based-simulation-
managing-volcanic-crisis-850927, https://
games4sustainability.org/gamepedia/
hazagora/).

• Haiti and the Dominican Republic share the
same island. Nonetheless, the impacts of

disasters on the population and the built
environment of these two countries are vastly
different. In 2004, Hurricane Jeanne made
landfall at the east side of the Dominican
Republic and flooded both countries. In the
Dominican Republic, this took the life of 19
people while in Haiti approximately 3,000
people were killed. How can these differences
in vulnerability between the two countries be
explained and can you think of any other
places where similar events had such different
impacts?

• Review what geoscience institutions exist in
your country, and the opportunities for stu-
dents to get involved in their activities. Write
a short media article about how one of these
institutions is contributing to the SDGs,
thinking carefully about the audience, the
language you use, and your sources of
information.

Further Reading and Resources

Bobbette A, Donovan A (eds) (2019) Political geology:
active stratigraphies and the making of life. Palgrave
Macmillan, 379 p

Center for Science Diplomacy. Available at:https://www.
aaas.org/programs/center-science-diplomacy

Extractives Industry Transparency Initiative. Available
at: https://eiti.org/

The Royal Society (2010a) New frontiers in science
diplomacy. The Royal Society, London, p 44

UK Parliamentary Office of Science and Technology
(2018) Science Diplomacy. https://researchbriefings.
files.parliament.uk/documents/POST-PN-0568/POST-
PN-0568.pdf

UK Scientific Advisory Group for Emergencies (2010)
Volcanic Ash Disruptions – Meeting Minutes. https://
webarchive.nationalarchives.gov.uk/20130705051929
, https://www.bis.gov.uk/assets/goscience/docs/s/10-
1371-sage-volcanic-ash-minutes-21-april-2010.pdf
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17.1 Introduction

Real, meaningful partnership and cooperation
between diverse groups is critical to achieving all
of the SDGs and is the focus of SDG 17. Part-
nership is one ‘way of organising’ social inter-
actions (Harriss 2000, p 225) where the people or
organisations involved agree to cooperate in
order to further their mutual interests. In practice,
effective partnership takes time, effort, deliberate
reflection and learning, and sustained commit-
ment to achieve. For geoscientists, global chal-
lenges such as clean water and sanitation (SDG
6), affordable and clean energy (SDG 7), making
cities and human settlements inclusive, safe,
resilient and sustainable (SDG 11), and climate
action (SDG 13) require us to be part of collab-
orations and partnerships with people from all
sections of society to undertake research and
exchange knowledge. This includes working in
partnership with researchers from other disci-
plines, people from other sectors such as gov-
ernment or the private sector, or with the public.
Add to this the often frequent need for these
partnerships to extend across national bound-
aries, and to bridge cultural and language dif-
ferences, sometimes in fragile settings, and the
potential rewards and challenges that SDG 17
presents start to emerge.

SDG 17 aims to create an ‘enabling envi-
ronment’ in which cooperative relationships can
flourish at all levels through coordinated policies
and frameworks, and by revitalising existing
partnerships (United Nations 2015a). What does
this mean in practice, and what does it mean for
the geoscience community and how we work?
We address these questions in this chapter, and
introduce the targets of SDG 17.

The importance of partnerships in facilitating
development has long been recognised. Positive,
transformative change that leads to improve-
ments in people’s lives, livelihoods, health, ed-
ucation, and well-being requires different groups
to work together. In 2000, UN Member States
identified the need for a ‘global partnership for
development’ in order to create a ‘conducive
environment for development at the national and

local levels’1. This led to Millennium Develop-
ment Goal (MDG) 8: Develop a Global Part-
nership for Development. MDG 8 focused
strongly on creating an environment in which
trading between countries was open, predictable,
and rules-based, and where the specific needs of
developing countries were addressed, debt
problems were tackled and where people living
in developing countries would have access to
affordable essential drugs and be able to benefit
from technological advances (e.g., mobile cellu-
lar signal) (United Nations 2013). The authors of
United Nations (2015b) reflect on the progress
made during the MDGs and note that Official
Development Assistance (ODA) from developed
countries increased by 66%, 95% of the world’s
population was covered by a mobile-cellular
signal, and internet penetration grew from
approximately 6% of the world’s population in
2000 to 43% in 2015 (United Nations 2015b).

The ambitions of MDG 8 run through SDG
17 and are reflected in its 19 targets (Table 17.1).
These are grouped into five themes: finance,
technology, capacity strengthening, trade, and
‘systemic issues’ (policy coherence, for exam-
ple). Targets are geared towards creating an
environment that encourages partnership and
equality, meaning SDG 17 has a wide range of
themes.

• Finance targets (17.1–17.5) aim to lead to
strengthened mobilisation of resources within
a country (e.g., capacity to collect tax),
between countries (e.g., developed countries
fulfilling their official development assistance
—or ODA—commitments), address issues
relating to debt such as debt financing, relief
and restructuring policies, and promoting
investment.

• Technology targets (17.6–17.8) bring the role
of science, technology and innovation in
achieving the SDGs to the fore. It also high-
lights the role of various UN-level mechanism
to help support coordination and knowledge
sharing. We will consider the different forms

1http://www.un.org/en/development/desa/policy/
untaskteam_undf/faqs.pdf.
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Table 17.1 SDG 17 Targets (United Nations 2015a). Targets are grouped into five themes: finance, technology,
capacity building, trade, and systemic issues

Target Description

Finance 17.1 Strengthen domestic resource mobilisation, including through international support to
developing countries, to improve domestic capacity for tax and other revenue collection

17.2 Developed countries to implement fully their official development assistance
commitments, including the commitment by many developed countries to achieve the
target of 0.7 per cent of ODA/GNI to developing countries and 0.15–0.20 per cent of
ODA/GNI to least developed countries; ODA providers are encouraged to consider
setting a target to provide at least 0.20 per cent of ODA/GNI to least developed countries

17.3 Mobilize additional financial resources for developing countries from multiple sources

17.4 Assist developing countries in attaining long-term debt sustainability through
coordinated policies aimed at fostering debt financing, debt relief, and debt restructuring,
as appropriate, and address the external debt of highly indebted poor countries to reduce
debt distress

17.5 Adopt and implement investment promotion regimes for least developed countries

Technology 17.6 Enhance North–South, South–South, and triangular cooperation on and access to
science, technology and innovation and enhance knowledge sharing on mutually agreed
terms, including through improved coordination among existing mechanisms, in
particular at the UN level, and through a global technology facilitation mechanism

17.7 Promote the development, transfer, dissemination, and diffusion of environmentally
sound technologies to developing countries on favourable terms, including on
concessional and preferential terms, as mutually agreed

17.8 Fully operationalise the technology bank and science, technology and innovation
capacity-building mechanism for least developed countries by 2017 and enhance the
use of enabling technology, in particular information and communications technology

Capacity
Building

17.9 Enhance international support for implementing effective and targeted capacity building
in developing countries to support national plans to implement all the sustainable
development goals, including through North–South, South–South, and triangular
cooperation

Trade 17.10 Promote a universal, rules-based, open, non-discriminatory and equitable multilateral
trading system under the World Trade Organization, including through the conclusion of
negotiations under its Doha Development Agenda

17.11 Significantly increase the exports of developing countries, in particular with a view to
doubling the least developed countries’ share of global exports by 2020

17.12 Realise timely implementation of duty-free and quota-free market access on a lasting
basis for all least developed countries, consistent with World Trade Organization
decisions, including by ensuring that preferential rules of origin applicable to imports
from least developed countries are transparent and simple, and contribute to facilitating
market access

Systemic
Issues

17.13 Enhance global macroeconomic stability including through policy coordination and
policy coherence

17.14 Enhance policy coherence for sustainable development

17.15 Respect each country’s policy space and leadership to establish and implement policies
for poverty eradication and sustainable development.

17.16 Enhance the global partnership for sustainable development, complemented by multi-
stakeholder partnerships that mobilise and share knowledge, expertise, technology, and

(continued)
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that cooperation is envisaged to take in
Sect. 17.2 and UN mechanisms in Sect. 17.5.

• The Capacity Building target (17.9) focuses
on enhancing international support for ca-
pacity strengthening in developing countries
through the various forms of cooperation.
The UNDP views capacity strengthening as
‘the process through which individuals,
organisations and societies obtain, strengthen
and maintain the capabilities to set and
achieve their own development objectives
over time’ (UNDP 2009). Strengthening geo-
science capacity is an important part of this
and is discussed more in Sect. 17.3.

• Trade targets (17.10–17.12) aim to address
the institutions that support trade, exports
from developing countries, and access to
markets. These are not discussed further in
this chapter, but increasing exports from
developing countries links to issues like the
sustainable use of natural resources where
geoscientists do have a role to play (see SDGs
8 and 12).

• Systemic Issues targets (17.13–17.19) aim to
tackle issues relating to ‘policy and institu-
tional coherence’ (17.13–17.15), ‘multi-
stakeholder partnerships’ (17.16–17.17), and
‘data, monitoring and accountability’ (17.18–
17.19). Building effective multi-stakeholder
partnerships and some of the related issues
that a geoscientist might encounter, for
example, around working with difference,
integrating scientific knowledge and local

experience, working with researchers from
other disciplines, and ethics are tackled in
Sect. 17.4

Good partnerships have the ‘ability to bring
together diverse resources in ways that can
achieve more: more impact, greater sustainabil-
ity, increased value to all’ (Stibbe et al. 2018, p7).
They also bring together unique individuals, each
with their own experiences, skills, and perspec-
tives on the characteristics of an effective part-
nership. One of the fundamental challenges when
it comes to achieving SDG 17 is building rela-
tionships between people with different back-
grounds, from different cultures, with different
values and worldviews, who may face different
day-to-day challenges, are often separated by
large distances and may not always agree.

The authors recognise in developing this
chapter and reflecting on their own experiences
of partnerships that it is not possible to separate
what we write from our own particular world-
view and perspectives, shaped by (among other
things) where we live and work and the rules,
norms and values that shape the society that we
live in. This chapter should be read with this in
mind, and we encourage readers to critically
reflect on and evaluate what we have written. Our
perspectives on partnership may differ to your
own. That is not to say that either group is wrong
but it might take time to understand each per-
spective and find a shared definition that has
meaning for both.

Table 17.1 (continued)

Target Description

financial resources, to support the achievement of the sustainable development goals in
all countries, in particular developing countries

17.17 Encourage and promote effective public, public–private and civil society partnerships,
building on the experience and resourcing strategies of partnerships

17.18 By 2020, enhance capacity-building support to developing countries, including for least
developed countries and Small Island Developing States, to increase significantly the
availability of high-quality, timely and reliable data disaggregated by income, gender,
age, race, ethnicity, migratory status, disability, geographic location, and other
characteristics relevant in national contexts

17.19 By 2030, build on existing initiatives to develop measurements of progress on
sustainable development that complement gross domestic product, and support statistical
capacity building in developing countries
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Stibbe et al. (2018) argue that partnerships are
not currently creating enough of an impact for
sustainable development. They suggest that there
are two reasons for this. First, there are not
enough of them and the systems needed to
develop them at the scale required to deliver the
SDGs are not in place. Second, many of the
partnerships that do exist are not fulfilling their
potential because they might not be running
efficiently or be fit for purpose or the context.
This chapter aims to respond to that second point
by considering what a geoscientist might need to
think about when participating in a partnership
for development (or indeed any partnership). To
do this, we unpack some of the main concepts in
SDG 17 and explore what they mean for geo-
scientists and how we work, using examples to
illustrate them along the way.

17.2 Partnership Types
and Characteristics

The UN System Task Force on the post-2015 UN
Development Agenda recognised the importance
of other partnership types besides the ‘global
partnership’, acknowledging that cooperative
arrangements such as North–South, South–South,

and triangular partnerships (see Targets 17.6 and
17.9) all have a vital role to play. They each
provide a way to contribute to global development
and each bring particular benefits and challenges.

17.2.1 North–South Cooperation

North–South partnerships refer to cooperation
between richer industrialised countries in the
‘Global North’ (i.e., North America, Western
Europe, Australia and New Zealand, and parts of
Asia) and poorer developing countries in the
‘Global South’ (i.e., developing Asia, Africa, the
Middle East, and Latin America). Table 17.2
(taken from Dodson 2017) sets out the benefits
and challenges that may arise from North–South
partnerships. Dodson (2017) argues that there are
benefits to partners from both the North and
South, such as access to resources and expertise,
the potential for learning and exchanging
knowledge, capacity strengthening, and increas-
ing profile and esteem.

