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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
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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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