Managing these partnerships can be complex,
with potential challenges including power
imbalances, cultural differences, or different
ways of working. For example, some scientists in
the Global South may find it difficult to challenge

Table 17.2 Benefits and challenges of North–South Partnerships (from Dodson 2017, integrating perspectives from
Academy of Medical Sciences (2012) and Horton et al. (2009)). Reproduced under the Open Government Licence v.3.
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/

Benefits Challenges

• Better access to scientific resources (laboratories,
equipment, expertise) and talent, expertise and ideas,
including access to increasingly complex (and often
large-scale) instrumentation

• Mutual learning and knowledge exchange between
partners that may lead to broadened perspectives and
new solutions to key challenges

• Greater access to financial resources
• Enhanced research impact
• Capacity strengthening for individuals, institutions, and
national research systems

• Improved quality, cost efficiency, and productivity of
research programmes

• Improved institutional and individual profile and esteem
• Long-term relationship and continuity that is not
dependent on individuals

• More complex management and decision-making
processes

• Additional workload required to maintain the
partnership over and above existing responsibilities

• Higher financial costs and difficulty in overhead
recovery

• Power imbalance and research agenda dominated by
the Northern institution

• Side-lining of local and long-term research agendas
• Diversion of staff and resources away from parts of
the Southern institution not involved in the
partnership

• Logistical challenges (visas, international travel, and
difficulty transporting samples between countries)

• Tensions due to cultural differences
• The wider political and social context
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the wishes of more powerful partners (especially
if they are providing finance), for fear of harming
future access to resources (Nordling 2019).
Maintaining partnerships requires significant
effort (see SDG 16), which may bring higher
financial costs and affect the timescale on which
a partnership’s goals can be achieved. For a
North–South research partnership, the potential
for these challenges to emerge should be antici-
pated at the start and factored into any resourcing
plans or work timetables.

Example: The Global Challenges Research
Fund (UK)
The UK’s Global Challenges Research Fund
(GCRF) is a £1.5 billion fund to support research
directed at addressing socio-economic challenges
that recipients of Official Development Assis-
tance2 face (GCRF 2017). The research funded
by the GCRF is intended to be challenge-led,
potentially interdisciplinary and strengthen
capacity for research, innovation, and knowledge
exchange in the UK and developing countries
through partnership (GCRF 2017). It has funded
many different research programmes and other
activities since it was announced in 2015,
including the ‘Building Resilience to Environ-
mental Hazards’ programme (Box 17.1).

Box 17.1. Building Resilience to Envi-
ronmental Hazards

This GCRF-funded programme supported
short-duration research projects that took
an interdisciplinary approach to under-
standing resilience to natural and human-
made environmental hazards in a range of
Global South contexts (Sargeant et al.
2018). Many geoscientists were involved
and most of the projects involved North–
South partnerships. Examples of these
projects include

• Resilience or resistance? Negotiated
mitigation of landslide risks in informal
settlements in Medellin, a project that
piloted community-based monitoring
and mitigation of landslide risk in
Colombia (a collaboration between
Heriot-Watt University, the University
of Edinburgh and Universidad Nacional
de Colombia).

• Resilience in Groundwater Supply Sys-
tems (RIGSS): integrating resource-
based approaches with agency, beha-
viour and choice in West Africa (a col-
laboration between Cardiff University,
the University of Ibadan and the
University of Maiduguri in Nigeria, the
Skat Foundation in Switzerland and the
British Geological Survey).

• Socioecological resilience to soil ero-
sion driven by extreme climatic events:
past, present, and future challenges in
East Africa (a collaboration between the
University of Plymouth, UK, and the
Nelson Mandela African Institution of
Science and Technology, Arusha, Tan-
zania) (Fig. 17.1).

A workshop was held in London in 2018
when the Building Resilience to Environmental
Hazards programme (see Box 17.2) ended. Here,
a group of the researchers who had been
involved, including geoscientists (and mostly
from the UK), reflected on their experiences and
generated a set of points that they thought should
be considered good practice for future interdis-
ciplinary challenge-led research projects. When it
came to fostering equitable North–South part-
nerships in which everyone is treated fairly, these
were some of the points that emerged from their
discussion (see Sargeant et al. (2018) for full
details):

2http://www.oecd.org/dac/financing-sustainable-
development/development-finance-standards/daclist.htm.
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• Ensure that the role and responsibilities of
each partner is clearly defined and manage the
expectations of all those involved.

• Include activities throughout the project that
build trust between partners.

• Allow for learning throughout projects and
ensure that there is space for people’s percep-
tions of each other to evolve, and for assump-
tions and misconceptions to be challenged.

These points represent the perspectives of
those from the Global North (one side of the
partnership), and, therefore, must be examined
alongside perspectives from the Global South to
achieve a holistic view of what makes North–
South partnerships equitable. For example, Gill
et al. (2017) discussed partnerships with Earth
and environmental scientists in Kenya and char-
acteristics of greatest importance to them were
(i) sharing of project outputs, (ii) sharing of data,
(iii) being treated as equals by other members of
the partnership, and (iv) access to training and
capacity strengthening.

17.2.2 South–South Cooperation

South–South cooperation refers to collaboration
between two or more developing countries to ‘…
pursue their individual and/or shared national
capacity development objectives through exchan-
ges of knowledge, skills, resources and technical
know-how and through regional and interregional
collective actions, including partnerships involv-
ing Governments, regional organizations, civil
society, academia and the private sector, for their
individual and/or mutual benefit within and across
regions. South-South cooperation is not a substi-
tute for, but rather a complement to, North-South
cooperation' United Nations (2012).

South–South cooperation occurs in all sectors
and encourages regional integration, sharing of
knowledge, learning, expertise and other resources,
and technology transfer (see United Nations 2012).
In South–South cooperative relationships, the peo-
ple and countries involved are assumed to have
more experiences in common such as historical
events, development pathways, and shared

Fig. 17.1 Disciplines
involved in the
Socioecological resilience to
soil erosion driven by extreme
climatic events: past, present,
and future challenges in East
Africa study. This figure
illustrates the interconnections
between disciplines and their
position in the soil erosion-
land degradation-community
resilience challenge. From
Blake et al. (2018), used
under a CC BY 3.0 license
(https://creativecommons.org/
licenses/by/3.0/)
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challenges (United Nations 2012) thanmight be the
case in a North–South partnership (UNDP 2009).
South–South partnerships are, therefore, considered
to be potentially more ‘horizontal’ than North–
South arrangements where the project might be
driven from the North (United Nations 2012). It is
reasonable to expect South–South cooperation
might be characterised by greater equity and
mutuality between partners, but (as in any partner-
ship) differences and inequalities between the
partners may exist and need to be managed.

Example: Sustainable access to water and
sanitation in Africa
Sustainable management and provision of access
to water and sanitation are regarded as an
important pathway to social and economic
development and poverty eradication in Africa
(see SDG 6). As with many aspects of the
physical environment, surface and groundwater
resources do not follow international boundaries
(see Fig. 17.2) and so cooperation between the
countries in which they occur is vital for these
resources to be managed sustainably.

Such efforts take place around the world, and
there are various initiatives in this space that
might be considered to be South–South collab-
orations. Examples include

• Lake and River Basin Organisations
(L/RBOs). For example, the Orange-Senqu
River Commission3 brings together expertise
from Botswana, Lesotho, Namibia, and South
Africa to promote the equitable and sustain-
able development of the resources of the
Orange-Senqu River (Fig. 17.3).

• Cooperation agreements for transboundary
aquifer management. For example, the North-
Western Sahara Aquifer System, which
straddles Algeria, Libya, and Tunisia, and the
Nubian Sandstone Aquifer System, which
cuts across Chad, Egypt, Libya, and Sudan
(Nijsten et al. 2018).

At the continental scale, the African Minis-
ters’ Council on Water (AMCOW)4 was set up in
2002 to ‘promote cooperation, security, social
and economic development and poverty eradi-
cation among [over 50] member states through
the effective management of the continent’s water
resources and provision of water supply ser-
vices’. AMCOW supports transboundary water
management on the continent, along with many
other initiatives that strive to support the Sharm
El-Sheikh commitments to accelerate the
achievement of water and sanitation goals in
Africa (see African Union 2008). One of
AMCOW’s main initiatives is Africa Water
Week, held every two years. This brings together
those with an interest in the issue (including
government, civil society, the private sector,
international partners, and the scientific commu-
nity) to discuss how to meet Africa’s water and
sanitation challenges. In ‘2018 Libreville Multi-
stakeholders’ Declaration on Achieving Water
Security and Safely Managed Sanitation for
Africa’ help to direct action. Of interest to geo-
scientists here is the Declaration’s call for greater
knowledge sharing and focus on increasing
understanding of surface and groundwater
resources, addressing capacity issues and
improving data monitoring networks. Another
South–South partnership in this area includes the
Africa Groundwater Network5. This is mainly a
capacity strengthening organisation for the
groundwater sector in Africa. An example of one
of their initiatives (although this also involved
partners from the North) is a training manual on
management of transboundary groundwater
resources (AGW-Net 2014).

17.2.3 Triangular Cooperation

Triangular cooperation is the third configuration
referred to in SDG 17. These are ‘southern-dri-
ven partnerships that are supported by one or
more developed countries or multilateral
organisations (e.g., the World Bank, the United

3http://orasecom.org/.

4https://www.amcow-online.org/.
5http://www.agw-net.org.
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Nations), to implement development cooperation
projects and programmes’.

Example: Strengthening African capacity in
soil geochemistry
Soil geochemistry has a profound effect on
agriculture (SDG 2) and human health (SDG 3)
so understanding the processes involved is vital
for supporting agricultural policies and

identifying regions at risk of micronutrient defi-
ciencies and toxicities. In this example, an initial
partnership linking research institutes and uni-
versities in Africa and the UK in order to develop
practical scientific outputs and strengthen
capacity (see Sect. 17.3) has evolved into a
number of networks to broaden African scientific
influence and avenues for sustainable develop-
ment beyond the initial 5-year project.

Fig. 17.2 Map of aquifer productivity for Africa. This map shows the likely interquartile range in sustainable yields
for boreholes drilled and sited using appropriate hydrological techniques and expertise (MacDonald et al. 2012).
Country boundaries from GADM, Version 3.6 (https://gadm.org/). © BGS/NERC 2012 (used with permission)

432 S. Sargeant et al.

https://gadm.org/


The starting point for this is a project, which
runs from 2015 to 2020, that is funded by the
Royal Society and the UK Department for Inter-
national Development (DFID). It is a collabora-
tion between researchers from Zimbabwe,
Zambia, Malawi, and the UK (Fig. 17.4). By
working together, they aim to increase knowledge
and strengthen African capacity in soil geo-
chemistry so that African research leaders are
collaborators at national, regional, and interna-
tional levels (through improved resourcing and
increased scientific visibility). The project centres
on three core, complementary PhD projects, one
located in each of the three African partner insti-
tutions with secondments to the UK for technical
training and laboratory analyses. To these, two
aligned UK and one Malawian PhD projects were
established to work in tandem and promote two-
way learning between the PhD cohort.

Cross-country knowledge exchange activities
and annual network/training events rotating
through the African countries were crucial in the
first three years of the project to build close
partnerships, from which spin-out competitive
grant-funded projects have been won. These
projects are enabling interactions to be sustained
beyond the life of the Royal Society-DFID pro-
ject. Project meetings evolved into training
camps from year 3 to 5 for permanent laboratory
staff at the partner research institutes and uni-
versities to ensure sustainable capacity strength-
ening beyond the project and to reinforce the
capital investment made in laboratory equipment.
Additional trainees were drawn in from the BGS
‘Geoscience for Sustainable Futures’ programme
activities in Kenya to broaden the laboratory
network. Each of the institutes has had one of
their laboratory staff visit BGS for training fel-
lowships, funded by the Commonwealth Schol-
arship Council, reinforcing the training received

Fig. 17.3 Orange River (Southern Namibia). Credit Hp.Baumeler CC BY-SA 4.0 (https://creativecommons.org/
licenses/by-sa/4.0/)
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in-country. The members of the network have
developed their own form of communication
through WhatsApp groups to develop laboratory
documentation (standard operating procedures,
health & safety) and ask for technical help with
instruments. This is resulting in greater self-
support for Africa-Africa interactions, hopefully
reducing reliance on help from the UK.

This laboratory network has developed further
through involvement in an UN-FAO Global Soil
Laboratory Network (GLOSOLAN6), which is
committed to harmonising soil data production
around the world through free-to-access standard
operating procedures. The laboratory network,
developed initially from the Royal Society-DFID
project, has now joined a cohort of more than
230 laboratories around the world and specifi-
cally the regional network-AFRILAB7. This so
far comprises over 20 African countries and more
than 30 institutes. Alongside harmonisation of
methods, training events within each region and

directed capacity strengthening will be supported
through to 2027, providing support for sustain-
able development of technical capacity in partner
countries.

Partner scientists and laboratory personnel
have also been involved in international confer-
ences, notably the 2018 International Conference
for the Society of Environmental Geochemistry
and Health (SEGH8) in Livingstone, Zambia.
African partners were integral in forming an
African section for SEGH, from which they have
extended their scientific network internationally,
across disciplines and across Africa. Since the
conference, a number of competitive grant pro-
posals have been developed as a result of the
connections that were made between people at
the meeting. Early Career Researchers (ECRs)
from Africa are now also connected through a
mentoring programme with international ECRs.
Watts et al. (2019) gives an account of current
SEGH initiatives and future aspirations.

Fig. 17.4 Delegates at a Royal Society-Department For International Development (RS-DFID) soil geochemistry for
agriculture and health network/training event in Harare © UKRI

6http://www.fao.org/global-soil-partnership/pillars-action/
5-harmonization/glosolan/en/.
7https://www.afrilabs.com/. 8www.segh.net.
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17.3 Capacity Building

Capacity building (see Targets 17.8, 17.9, and
17.18), often referred to as ‘capacity strengthen-
ing’ in recognition of the fact that significant ‘ca-
pacity’ will in fact already exist, is critical to
human development and ‘the process through
which individuals, organisations and societies
obtain, strengthen andmaintain the capabilities to
set and achieve their own development objectives
over time’ (UNDP 2009, p5). In some senses,
effective capacity strengthening echoes the goals
of partnerships for development in that they both
aim to bring about some kind of change, tackle
problems and produce outcomes that are locally
led and sustainable (UNDP 2009). Capacity
strengthening can take on a variety of forms. It
might be at the level of state governance, or the
way an organisation operates and helping to create
an environment that enables people to act or for
something to happen. Or it might be at a smaller
scale—the level of an individual, in which case,
capacity strengthening might refer to efforts to
increase a person’s skills or knowledge in order for
them to operate effectively in some way, through
training, for example (UNDP 2009).

As with other aspects of SDG 17, a lot of
complexity lies behind the words and significant
effort will be required to ensure positive out-
comes. UNDP (2009) identifies four ‘core issues’
that have the greatest bearing on capacity
strengthening at any of these levels. These are
summarised in Table 17.3.

The UNDP approach to capacity development
identifies the following elements that should
shape any capacity strengthening project:
(i) clear understanding of the purpose of the
project and the development objective/s that the
project is responding to; (ii) who the focus of the
project is; and (iii) what capacities need to be
developed to achieve the development objective,
and what the current capacities are (UNDP
2009). With this understanding, a capacity
strengthening project that has the potential to be
effective and impactful can then be designed and
implemented. Evaluating and monitoring the
project and its outcomes is also an important part
of the process. While funders will often focus on
the deliverables from the project, there is an
argument for greater emphasis on understanding
how the partnerships that underpin the project’s
activities are working.

Table 17.3 Issues affecting capacity strengthening, and the relationship to geoscience activities. Modified from UNDP
(2009)

Core issue What does this mean? Geoscience examples

Institutional
Arrangements

The rules, norms, and values that govern and
shape how a group operates

This might be the ethical policies that set out
how research should be conducted (the rules),
the strategy that defines how a research
department operates, or scientific values such
as scientific integrity, honesty, and curiosity

Leadership ‘The ability to influence, inspire and motivate
others to achieve or go beyond their goals’.
This can either be formal or informal

This could be the Principal Investigator on a
research project, the leader of a work package
or even a thought leader, who is recognised as
an authority in their field

Knowledge At an individual level, this includes education,
on-the-job training and life experience.
However, it could also be the knowledge held
within an organisation or by a group of people

The knowledge and experience gained through
academic training, undertaking fieldwork,
contained within geoscience journals or within
organisations such as geological surveys or
mining bureaus

Accountability An individual or organisation being held
responsible for their actions

Project progress reports for science funders,
research conduct
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Example: Institutional Strengthening of the
Afghanistan Geological Survey (2004–
2008)
Like other government institutions in Afghani-
stan, the geological survey was severely weak-
ened by the impact of decades of conflict.
Following the fall of the Taliban regime in 2001,
efforts soon began to restore the Afghanistan
Geological Survey (AGS) to a working survey.
The main purpose of the project was to build up
knowledge of the mineral resources in the
country so that these could be promoted and
exploited. One project, commissioned by the
UK’s DFID, was undertaken by the British
Geological Survey (BGS) between 2004 and
2008. The objective of the project was to develop
new or strengthen existing facilities, processes,
and practices at the AGS (institutional strength-
ening). Significant effort at the start of the project
went into understanding the wider context and
the needs that the project had to address. BGS
worked closely with the Afghanistan Minister of
Mines and his staff to develop an initial project
proposal, which was then further developed to
take account of views of stakeholders. Objectives
were refined as the team developed their on-the-
ground understanding of what was necessary. In
the first six months, activities included refur-
bishment of part of the AGS building, and
sourcing project vehicles and field equipment.
A ‘business training needs assessment’ for pro-
fessional staff at AGS was also completed, which
could be used as the basis for a training plan.
Eventually, the project consisted of a compre-
hensive programme of capacity strengthening,
geological mapping, evaluation of mineral
resources, reinstating of working laboratories
(Fig. 17.5) and archives, and development of
databases and geographic information systems.
54 training courses were given. BGS staff were
based at AGS throughout the project (as the
security situation allowed), which meant that
AGS staff could benefit from being able to have
ad hoc interactions with their BGS counterparts,
and vice versa. Having a continuous presence in
the country (rather than people flying in and out)
was considered to have worked well. Bringing in
a broad range of geoscience expertise, providing

English language training and training for
women (aided by the establishment of a crèche)
were also highlights. The final stage of the pro-
ject was to prepare tenders for international
companies to bid into to develop key deposits
such as the Aynak copper deposit in eastern
Afghanistan. Long-term sustainability of any
capacity strengthening project is a challenge. In
this example, there was a need for more graduate
geologists to sustain what the project had
achieved. However, it is also important to note
that this project is one among many geoscience
capacity strengthening efforts that have been
undertaken in Afghanistan since 2001. Further
aspects of this collaboration are discussed in the
chapter exploring SDG 7 (energy).

Box 17.2. Reflections on achieving
effective capacity strengthening

The geologist who led the project in
Afghanistan has these suggestions based
on his experiences:

• Network with anyone you can find
because having a wide range of contacts
is vital. Connect with other groups (e.g.,
NGOs) who are working in the same
place—they may well be working with
similar people (e.g., government
ministers).

• Carry out an in-depth risk assessment
and work with security professionals.

• Choose your project team carefully—
they should be willing volunteers who
are good team players.

• Have clear lines of communication.
• Have a very clear project plan and try to

stick to it (making small changes if
necessary).

• Keep revisiting your objectives to make
sure that the project does not ‘drift’.

• Give thought to what happens after the
project ends (e.g., would a Memoran-
dum of Understanding that will outlive
the project be useful?).
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17.4 Systemic Issues

The last group of targets cover the ‘systemic
issues’ that contribute towards making the ‘sys-
tem’ (taken here to mean the environment in
which development happens) work more effec-
tively (see Targets 17.14 and 17.18). Policy
coherence is considered to be key to achieving
the SDGs (OECD 2019). However,

“This is no easy feat: it requires meaningful col-
laboration and coordinated action across policy
sectors (horizontal coherence), as well as between
different levels of government (vertical coherence).
It also requires balancing short-term priorities
with long-term sustainability objectives and taking
into account the impact of domestic policies on
global well-being outcomes.”
(OECD 2019)

For a geoscientist involved in designing,
implementing, or contributing to development-
related activities, this requires us to have an
awareness of the wider context in which the
project is being implemented so that it can be
tailored to the specific situation. It is important to

recognise that there will be probably be a mul-
titude of short- and long-term processes or pro-
jects that will relate in some way to what you are
doing, some of which might have very similar
objectives to you and/or involve the same part-
ners. Having an awareness of these activities
allows you to design your approach in a way that
complements rather than duplicates or undermi-
nes other activities. There are various methods
that can be used to analyse a particular context
depending on what is required. PEST (LE) anal-
ysis is one relatively simple way to investigate
the Political, Economic, Social, Technological,
Legal, and Environmental aspects of a context.
More complicated frameworks exist which focus
on the knowledge-policy-practice space, and
which are useful if your aim is to improve the
impact of knowledge on policy (see Jones et al.
2012).

The following example illustrates the poten-
tial impact of limited coordination between pro-
jects trying to do a very similar thing with the
same partner (as part of bigger research projects).
In this case, there had been efforts by several

Fig. 17.5 Training activities carried out by the Afghanistan project. Processing samples in the reinstated laboratories.
© UKRI
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different projects driven from the Global North to
strengthen the seismic monitoring capacity of a
national agency in a developing country. Each
project brought different types of equipment
(seismometers and acquisition systems, etc.),
which led to a situation where the agency was
left with an incredibly complex seismic moni-
toring network comprising different types of
equipment that did not easily ‘fit together’. This
made it very difficult for the agency staff to
operate and maintain the network and meant that
each capacity strengthening project’s effort did
not perhaps achieve the full impact that had been
hoped for. It also put a lot of pressure on the
national agency staff by significantly increasing
their workload. One could argue that greater
coordination between the capacity strengthening
projects might have helped to avoid these issues
and delivered a greater, more sustainable benefit.

Other aspects of the systemic issues are dis-
cussed below.

17.4.1 Multi-stakeholder
Partnerships

Stibbe and Prescott (2016) define Multi-Stake-
holder Partnerships (MSPs) as ‘voluntary under-
takings operating under their own principles’.
Great emphasis is put on the value of MSPs for
tackling development challenges because these
tend to be complex, involve multifaceted issues
and each stakeholder will hold a different piece of
the puzzle. Stibbe and Prescott (2016) go on to say
thatMSPs are ‘highly context-specific, building on
the interests, capacities, resources and leadership
of the partners involved’ (Stibbe and Prescott
2016, p2). This is highlighted inTable 17.4,which
shows what a selection of stakeholders, including
geoscientists, might bring to a development
challenge.

In theory, by working together to tackle an
issue of shared interest, an MSP is likely to
achieve more than each stakeholder could
achieve by working alone. Recommendations on
how to make such partnerships effective are
given in Box 17.3.

Box 17.3: How to make multi-
stakeholder partnerships effective
(from Stibbe and Prescott 2016)

1. Question and move past assumptions
and preconceptions about each other

2. Recognise and value diversity as an
asset rather than a problem

3. Value the different contributions that
a partner brings

4. Develop skills in partnership-
building, brokering collaborations,
and leadership

5. Understand the systems and contexts
in which the partnerships operate

6. Apply the highest standards, rigour,
and accountability to all partnering
endeavours

7. Invest in the partnering process to
create the conditions for effective
relationships to be developed.

There is growing recognition that it is neces-
sary for researchers from different disciplines to
come together to investigate development-related
issues because of their multifaceted nature. As
with MSPs, it is recognised that bringing a range
of disciplinary knowledge and expertise together
allows for a potentially more complete charac-
terisation of a complex problem. More than ever,
geoscientists are finding themselves working on
collaborative projects with colleagues from the
arts and humanities, economics and the social
sciences, and engineering, for example. The
forms that research collaborations might take (if
not single disciplinary) are summarised below.
There are many ways to define these types of
research, and here, we use the definitions of
Toomey et al. (2015) in a briefing note that is
available on the SDG Knowledge Platform.

• Multidisciplinary: This type of research
‘draws on knowledge from different disci-
plines but stays within their boundaries’
(Choi and Pak 2006).
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• Interdisciplinary: This type of research
‘analyses, synthesises and harmonises links
between disciplines into a coordinated and
coherent whole’ (Choi and Pak 2006). Too-
mey et al. (2015) point out that interdisci-
plinarity takes an ‘integrated approach to
answering a question’ (Toomey et al. 2015,
p1) that allows a wider view than a more
‘compartmentalised system’ of research per-
mits (Toomey et al. 2015, p1). The blending
of the various disciplines from the very start
of the research is crucial to this.

• Transdisciplinary: This kind of research pro-
ject goes ‘beyond the bridging of divides
within academia to engaging directly with the
production and use of knowledge outside of
the academy’. This could then mean that the
various stakeholders in Table 17.4 might be
researchers in a transdisciplinary project
(which is, therefore, also an MSP).

For any partnership that crosses disciplinary
divides, the recommendations in Box 17.3 apply.

Example: Supporting self-recovery and
promoting safer building after disasters
After a disaster, the majority of families will
rebuild their homes with little or no support from
the international humanitarian community to
encourage safer building practices (Parrack et al.
2014). In the humanitarian shelter sector, this is
called ‘self-recovery’ but the process of self-
recovery and how it can be supported is rela-
tively poorly understood. In Twigg et al. (2017),
a group of researchers from different disciplines
(social scientists, geoscientists, and engineers)
and organisations (universities, a development
think tank and a geological survey) worked with
humanitarian shelter practitioners from an inter-
national NGO to investigate self-recovery,
focussing on what happened after two typhoons
in the Philippines and the 2015 Gorkha

Table 17.4 What different sectors can bring to address development-related challenges (after Stibbe and Prescott
2016) with some of what geoscience and geoscientists can provide added

NGOs and Civil Society Business Government/Parliamentarians

• Technical knowledge/capacity
• Access to and deep knowledge
of communities

• Legitimacy/social capital
• Passion and people-focus

• A market-based/commercial/value creation
approach

• A market-based/commercial/value creation
approach

• Power of the brand and access to customer
base

• Technical and process innovation

• Regulatory framework (e.g.,
licenses for water, etc.)

• Integration with public
systems/long-term planning

• Taxation policy
• Capacity strengthening (e.g.,
agricultural extension services)

• Provision of land and
supporting infrastructure

• Democratic legitimacy

International Agencies/UK Donors and Foundations Geoscientists

• Technical support, knowledge,
and experience

• Legitimacy and impartiality
• Access to a global network
• Political access

• Funding and support
• In many cases foundations can be less risk
averse and support more experimental and
innovative approaches, providing proof of
concept that can be expanded by more
traditional donors

• Scientific method
• Knowledge of surface and
subsurface systems

• Understanding of the nature and
potential impact of geohazards
and other processes

• Expertise in using spatial
information (e.g., maps,
satellite imagery)
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earthquake in Nepal. The group developed their
research questions together at the start of the
project so that the questions reflected what each
discipline and sector wanted to find out or
viewed as important. Carrying out fieldwork
together (e.g., interviews and focus groups with
community members, geomorphological assess-
ment of the landscape, engineering surveys)
allowed the people in the team to get to know
each other and learn more about the other per-
spectives, knowledge, and expertise within the
team.

From a geoscience point-of-view, Twigg et al.
(2017) found that despite the difference in the
contexts in which recovery takes place, there are
some common barriers to self-recovery in a
substantially changed and dynamic multi-hazard
environment (e.g., disruption to water supply,
impacts of relatively small-scale geohazard
events and the availability of technical advice).
This would not have been possible without the
range of perspectives embodied in the team.
Further research is necessary to understand how
the humanitarian sector and the geoscience
community could assist in tackling these barriers.
However, through the relationships between
geoscientists, social scientists and humanitarian
practitioners developed in the project and a
greater understanding of each group’s ways of
working and priorities, it might be possible to
find a way forward together in order to find ways
to better support people who self-recover after
disasters.

17.4.2 Working with Communities

Table 17.4 highlights the need to bring together
NGOs and civil society, business, government,
international agencies, donors and foundations,
and geoscientists to address development-related
challenges. One important stakeholder not
included in Table 17.4 are members of the public
who are directly impacted by the development
project. Their engagement can help to identify
local priorities, and bring critical local knowl-
edge into the design and implementation of

development programmes such as understanding
of culture and environmental dynamics, past
histories of development engagement (including
successes and failures), and perspectives of
appropriate technologies and interventions.

Community engagement is fundamental to
effective and sustainable development activities,
with user participation essential if a development
project is to be deemed acceptable by a com-
munity (Gill 2016). For example, the failure of
many projects aiming to provide access to clean
drinking water has long been attributed to
(amongst other things) a lack of community
engagement. Elmendorf and Isely (1981) note
that projects that do not capture the interest of
communities, provide the community with
maintenance training, or establish the necessary
community water management groups are likely
to result in failure. Failure to listen to a com-
munity’s perspectives on, for example, the siting
of a water project, can result in a project being
poorly used by a community and, therefore,
failing. In contrast, a key feature of successful
water projects is user (i.e., the community) par-
ticipation at every stage of project implementa-
tion (Narayan 1995; WaterAid 2011).

Communities can also play an important role
in research partnerships, including those with an
applied focus aiming to inform sustainable
development interventions. Silliman et al. (2009)
set out an excellent example of this scientist-
community partnership, with local community
members in the village of Adourékoman (Bénin)
being trained to collect and test groundwater
samples on a weekly basis, over a period of more
than three years. It was not feasible for academic
or government researchers in Bénin to complete
weekly water testing from wells within
Adourékoman, but community members could
do so. It took time to build mutual trust and
respect, but this resulted in an excellent water
quality data set proving to be reliable. Silliman
et al. (2009) demonstrate the efficacy of relying
on a local community to collect reliable envi-
ronmental data.

Engagement with communities—whether as
research partners or research subjects—requires
careful consideration of research ethics and
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safeguarding, and adherence to relevant stan-
dards. Research ethics governs the way any
research involving interaction between a
researcher and other humans (or their data) is
designed, managed, and conducted. The prime
purpose of considering research ethics is to
minimise risk to participants, researchers, and
third parties and to ensure research respects the
dignity, rights, and welfare of all those involved.
In some contexts (e.g., academic departments), a
research ethics application may be required, with
this requiring the review and approval of a
research ethics committee before work can begin.
Research ethics is not typically integrated into
the training of geoscientists (compared to geog-
raphers, or zoologists, for example), but should
be emphasised given the many interactions
between geoscience and people (as illustrated by
this book). Resources to support geoscientists to
understand research ethics and embed these
principles into their work will ensure better
partnerships between researchers and
communities.

17.4.3 Bringing Indigenous
and Scientific
Knowledge Together

The UN estimate that globally there are approx-
imately 370 million Indigenous Peoples (5% of
the world’s population) belonging to 5000
groups in 90 countries (United Nations 2019a).
A key strength of multi-stakeholder partnerships
is that they create the opportunity to bring toge-
ther diverse types of knowledge from across
disciplines and sectors. The Indigenous Peoples
Major Group advocates for recognition of the
value of indigenous and traditional knowledge,
with this treated equally to science and other
knowledge systems (IPMG n/d). At the UN
Forum on Science, Technology and Innovation
for the SDGs (see Sect. 17.5), a session typically
focuses on the importance of indigenous
knowledge in helping to achieve the SDGs.

Indigenous and traditional knowledge is
essential to fully understand environmental
dynamics and change, extending beyond

available instrumental data both spatially and
temporally. Environmental history, passed
between generations through storytelling, for
example, can be an important source of infor-
mation that enriches our understanding of envi-
ronmental processes and impacts. Indigenous
peoples are, therefore, ‘custodians of knowledge
systems that can, alongside formal science, offer
solutions to intractable development challenges’
(UNDESA 2019). The value of indigenous and
traditional knowledge, and approaches to inte-
grate this with other knowledge systems, how-
ever, are not typically included in the curricula of
geoscientists. This may hinder the extent to
which geoscientists accept the validity of
indigenous knowledge, proactively engage with
this as a source of evidence, and integrate it into
their work.

The importance of indigenous knowledge to
understanding environmental hazards has been
well documented in many regions, with exam-
ples including the Solomon Islands (Cronin et al.
2004), Bangladesh (Howell 2003), and Pakistan
(Dekens 2007). Mercer et al. (2010) set out a
framework to integrate indigenous and scientific
knowledge for disaster risk reduction. This
framework sets out an approach that enables
communities to establish potential solutions to
their vulnerability to environmental hazards. It
consists of four steps:
1. Community engagement to determine if and

how a community consider their vulnerability
to environmental hazards, and their desire to
identify an integrated strategy to reduce this.

2. Identification of extrinsic and intrinsic vul-
nerability factors by the community.

3. Identification of indigenous and scientific
strategies, used both in the past and in the
present to cope with intrinsic factors affecting
vulnerability. Past strategies may emerge as
relevant and beneficial.

4. Participatory development of an integrated
strategy, by analysing the data from Steps 2
and 3 to negotiate and develop an integrated
strategy to reduce vulnerability to hazards.

We refer the reader to Mercer et al. (2010) for
detail on each step, including potential problems
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and limitations. What this framework demon-
strates, however, is that approaches exist that
enable geoscientists to bring together their
understanding with indigenous understanding
and unite this to address a challenge, such as
exposure and vulnerability to geological hazards.
Any framework to bring indigenous and scien-
tific knowledge together—whether for disaster
risk reduction, climate change adaptation, or
natural resource management—requires trust,
communication, and genuine acceptance of the
importance of both knowledge systems to envi-
ronmental strategies (Mercer et al. 2010). The
principles of equitable and respectful partner-
ships set out throughout this chapter, therefore,
apply whether those partners are professional
scientists in different countries, or scientists and
indigenous peoples from different places.

17.5 UN Mechanisms to Build
Science Partnerships
for Development

The Global Technology Facilitation Mechanism9

(TFM, see Target 17.6) has been set up to sup-
port the implementation of the SDGs and to
‘facilitate multi-stakeholder collaboration and
partnerships through the sharing of information,
experiences, best practices and policy advice
among Member States, civil society, the private
sector, the scientific community, United Nations
entities and other stakeholders’ (United Nations
2019b). The TFM has three components, each of
which provides opportunities for geoscientists to
support the implementation of the SDGs:
1. A UN Interagency Task Team (ITT) on

Science, Technology and Innovation for
the SDGs, with geoscience represented
through the involvement of UNESCO.
The ITT is supported by a 10-member group
of representatives from civil society, the pri-
vate sector, and the scientific community.

2. An annual Multi-Stakeholder Forum on
Science, Technology and Innovation (STI)
for the SDGs. This is expressed in an annual
gathering at the UN headquarters in New
York, discussing cooperation around thematic
areas for the implementation of the SDGs.
The STI Forum aims to facilitate interactions,
networks, and partnerships to identify and
examine needs and gaps in technologies,
scientific cooperation, innovation, and ca-
pacity strengthening to support the SDGs.
Member states (official national representa-
tives), civil society, the private sector, the
scientific community, and United Nations
entities (e.g., UNESCO, UN Water) attend
this forum, with geoscientists welcome. To
date, each STI Forum has focused on a sub-
section of the SDGs, grouped around a theme.
In 2018, the Forum discussed the science
required for ‘transformation towards sus-
tainable and resilient societies’, including
SDGs 6 (water and sanitation), 7 (energy), 11
(sustainable cities), 12 (responsible con-
sumption and production), and 15 (life on
land). The 2019 Forum theme was ‘science,
technology and innovation for ensuring
inclusiveness and equality’, exploring SDGs
4 (quality education), 8 (decent work and
economic growth), 10 (reduced inequalities),
13 (tackling climate change), and 16 (peace,
justice, and strong institutions).

3. An online platform providing information on
existing science, technology and innovation
initiatives, mechanisms and programmes.
This platform aims to (a) act as a gateway for
information on existing STI initiatives within
and beyond the UN, (b) facilitate access to
relevant information and learning, and (c) fa-
cilitate dissemination of relevant open access
scientific publications generated worldwide.

Engagement in the TFM by geoscientists can
help to improve access to, and use of, geological
science in decision-making. For example,
increasing recognition of the mineral require-
ments needed for the scaling up of green tech-
nologies (SDG 7), or emphasising the
importance of characterising the subsurface if we9https://sustainabledevelopment.un.org/TFM.
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are to have sustainable and resilient cities (SDG
11). Gill et al. (2019) suggested that many
development strategies relating to contexts in
eastern Africa would benefit from greater
engagement with geoscientists. Coherent, envi-
ronmental policies underpin good environmental
management, critical to the implementation of
many of the SDGs. Greater engagement with and
by the Earth science community in the TFM
could help to address this. Active engagement in
spaces beyond the traditional scientific confer-
ence, such as the STI Forum, can help to build
bridges between geoscience and policy
communities.

How can geoscientists engage in the Tech-
nology Facilitation Mechanism?
There are many opportunities for geoscientists to
engage in the TFM through UNESCO’s
involvement. Geoscientists from around the
world are involved in activities coordinated by
UNESCO, thus creating a knowledge base that
can inform contributions to the UN Interagency
Task Team. For example, the International
Geoscience Programme (IGCP) promotes col-
laborative geoscience projects with a special
emphasis on creating benefit to society, building
capacity, and sharing knowledge between scien-
tists through effective North–South and South–
South cooperation. Each year, UNESCO
encourages new applications to the IGCP pro-
viding participants with the opportunity to work
with and share learning (through reporting) with
UNESCO and the wider UN community.

Being part of active coalitions can help to
facilitate engagement in the STI Forum and other
UN processes. This amplifies voices and increa-
ses the likelihood of key messages being con-
veyed and captured. Existing coalitions that
geoscientists may already be members of include
national geological societies and international
geoscience unions. UN Stakeholder or Major
Groups are another form of coalition, helping to
encourage active participation and coordinate the
contributions of different stakeholders in UN
activities, including the STI Forum. Stakeholder
or Major Groups include ageing, business and

industry, children and youth, education and
academia, farmers, indigenous peoples, local
authorities, NGOs, persons with disabilities,
scientific and technological community, volun-
teers, women, and workers and trade unions.
Two particular groups of interest to the readers of
this chapter are

• The UN Major Group for Children and
Youth (UN MGCY)10 is the UN General
Assembly-mandated, official, formal, and self-
organised space for children and youth (con-
sidered to be those under 30, and, therefore,
including many early-career scientists).
UN MGCY acts as a bridge between young
people and the UN system in order to ensure
their right to meaningful participation is rea-
lised. They have a cross-cutting science-
policy interface platform and diverse work-
ing groups, including on disaster risk reduc-
tion, habitats, and sustainable consumption
and production. For many Earth science stu-
dents and early-career professionals, this is an
excellent space to learn more about the UN
and to contribute geoscience understanding to
statements made on behalf of UN MGCY.

• The Scientific and Technological Major
Group11 is coordinated by the International
Science Council and the World Federation of
Engineering Organisations, thus bringing
together a diverse community of natural sci-
entists, social scientists, and engineers. This
group integrates scientific and technological
information to indicate what is scientifically
and technologically feasible with respect to
solutions for sustainable development.

Individuals and organisations can get
involved in the work of Stakeholder and Major
Groups, including writing and commenting on
reports, standing for leadership positions, and
being part of delegations at UN events. The
specific opportunities and governance processes
differ from one group to another.

10https://www.unmgcy.org/.
11https://sustainabledevelopment.un.org/majorgroups/
scitechcommunity.
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An additional way that geoscientists can
contribute to the TFM is through the proactive
dissemination of relevant scientific publications
and reports. For example, PreventionWeb12 is a
knowledge platform for work relating to disaster
risk reduction, including geological hazards. It
allows individuals to share a range of content,
including publications, policies and statements,
educational materials, and maps (PreventionWeb
2019). Geoscientists can also contribute by
sharing case studies that demonstrate the positive
impacts of geoscience on society. Throughout
the SDGs process, national governments are
preparing Voluntary National Reviews on sus-
tainable development objectives to feed into the
UN High-Level Political Forum on Sustainable
Development. In preparation for completing their
2019 review, the United Kingdom opened a call-
for-evidence in 2018, requesting case studies of
how groups were contributing to the SDGs and
the impact of these activities. This call-for-
evidence was open to all, including geoscien-
tists, to contribute, and the final published review
highlighted activities of the British Geological
Survey (UK Government 2019).

Example: Early career geoscientists cham-
pioning geoscience in UN-level discussions
Earth scientists can contribute to the STI Forum
through formal interventions made during ple-
nary sessions, the organisation of or contribution
to side events, or the informal dissemination of
resources and information. Each opportunity
provides geoscientists with an opportunity to
integrate their understanding of Earth dynamics,
natural resources, and environmental change into
discussion of the SDGs.

To date, the not-for-profit organisation Geol-
ogy for Global Development (GfGD13) has
played a leading role in representing the global
geoscience community at the STI Forum. In
2019, they led an international delegation of
early-career geoscientists to the Forum, funded
by the International Union of Geological

Sciences and International Geoscience Pro-
gramme Project 685 (Fig. 17.6). This delegation
aimed to increase the visibility of the Earth sci-
ence community in sustainable development
discussions, championing the importance of
understanding the natural environment, enhanc-
ing public understanding of Earth systems and
resources, and building strong professional
communities of Earth and environmental
scientists.

During the Forum GfGD emphasised key
themes, including.

Environmental Education for Sustainable
Development. In a formal intervention, GfGD
emphasised the need for an understanding of the
natural environment to be at the heart of a
reshaped education to support sustainable
development, noting that increased public
understanding of the dynamics of environmental
systems can help to encourage actions to secure a
resilient and sustainable future for all.

Environmental Implications of Technolo-
gies. Through formal and informal activities,
GfGD highlighted the need to consider the nat-
ural resource (e.g., minerals, water) requirements
to scale up green technologies, and both social
and environmental challenges associated with
this. This includes the building of strong scien-
tific communities, environmental institutions,
and Earth science networks, particularly in the
Global South.

GfGD’s efforts led to their points being
included in some of the outputs from the forum
(e.g., UN ECOSOC 2019) that will guide
decision-making globally. This example illus-
trates how important it is for geoscientists to
participate in these high-level discussions.

17.6 Concluding Thoughts

SDG 17 brings to the fore the relationships
between people that will be key to delivering the
SDGs. In some ways, partnerships are the ‘glue’
of the SDGs and as we have seen in the chapter,
partnerships can take many forms. North–South
partnerships bring people and organisations from
the Global North and the Global South together.

12https://www.preventionweb.net/.
13www.gfgd.org/.
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There are benefits to both sets of partners but
these types of partnerships can bring issues that
must be acknowledged and managed carefully
such as potential power imbalances and cultural
differences. South–South partnerships offer
potential opportunities for regional integration,
knowledge sharing, and technology transfer with
the expectation that these cooperative relation-
ships may be characterised by greater equity and
mutuality than North–South arrangements. Tri-
angular partnerships are somewhat of a hybrid,
potentially bringing the benefits of North–South
and South–South collaborations into the picture.

SDG 17 also recognises the vital importance
of capacity strengthening so that development
stakeholders, be they individuals, organisations,
or societies, can build their capability to achieve
their development objectives. Focused projects
responding to clear needs have the potential to be

effective and leave a lasting legacy. SDG 17 also
sets out some of the systemic issues that must be
addressed to create an environment that enables
development. For example, through enhanced
policy coherence and coordination, multi-
stakeholder partnerships which bring different
groups together and are potentially able to
become more than the sum of their parts. UN
initiatives such as the Technology Facilitation
Mechanism provide other opportunities for geo-
scientists to engage and influence international
development processes

As we have journeyed through what SDG 17
might mean for geoscientists and how we work,
there are recurring themes that emerge. These
include the importance of trying to understand
the context in which you are working, network-
ing, recognising and valuing diversity, building
trust, and creating spaces for reflection and

Fig. 17.6 GfGD-led delegation at the 2019 UN STI Forum. © Geology for Global Development 2019 (used with
permission)
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learning. Being mindful of the ethical dimension
of the work you are doing is also important but is
something that traditionally geoscientists have
not engaged with a lot as a whole. In fact,
reflecting on partnership is not something that is
traditionally done by geoscientists either. What
we have presented here is just our perspective on
what SDG 17 might mean for geoscientists and
how we work and we hope that we have provided
you with a starting point for your own explo-
ration of the topic. To help with this, we have
provided suggestions for further reading and
activities to think further about partnership.

Building relationships and working in part-
nership can be daunting and sometimes difficult.
It can often require you to move out of your
comfort zone and challenge you in ways that feel
uncomfortable or scary. Therefore, it is extre-
mely helpful to have people around you who can
act as sounding boards, who can share their
experiences with you and help you navigate your
way through this complex space. All that said,
working in the kinds of partnerships that we have
covered in this chapter can be enormously
rewarding and a lot of fun with the opportunity to
develop long-lasting collaborations (and friend-
ships) with people from around the world.

17.7 Key Learning Concepts

• SDG 17 aims to strengthen the means of
implementation to deliver SDGs 1 to 16,
supporting a broad range of partnership types
and revitalising the global partnership for
sustainable development. Real, meaningful
partnership and cooperation between diverse
groups (e.g., countries, sectors, and disci-
plines) is critical to achieving all of the SDGs.

• Building partnerships can take time and
resources, as it involves bringing people
together from different backgrounds, from
different cultures, with different values and
worldviews, who may face different day-to-
day challenges, are often separated by large
distances and may not always agree.

• Partnership types include North–South,
South–South, and triangular partnerships, each
contributing to global development. Potential
challenges when bringing partners together
from across countries include power imbal-
ances, cultural differences, or different ways of
working. Maintaining partnerships requires
significant effort but there are enormous ben-
efits to all from constructive and positive
partnerships, including access to resources and
expertise, the potential for learning and
exchanging knowledge, capacity strengthen-
ing, and increasing profile and esteem.

• Capacity strengthening involves individuals
and organisations developing the skills that
they need to set and achieve their own
development objectives. Capacity strengthen-
ing is often done through North–South or
South–South partnerships, and requires clear
understanding of roles and responsibilities,
effective leadership, access to knowledge and
accountability.

• Tackling development challenges requires
partnerships that bring together disciplines and
different groups in society (e.g., the public and
indigenous voices). Community engagement is
fundamental to effective and sustainable
development activities, with user participation
essential if a development project is to be
deemed acceptable by a community. Bringing a
range of disciplinary knowledge and expertise
together allows for a potentially more complete
characterisation of a complex problem and the
development of appropriate solutions.

• There are multiple opportunities for geosci-
entists at all stages of their career to engage in
United Nations mechanisms to build and
support science partnerships, and to improve
knowledge exchange to inform implementa-
tion of the SDGs. Examples include the Multi-
Stakeholder Forum on Science, Technology
and Innovation (STI) for the SDGs, engage-
ment with UN Major Groups (e.g., the sci-
entific and technological major group), and
contribution to Voluntary National Reviews
submitted to the UN.
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17.8 Educational Ideas

In this section, we provide examples of educa-
tional activities that connect geoscience, the
material discussed in this chapter, and scenarios
that may arise when applying geoscience (e.g., in
policy, government, private sector international
organisations, NGOs). Consider using these as
the basis for presentations, group discussions,
essays, or to encourage further reading.

• Conduct mini-interviews with five people
(friends, family members, or colleagues)
about partnership and ask them these
questions:
– What does ‘partnership’ mean to you?
– What do you think is necessary to make it

successful?
– What are the advantages of working in

partnership?
– What do you think the difficulties of

working in this way might be?
Discuss the main themes that arise in the
interviewees’ responses. What do they tell us
about what is necessary for SDG 17 to be
achieved and what are the implications of this
for geoscientists?

• Investigate a partnership or collaboration of
your choosing (it could be a research collab-
oration, a sports team, band, etc.). How did it
begin and what made it work (or not)? Con-
sider how learning from this example could
inform your own science-for-development
partnerships.

• In small groups, research and discuss the
indicators for one of the targets (https://
sustainabledevelopment.un.org/sdg17).
Would you change them? Why? What would
you use to measure success instead?
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Hartung FE (1951) Science as an institution, Philosophy
of Science, vol 18, no 1, 35–54 – a reminder that
science is just one way of viewing the world and that
other people will have different worldviews – it’s
about finding a way to bring them all together

Heffernan M (2014) A bigger prize: why competition isn’t
everything and how we do better. Simon and Schuster,
ISBN-10 1471100758; ISBN-13 978-1471100758 –

an engaging look at the power – and necessity – of
collaboration for operating in a complex world

The Partnering Initiative. https://thepartneringinitiative.org/
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18Reshaping Geoscience to Help
Deliver the Sustainable Development
Goals

Joel C. Gill

18.1 Our Shared Future

The SDGs (and frameworks embedded into the
SDGs1) have the potential to transform society,
giving human beings everywhere dignity and
equality, meeting the needs of present and future
generations in a responsible manner, and ensur-
ing a healthy planet where environmental pro-
tection is valued and prioritised. This is an
exciting vision, and one that communities across
the globe would recognise as being positive and
fundamental to their successful future. This
vision is also highly ambitious and enormously
complex and challenging to deliver by 2030, in
all contexts, leaving no one behind.

Chapters relating to SDGs 1‒17 have high-
lighted that while the world has made steps
towards ending poverty, and improving health,
gender equality, and access to drinking water,
significant hurdles remain. ‘Business as usual’

will not realise the vision expressed through the
SDGs (Spangenberg 2017). The Overseas
Development Institute (ODI) SDG Scorecard
2030 forecasted that unless there are significant
changes, we would not achieve any of the SDGs
(Nicolai et al. 2015). Data and analyses published
since then have examined progress towards the
goals as a whole (e.g., an SDG Tracker2 by
Ritchie et al. 2018), in specific national contexts
(e.g., through voluntary national reviews3), and in
sector-specific reports (e.g., FAO reports on The
State of Food Security and Nutrition in the
World4). In the case of some regions, we are
decades (if not centuries) away from realising
specific ambitions of the SDGs. For example, all
thing being equal, the World Economic Forum
(2018) indicates that it will take more than
160 years to achieve gender parity in East Asia
and the Pacific, and North America (see SDG 5).
Achieving universal access to even a basic sani-
tation service (SDG 6) by 2030 will require the
current annual rate of progress to be doubled
(United Nations 2019).

Decisive actions, new approaches, and a
willingness to change can all support progress.
This responsibility extends beyond governments,
to also require engagement (in terms of active
participation in the design, promotion, imple-
mentation, monitoring, and evaluation of
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activities) by individuals, businesses, and special
interest groups, including the science and tech-
nology community. As has been demonstrated
throughout this book, geoscientists possess skills
and understanding to advance progress and sup-
port the transition to sustainability. The relevance
of geoscience to the SDGs is not limited to a few
explicitly environmental goals (e.g., SDGs 13,
14, and 15), or those focused on increasing access
to water (SDG 6) or energy (SDG 7). Geoscien-
tists understanding of Earth resources, dynamics,
and systems can help (in partnership with others)
to tackle major social challenges, the provision of
essential services, the growth of green and diverse
economies, the development of sustainable and
resilient cities and infrastructure, and effective
protection of local, national, and global environ-
mental systems.

While our contributions and potential contri-
butions to sustainability are significant, the geo-
science community currently has a low profile in
the sustainable development arena, and is less
represented in sustainability discourses (Mora
2013; Stewart and Gill 2017), particularly when
comparing with scientists focused on biotic

aspects of the planet. The 2019 Global Sustain-
able Development Report (titled The Future is
Now: Science for Achieving Sustainable Devel-
opment) does not mention geology, geoscience,
or Earth science (IGS 2019) in the main text.
This is likely a reflection of only a few geosci-
entists engaging and contributing to the call-for-
evidence for this report. While increased aware-
ness of climate change, biodiversity loss, and
other environmental challenges has increased,
awareness of the role of geoscientists in
addressing these and other social and economic
challenges remains low. There is still a long way
to go to persuade people that future planning
requires an understanding of geological pro-
cesses, systems, and resources.

The urban, coastal community represented in
the cartoon illustration in Fig. 18.1 is typical of
many contexts around the world. There are flows
of resources and waste products in and out of the
city, and competing demands for energy, aggre-
gates and minerals, water, and land. There are
complex interactions between Earth processes,
surface activities, and the subsurface, between
the natural and the built environments, and

Fig. 18.1 SDGs and Urban, Coastal Community. This
cartoon image demonstrates how the SDGs sit together in
a single region—a coastal city and its wider catchment—
with interdependencies between goals. Education
(SDG 4), research and innovation (SDG 9), equality

(SDGs and 10), strong institutions (SDG 16), and
effective partnerships (SDG 17) all support management
and restoration of this environment to support
sustainability
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between urbanised zones and the wider catch-
ment in which the city sits. Changes in land use,
anthropogenic activities, or natural hazards can
have cascading consequences. Progress in one
SDG can drive progress in another SDG, or
result in emerging challenges that require
mitigation. Delivering sustainable development
in this context provides geoscientists from
across all sectors and sub-disciplines with an
opportunity to engage and contribute to
sustainability.

This book not only demonstrates why geo-
scientists should be engaged in sustainable
development dialogues, but also seeks to equip
them to do this more effectively by providing
socio-economic context, introductions to key
international mechanisms and processes, and a
diverse set of case studies (many drawn from the
Global South). Given that ‘business as usual’ is
not enough to realise the ambitions of the SDGs,
this book also sets out how the geoscience
community could evolve and adapt to enhance
the relevance and impact of our contribution.
Chapters in this book make several recommen-
dations of changes to education programmes,
ongoing professional development and training,
data collection, research agendas, industry prac-
tice, and engagement with non-governmental,
governmental, and intergovernmental organisa-
tions. We synthesise and reflect on these in
Sect. 18.3, commenting on some emerging
themes relating to the role of geoscience insti-
tutions, the availability of data, the training of
geoscientists, and the communication of geo-
science to the public and others engaged in sus-
tainable development initiatives.

18.2 Beyond 2030: Delivering
and Maintaining Sustanability

Our hope is that the descriptions of ‘current
progress’ articulated in this volume rapidly
become outdated as immediate and effective
actions are taken to help deliver the SDGs. We
believe, however, that the central messages of
this book and recommendations for geoscientists,
geoscience-based sectors, and geoscience

institutions will not diminish in their relevance
and importance. Beyond 2030, communities will
develop new infrastructure, there will be new
demands on natural resources for emerging
technologies, and we will likely identify new
environmental links to health that inform the
policy responses to promote well-being.

The ambitions of the SDGs not only require
concerted action today, and in the months and
years to 2030, but an ongoing commitment to
pursue knowledge and adhere to frameworks that
enable humankind to live sustainably beyond
2030. Increasing and sustaining Earth and envi-
ronmental science education can strengthen
understanding of how the natural environment is
responding to anthropogenic activities (SDG 4).
Improving and sustaining environmental moni-
toring (highlighted in SDG 15, for example) and
connecting the analysis of environmental data to
those groups developing and shaping local,
national, and regional policies will be as impor-
tant in 2050 as it is in 2020. Safe and secure
work environments (SDG 8), equality of oppor-
tunity for all (SDGs 5 and 10), and responsible
consumption and production (SDG 12) are
ongoing commitments embedded in the SDGs,
and not just short-term goals.

Communities living sustainably in 2030 is not
a guarantee of sustainability in perpetuity. The
world is changing rapidly, with new technologies
and insights to support sustainable development.
Yang et al. (2019), for example, sets out an
approach to enable rapid charging of electric
vehicles, giving them a 200-mile range in
10 minutes of charging. Such research, when
commercialised, could facilitate the mainstream
adoption of battery electric vehicles and help to
decarbonise transport (SDGs 7, 12, and 13). At
the same time, there are also emerging threats
and challenges. New conflicts could hinder
access to or the flow of raw materials, or human
error could result in technological accidents that
contaminate critical water supplies. Compla-
cency, or political, social, and environmental
changes may, therefore, undo or reverse progress
made to 2030 and result in cascading impacts
through our heavily interconnected societies, as
exemplified through the Covid-19 pandemic.
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This book focuses on 17 interdependent sus-
tainability goals, that may or may not be recog-
nised as the ‘Sustainable Development Goals’ in
the years following 2030, but their themes will
still be pertinent to society as we commit to
ongoing interventions to support sustainable
development.

18.3 Integrating Learning to Inform
Recommendations

There is great value in what each of the chapters
exploring SDG 1–17 have set out individually,
and the global suite of case studies presented.
These highlight the range of geological studies
that can support the SDG targets, and initiatives
where geoscientists could get involved. Inte-
grating reflections from the 17 chapters also
enables us to consider how to catalyse greater
geoscience engagement in sustainable develop-
ment, and to set out specific actions to foster
equity, improve knowledge exchange, and
encourage interdisciplinarity. These three topics
are emphasised in the 2030 Agenda, and high-
lighted in the introduction to this book. We have
grouped our reflections into six themes
(Sects. 18.3.1–18.3.6), and outline recommen-
dations (Sect. 18.3.7) where we believe con-
certed action could help strengthen the
contribution of geoscientists to the SDGs.

18.3.1 Global Challenges Require
Integrated Solutions

While expressed in 17 individual goals, the
overall ambitions of the 2030 agenda are an
integrated, ‘indivisible’ whole (Nilsson 2016).
Firmly embedded into the 2030 Agenda, and
reinforced throughout this book, is the narrative
that achieving the SDGs requires an integrated
approach. Each chapter has set out how geo-
science can help to address different sustain-
ability challenges, but there are dependencies
between them that can result in trade-offs and
reinforcements.

• Access to safe water and sanitation (SDG 6) is
essential for social well-being, supporting
outcomes in health (SDG 3), education (SDG
4), livelihoods (SDG 8), and gender equality
(SDG 5).

• Progress in many goals (from education to
health, clean water to infrastructure) can sup-
port SDG 8 (decent work and economic
growth). Addressing this goal generates
investment for basic services (e.g., improved
sanitation facilities), improvements in social
development, and an enhanced natural envi-
ronment (all of which reinforce progress in
SDG 8).

• Protecting and restoring terrestrial ecosystems
(SDG 15) can support food security (SDG 2)
and climate action (SDG 13), as well as
improve the lives of communities that are
excluded, marginalised or at risk of being left
behind (SDG 10).

Similar relationships exist for the other SDGs
(Pradhan et al. 2017). The International Science
Council have published a comprehensive review
of interactions within the SDGs, determining to
what extent they reinforce or conflict with each
other (ISC 2017). Understanding these interac-
tions helps to guide decision-making and ensure
that policies are coherent so as not to undermine
progress.

The example of land use in Box 18.1 high-
lights how significant integration when address-
ing the SDGs can help ensure wise investments
and the mitigation of unintended consequences.
Geoscientists can support this approach, drawing
on their existing thematic knowledge and cog-
nitive skills (outlined in SDG 4) to inform
decision-making from the perspective of the
natural environment (Fig. 18.2).

Box 18.1. Geoscience and Land-Use
Planning for Sustainability

Actions to deliver many of the SDGs will
require land use or cover changes. This
includes increasing urbanisation (SDG 11),
the development of infrastructure (SDG 9),

456 J. C. Gill



or increased demand for food (SDG 2) and
mineral resources for renewable energy
technologies (SDG 7).

The use of land that is currently forests
and woodlands, supporting diverse
ecosystems, to meet these demands may
hinder efforts to protect terrestrial and
inland freshwater ecosystems (SDG 15),
and risk the degradation of essential ser-
vices they provide, from tackling climate
change (SDG 13) to improving health
(SDG 3).

Integration across SDGs (and disci-
plines) can, therefore, help to ensure land is
stewarded wisely, with the right function
allocated to the right land. Environmental
datasets (including the underlying geology,
active geological processes, geochemical
characteristics of soils, hydrogeochemistry)

and analyses can support planners, pol-
icymakers and politicians in this decision-
making process, and inform choices
regarding:

• Parcels of land to protect or restore
because of their capacity to host unique
biodiversity or their contributions to
essential ecosystem services. For
example, limestone pavements have
distinct surface features (e.g., fissures)
that often support rare plant species
(Cottle 2004). Certain glacier-fed
freshwater ecosystems are significant
annual CO2 sinks, due to chemical
weathering processes (St. Pierre et al.
2019).

• Parcels of land for subsurface infras-
tructure development. The use of the

Fig. 18.2 Implementing the SDGs will increase demand for land. Geoscience can help to inform decision-making to
support economic growth, social development, and environmental protection. Image by Hans Braxmeier from Pixabay.
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subsurface environment for transport
networks, car parking, shopping centres,
or waste management systems is guided
by having a three-dimensional under-
standing of the subsurface. This
includes characterising the geological
materials to determine their suitability
for excavation, tunnelling, and hosting
different types of infrastructure.

• Parcels of land hosting critical natural
resources. Developing a new urban
environment over a major ore deposit is
a costly mistake, preventing access to
critical materials that support economic
development. Geoscientists can help to
integrate understanding of resources
(e.g., minerals, groundwater, and
industrial aggregates) into land-use
planning to maximise efficiencies and
minimise conflicts of use.

• Parcels of land for productive agricul-
ture. Geochemical mapping can inform
decisions about the siting of new agri-
culture, identifying soils rich or deple-
ted in nutrients, and soils where
previous land use has resulted in con-
taminants that affect plant, animal, and
human health. Contaminated sites need
remediation and are often better suited
to the development of infrastructure or
industrial facilities.
Understanding of geological hazards

(e.g., landslides, earthquakes, groundwater
flooding) also informs land-use decisions,
how hazards affect different activities on
different geological substrates, and how
human activities affect these hazards. For
example, converting a forested hillside into
agricultural land has the potential to increase
the magnitude or frequency of landslides,
with serious consequences on those using
the land at the foot of the slopes.

It is also critical to integrate environ-
mental data with an understanding of social
and economic factors to inform decision-
making. For example, some land has

cultural and spiritual significance to certain
groups, and any change to its use will be
deeply problematic. Other land formations
generate significant revenue to a local
region through ecosystem services, geo-
tourism or leisure activities—with changes
in land use being counterproductive and
economically costly.

Land is just one resource, with SDG 12
characterising a nexus that also involves food,
water, energy, and material resources (e.g.,
minerals, aggregates), with many interdepen-
dencies between these, as illustrated by the dis-
cussion of land in Box 18.1. Delivering many of
the SDGs has a resource implication, potentially
resulting in conflicting demands for water or
energy, industrial aggregates or food. Resolving
these conflicts needs strong institutions and
effective resource governance (SDG 16), under-
pinned by access to reliable environmental data
and analyses. Integrated resource management
has a cascading effect on educational demands
(SDG 4), work opportunities and challenges
(SDG 8), and the development of interdisci-
plinary communities of practice that promote
open exchange of science.

18.3.2 Integrated Solutions Require
Interdisciplinary
and Multisectoral
Partnerships

Integrated solutions to multifaceted problems
require interdisciplinary partnerships. The con-
tribution of geoscientists is inseparable from
political, economic, social, technological, legal,
cultural, and (other) environmental context.
Contributions from different sectors should
complement and build of one another, rather than
undermine and contradict one another. For
example, if we consider tackling energy poverty
(SDG 7) in the Global South and envisage a
global transition to a net-zero economy by 2050
to tackle climate change (SDG 13). The solutions
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will require behavioural change (psychology),
new technologies (design and engineering), and
economic shifts (economics), but also access to
and improved management of natural resources,
ground characterisation, and environmental
modelling (geoscience, ecology, forestry).
Bringing disciplines together to co-design
strategic and coherent plans and policies,
informed by diverse evidence, is more likely to
result in integrated solutions to sustainability
challenges.

Embracing interdisciplinarity requires geosci-
entists to engage proactively in new forums and
settings, building partnerships and enhancing
communication with a wider range of institutions
and disciplines. We anticipate that skills such as
feeding into policy making processes
(Sect. 18.3.5) will become increasingly impor-
tant for geoscientists, and, therefore, need to be
better reflected in geoscience education and
training opportunities (Sect. 18.3.6), national
survey programmes and learned societies. Others
contributing to sustainable development will
benefit from the skills and knowledge that geo-
scientists can bring. To aid this process, geosci-
entists should take steps to reach out and help
raise awareness by improving the messaging
associated with geoscience events, initiatives and
outputs. For example, badging of more geo-
science meetings with information about relevant
SDGs could help to demonstrate societal links
between themes such as geochemistry and health,
minerals and renewable energy technologies, or
geohazards and sustainable cities in a clearer
way, appealing to both geoscientists and other
disciplines engaged in work on these SDGs.

In the chapter exploring SDG 17, the authors
describe the time and resources needed to build
effective interdisciplinary and multisectoral
partnerships. While different disciplines need to
come together to innovate, so do voices from
diverse sectors and groups. There can be chal-
lenges and conflicting priorities and perspectives
to navigate, but the benefits in terms of potential
impact vastly outweigh the effort required to
overcome these difficulties. All partnership
development takes time and resources. The
emphasis on building interdisciplinary research

partnerships for development by the UK
Government (e.g., through the Global Challenges
Research Fund5) is not common, but provides a
model by which such partnerships could be
encouraged.

18.3.3 Improve the Collection,
Management,
Integration,
and Accessibility of Data

Many of the chapters in this book have high-
lighted how improved data collection, manage-
ment, integration, and accessibility provides an
opportunity to support development. In some
contexts (e.g., SDGs 2 and 15), this focused on
environmental data, with weaknesses in moni-
toring networks and data management capacity
in the Global South identifed as hindering efforts
to collect and synthesise environmental data to
inform decision-making. The East Africa Com-
munity Vision 2050 notes improvements in
environmental data collection as one of their
priorities (EAC 2016). Workshops in Kenya,
Zambia, and Tanzania, conducted in 2017 with
representatives of 48 organisations, all converged
on a common problem of lack of access to data,
or different agencies holding different datasets
that would be particularly useful when integrated
(Gill et al. 2019). Participants highlighted prob-
lems including data being in analogue rather than
digital form, and digital data not being backed up
or placed on a secure server (Fig. 18.3).

Improving the management, integration, and
access could help to (i) identify data gaps so data
collection can be targeted, (ii) support analyses
that rely on access to multiple datasets (e.g.,
spatial relationships between climate change, soil
geochemistry, and disease prevalence), (iii) in-
form research questions to address societal pri-
orities, and (iv) leverage additional funding to
support greater data collection and strengthen
monitoring networks. The Southern African
Development Community (SADC) have also

5https://www.ukri.org/research/global-challenges-research-
fund/.
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emphasised the need to ‘build capacity for col-
lection, management and exchange of
information/data for the sustainable manage-
ment of environment and natural resources’
(SADC 2005, p. 62).

In other contexts (e.g., SDG 7), the chapter
author highlighted discrepancies in data charac-
terising current levels of development between
the Global North and Global South. For example,
it is difficult to identify appropriate data on
energy use in many countries in the Global South
or the prevalence of postgraduate geoscience
courses in sub-Saharan Africa. As voluntary
national reviews on progress towards the SDGs
are completed, data collection and availability
may improve (e.g., for SDG indicators6). Portals
to deposit data sets held by businesses or civil
society groups could also help to improve access
to data to characterise progress towards the

SDGs. International geoscience unions could
invest in targeted data collection on themes such
as availability of geoscience education courses
(SDG 4), or progress in diversity, equality and
inclusion (SDGs 5 and 10), to support the com-
munity to implement actions for sustainable
development.

Finally, while the aggregation and integration
of information to understand systems and inform
decision-making is clear, disaggregation of
information (by region, age, sex, ethnicity,
income, and other characteristics) can help to
understand the impact of interventions aiming to
deliver sustainability, assessed through change in
the 232 individual indicators7 agreed by the UN
General Assembly. This will be increasingly
important if we are to monitor our commitment
to leave no one behind and improve inclusivity.

Fig. 18.3 Discussing Environmental Data for Sustain-
able Development in Tanzania. Emphasised in many
chapters of this book, and supported by dialogue with
sustainability stakeholders in Eastern Africa, the

strengthening of environmental data collection, manage-
ment, integration, and access can support many SDGs. ©
UKRI (used with permission)

6https://unstats.un.org/sdgs/indicators/indicators-list/. 7https://unstats.un.org/sdgs/indicators/indicators-list.
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18.3.4 Strengthen International
and National Science
Institutions to Catalyse
and Resource Action

Many of the actions suggested through the
chapters of this book require both global lead-
ership (e.g., by continental and global geoscience
organisations, large businesses, and key aca-
demic networks), as well as local implementa-
tion. Improving gender equality, public
understanding of Earth science, equitable access
to scientific knowledge and training, and equi-
table research partnerships requires strong com-
mitment to these themes by diverse geoscience
organisations (e.g., international unions, profes-
sional and learned societies, see SDG 16), with a
concerted effort to catalyse and resource change
in the broader community.

There are positive developments in recent
years linked to ethics, tackling harassment, and
improving diversity that indicate a growing
acceptance that the geoscience community must
take responsibility for securing change within
our sphere of influence. Examples include

• The AGU Ethics and Equity Center8 provides
resources to support responsible scientific
conduct and establish tools, practices, and
data for organisations to foster a positive work
climate in science.

• The International Association for Promoting
Geoethics9 has grown into a multidisciplinary,
global platform. They published the Cape
Town Statement on Geoethics in 2017, which
is supported by at least 22 global organisa-
tions and translated into 35 languages.

• Meeting Codes of Conduct. Many large geo-
science meetings and conference coordinators
(e.g., the Geological Society of London10)
now have codes of conduct that aim to pro-
vide a safe, open, and respectful environment
for participants.

• AGI Statement on Harassment in the Geo-
sciences. This statement, agreed by the
American Geosciences Institute in 2018,
makes recommendations to member societies
regarding tackling harassment through inter-
vention, enforcement and reporting.11

• Girls into Geoscience. This outreach initia-
tive12 promotes diversity and equality, and
provides role models for aspiring female sci-
entists across the geosciences.

• International Association for Geoscience
Diversity. This non-profit is dedicated to cre-
ating access and inclusion for persons with
disabilities in the Geosciences.13

These examples suggest positive action
towards creating geoscience institutions, meet-
ings, training, and places of employment that are
inclusive, diverse, and safe, but there is of course
scope for further work and engagement by a
broader group of people. The actions of members
should reflect the ambitions stated in institutional
codes of conduct and live up to their commend-
able language around tackling inequalities (in-
cluding gender, race, and income). Leaders
should demonstrate, resource, and enforce these
commitments. Delaying any wholehearted
embrace of diversity, equality, and inclusion
comes with far greater costs than actively cham-
pioning and implementing this agenda.

Strong leadership and institutions help to
tackle inequalities (SDGs 5 and 10), but also
support safe and secure work environments
(SDG 8), improve public understanding of sci-
ence (SDG 4), strengthen research and develop-
ment (SDG 9), and facilitate science partnerships
for development (SDG 17). This is particular the
case when international institutions have an
inclusive leadership, with full, meaningful par-
ticipation of scientists from all regions, including
the Global South. Commitment of resources to
support Global South scientists, and embracing

8https://ethicsandequitycenter.org/.
9https://www.geoethics.org/.
10https://www.geolsoc.org.uk/code-of-conduct-events.

11https://www.americangeosciences.org/content/agi-state
ment-harassment-geosciences.
12https://www.plymouth.ac.uk/research/earth-sciences/
girls-into-geoscience.
13https://theiagd.org/.
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technologies and virtual meeting spaces, can
ensure Global South scientists are included.
Where scientific meetings and events consider
pricing, diversity of speakers, and the services
provided to participants, they could help to
strengthen scientific communities that may
otherwise be disadvantaged. Breaking the isola-
tion of scientists in the Global South was an
‘imperative’ set out by Berger (1991), and
remains so nearly 30 years later.

Many of the institutions highlighted in this
book are membership organisations. A proactive
membership, contributing to the life of the
organisation, will strengthen these institutions
and empower them to effect positive change.
Volunteering for committees, nominating people
for awards and recognition (particularly under-
represented groups), and contributing to
engagement activities can seem small contribu-
tions when set against the towering injustices
described throughout this book. For institutional
change to happen, however, all geoscientists
need to embrace their individual responsibilities
as citizens of a professional community, with the
collective capacity to enact positive and lasting
change.

18.3.5 Strengthen the Links Between
Geoscientists
and Decision-Making

International and national science institutions
also help to bridge the gap between scientists and
decision-makers, relevant to every SDG. The
production of knowledge is not sufficient to drive
change, but should be complemented with
proactive and effective communication of results
and their implications to decision-makers and
those with the ability to influence decision-
makers. Whether considering micronutrient
deficiencies (SDGs 2 and 3), increasing geo-
tourism potential (SDG 8), urbanisation (SDG
11), management of natural resources (SDG 12),
or protecting the oceans (SDG 14), clear lines of
communication between geoscientists and
decision-makers can help ‘knowledge’ to result
in a tangible and sustainable impact. In this

context, we define decision-makers broadly, and
recognise that these will vary. It could be indi-
viduals in a community with the ability to deliver
change at a household level, local or national
politicians and diplomats, heads of department,
industry leaders, or cultural and religious leaders.

Strengthened links between geoscientists and
decision-makers (including those responsible for
the development of local, national, or regional
policies) will benefit from enhanced socio-
political understanding (e.g., how government
works), recognition of the complexity of poli-
cymaking (and engaging with those shaping
policy), and accepting that geoscience is one
form of evidence in the decision-making process
(Boyd 2016; Gluckman 2016). Embedding this
understanding and the skills to engage in the
policy arena into the training of geoscientists
could improve ongoing engagement in the
science-policy-practice interface. This is also
supported through understanding what informa-
tion would help stakeholders (from community
groups to policy makers), how they will use
this information, and how best to present it to
support these uses (Gill and Bullough 2017).
Dialogue, investment in building relationships,
and interdisciplinary partnerships can help to
translate geoscience knowledge into tools
to inform decision-making (Lubchenco et al.
2015).

Bridges between geoscientists and decision-
makers are beneficial at local, national, regional,
and global scales. National geoscience institu-
tions (such as learned societies and professional
institutions) are particularly well placed to help
bridge the gap between geoscientists and
decision-makers in many countries, with the
ability to convene diverse expertise from across
the membership and coordinate interdisciplinary
responses with other scientific organisations.
This does not mean they have the sole respon-
sibility to engage with decision-makers. In many
local contexts, individual geoscientists will work
with decision-makers to inform research ques-
tions or tool development. Engaging stakeholders
early in the research process will ultimately
produce knowledge of greater use (Weichsel-
gartner and Kasperson 2010).
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At a global scale, the InterAcademy Partner-
ship have described how scientists can input into
policymaking. Their 2019 report ‘Improving
Scientific Input to Global Policymaking, with a
Focus on the UN Sustainable Development
Goals’ sets out routes by which the science
community can support the SDGs, particularly
focusing on UN processes, reports, and mecha-
nisms (IAP 2019). SDG 17 outlines examples of
ways geoscientists can engage. Increasing
engagement at this level will make an important
contribution to increasing recognition of and
demand for geoscientific data to inform decision-
making.

18.3.6 Reshape Geoscience
Education to Meet
Future Demand

The topics and skills included within geoscience
training should reflect the best available science
and areas of debate, equip students to join the
geoscience profession (both research and indus-
try), and be transferable enough to allow geo-
scientists to effectively contribute to other
professions. They should also align with societal
demand in terms of the ability to provide advice
and services for public benefit. To evaluate
whether existing courses currently meet these
criteria, we must look not only at employment
opportunities and societal demands today, but
also in the years ahead (10, 20, 30 years from
now). In SDG 8, we highlighted some existing
analyses of the future of work. These have
uncertainties, but it is clear that as the emphasis
society places on sustainable development
increases, the opportunities available for geosci-
entists will change. Global commitments to
decarbonisation, the circular economy, and
restoring the natural environment will likely
result in new expectations placed on professional
geoscientists and new career paths available to
them. Increased demands on land, water, and
rocks and minerals will require geoscientists with
both the technical knowledge to characterise
these resources, but also the sustainability
insights to inform their exploitation.

Analysing societal demand and changes is
essential to understanding if geoscience educa-
tion is shaped appropriately to help deliver the
SDGs.

• Availability of Courses. Specialised post-
graduate training programmes can help to
develop the knowledge and capacity to tackle
development challenges. For example, post-
graduate courses in themes such as subsurface
energy systems, renewable energy systems,
sustainable energy, renewable energy and
resource management, and applied geoscience
(geoenergy) exist in the UK, and will prepare
students to contribute to efforts to deliver
many SDGs. There are many other regions,
particularly in the Global South, where similar
postgraduate training could boost regional
skills capacity and support governments,
industries, and civil society to deliver the
SDGs. A systematic and comprehensive
assessment of current geoscience postgraduate
training programmes (by region and subject)
is necessary to understand where to invest
resources in new training initiatives to meet
societal demands.

• Modules and Skills for Sustainability. The
chapter exploring SDG 4 makes a convincing
case for geoscience to reform to support sus-
tainable development. This is supported by all
of the chapters in this book, which highlight
concepts and skills that would enrich the
education of geoscientists and their ability to
apply their knowledge to address global
challenges. Undergraduate programmes are
often pressed for time, with limited scope to
add new content without removing existing
content. Institutions should review whether all
existing course content adequately prepares
geoscientists for the jobs they are likely to be
involved in, or if changes are helpful. Addi-
tional optional modules could be developed to
focus on social geology or sustainable geo-
science (Stewart and Gill 2017), providing an
opportunity for geoscientists to enrich their
understanding of the interdisciplinary
approaches required so support sustainability.
Professional skills modules should evolve
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from report writing and risk assessment, to
also cover themes such as ethics, partnership
building, and public policy engagement.
Engagement with organisations such as
Geology for Global Development14

(Fig. 18.4) may also provide opportunities to
strengthen skills for development.

Addressing both the themes above (availabil-
ity of courses, and content of courses) would
strengthen the geoscience profession and
improve the way we serve society.

18.3.7 Next Steps
and Recommendations

Bringing together the reflections in
Sects. 18.3.1–18.3.6, we offer some suggested
next steps and recommendations to support the
global geoscience community to evolve and

positively affect the delivery of the ambitions
expressed in the 17 SDGs. We suggest that these
steps will (i) increase the relevance and resilience
of the geosciences as a discipline, (ii) prepare
geoscientists for major societal transitions,
and (iii) equip geoscientists to advocate for
evidence-informed changes and influence
decision-makers. There are many other recom-
mendations set out in the individual chapters of
this book which relate to specific geoscience
research and activities that can help to deliver
specific SDGs (with all the cascading effects,
highlighted previously). Here, we focus on rec-
ommendations to help facilitate the impact of
these (and other activities), and themes with
major implications for the geoscience as a whole,
cutting across national and sub-disciplinary
boundaries.
1. Proactively engage in new forums and set-

tings. While tens of thousands of geoscien-
tists gather each year at major geoscience
conventions (i.e., traditional scientific meet-
ings and dissemination forums), they are
often underrepresented at meetings focused
on development themes. This results in

Fig. 18.4 Geology for Global Development Annual
Conference 2015. Geology for Global Development is a
registered charity providing opportunities for geoscientists
to strengthen their understanding of how to deliver the

SDGs and develop the skills to contribute effectively.
Conferences and workshops complement technical train-
ing provided to students through university courses. ©
Geology for Global Development (used with permission)

14https://www.gfgd.org/. See https://www.gfgd.org/
education for a set of open-access Higher Education
Learning Resources.
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missed opportunities to influence agendas by
sharing a geological perspective and build
partnerships across disciplines. This engage-
ment does not always require a physical
presence. There are opportunities to con-
tribute through joining networks, submitting
contributions to major reports (e.g., the Glo-
bal Sustainable Development Report,15 com-
missioned by the United Nations), and
applying for positions on development com-
mittees and advisory boards.

2. Create opportunities for exchanges, visiting
fellowships, and permanent positions for
geoscientists in development institutes (and
vice versa). Encouragement and resources for
geoscientists wishing to build links with
organisations associated with development
objectives will help to foster the integrated
solutions supporting sustainability. This
includes links with NGOs, government
departments, think tanks and academic insti-
tutes, and intergovernmental agencies. There
are multiple models for this, including
exchange schemes, visiting fellowships, and
honorary research associates. Building these
opportunities may result in greater recruit-
ment of those with a geoscience background
directly into sustainability and development
organisations.

3. Improve impact messaging associated with
geoscience events and outputs. Hundreds of
conferences and workshops are organised by
the geoscience community every year, around
the world. Very few of these explicitly note
how these scientific meetings link to the SDGs
(and to the Sendai Framework or the Paris
Agreement), yet this could be done with some
simple badging. This could also extend to
academic papers, reports, and other tools and
technologies produced by geoscientists. Not
all science is focused on development impact,
but a significant amount of geoscience has an
applied focus. By improving how we com-
municate the relevance of our science we will
help to raise awareness of the public, other

development professionals, and policymakers
of how geoscience connects with the SDGs.

4. Improve the resourcing of environmental
data collection, monitoring networks and
centres for analysis and data interpretation,
particularly in the Global South. Effective
decision-making linked to many of the SDGs
depends on access to reliable environmental
data. Geoscience organisations across the
globe should support efforts to strengthen
data collection (e.g., by integrating scientists
from the Global South into initiatives and
programmes on data collection and stan-
dards), improve data management, and ensure
accessibility to those using the information to
improve decision-making. This includes
strengthening the means to conduct analyses
and data interpretation in the Global South,
creating and supporting world-class labora-
tories adhering to international quality stan-
dards, requiring larger scale investments.
Geoscientists should build links with devel-
opment banks and other funders to set out
how such facilities can support development
strategies.

5. Bring together and resource innovative
organisations leading on diversity, equality,
and inclusion. We highlight a number of
examples of initiatives helping to improve
diversity, equality, and inclusion in the geo-
sciences. These organisations should not act
in isolation, but know they have the full
support of the wider geoscience community
as they continue and expand their activities.
Furthermore, by bringing representatives of
these groups together, the global geoscience
community can (i) capture learning, (ii) seek
advice as to how to replicate activities in
other contexts or scale activities up, and
(iii) be held to account for progress across the
community as a whole.

6. Improve evaluation of the impact of past
geoscience partnerships for development to
inform future collaborations. The global,
field based, and resource nature of the geo-
sciences means that geoscientists have long
participated in capacity building, institutional
strengthening, and the spectrum of15https://sustainabledevelopment.un.org/globalsdreport/.
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partnerships (e.g., North–South, South–
South, Triangular) set out in SDG 17. This is
sometimes through research partnerships,
sometimes through government-to-
government collaborations, and sometimes
through the initiatives of scientific organisa-
tions and not-for-profits. Greater evaluation
of the work that geoscientists have done to
support development efforts is beneficial to
helping shape future activities and collabo-
rations. This evaluation could use the
Organisation for Economic Co-operation and
Development (OECD) Criteria for Evaluating
Development Assistance, reflecting on mea-
sures of relevance, effectiveness, efficiency,
impact, and sustainability. An emphasis on
equity, and how partnerships have reduced or
exacerbated diverse inequalities, would also
be beneficial.

7. Commission a ‘portal’ to gather data and
analyse the future of work for geoscientists.
Recognising the skills and understanding that
geoscientists have (or could have, if educa-
tional reforms take place) a data portal such
as this could collate sources of data, identify
potential data gaps, and help assess the threats
to and opportunities for the employment of
geoscientists, disaggregated by region and
theme. Capturing different perspectives from
the Global North and Global South would be
particularly helpful and ensure specific local
contexts are considered. A data portal, toge-
ther with analysis, focused reports and a
taskforce with participation by educators,
geological surveys, industry groups, and
others would help to explore questions such
as (i) what new roles will emerge for geo-
scientists, (ii) what existing roles (not cur-
rently filled by geoscientists as the normal)
could be suitable for those with an under-
standing of geoscience (and some reskilling),
(iii) what is the global distribution of spe-
cialised geoscience postgraduate training
courses, and (iv) what are the significant
thematic and geographic gaps for training and
development?

8. Reform geoscience education to enable the
sustainability transition. With a growing
understanding of the skills and knowledge
required of geoscience graduates in a world
committed to decarbonisation, the circular
economy, and environmental integrity, it is
necessary to reform geoscience education.
Themes such as engaging in public affairs,
building partnerships (across countries, sec-
tors, disciplines), and ethics should be inclu-
ded in diverse professional development
courses and programmes. Approaches that
embed the social and economic dimensions of
sustainability into geoscience education and
training, providing the context to engage
effectively in international sustainability ini-
tiatives, should be encouraged. Geoscientists’
training should introduce and celebrate inter-
disciplinarity at an early stage, with post-
graduate opportunities to enhance these skills
and explore research opportunities. Profes-
sional qualifications (including chartership)
should embed values of sustainability and
social responsibility.

18.4 An Opportunity to Reposition
Geoscience

Geoscience is foundational to sustainability, and
an enabler of inclusive economic growth,
human development, and environmental pro-
tection. The SDGs provide geoscientists with an
important opportunity and responsibility to
increase access to and understanding of our
science, and refresh our engagement with busi-
ness leaders, politicians, scientists, development
practitioners, and civil society to support sus-
tainable development (Geological Society
2018). We need to shape a stronger public and
political awareness of the benefits of geoscien-
tists to sustainable development. Our message,
however, must be matched by our actions—on
ethics and integrity, diversity, equality, inclu-
sion, and partnerships.
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Whilst the geoscience community has a sig-
nificant role to play in transforming our shared
world, what society manages to achieve by 2030
will depend on factors far beyond the reach and
influence of most geoscientists. We encourage
readers around the world to reflect on the themes
set out in volume, explore the opportunities
presented by the SDGs, and work within their
own communities to help catalyse geosciences’
contribution to the SDGs. By embracing values
and implementing ideas set out in this book, we
can together help achieve sustainability, meet the
needs of present and future generations, and
secure environmental protection and restoration.
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