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In 2015, the United Nations adopted the 2030 Agenda for Sustainable Development and its 17 Sustainable
Development Goals (SDG) aiming to achieve a better world for the entire human population. In spite of the fact
that human development is dependent on nature and its resources, the non-living (abiotic) natural resources and
processes are persistently neglected in international and national policies that foster sustainable development.
This paper reviews the geodiversity concept and makes the links with well-established concepts and strategies,
namely the ones related with natural capital and ecosystem services, to demonstrate that the UN SDG can only be

achieved if the elements and processes of geodiversity are definitely considered in the global agenda.

1. Introduction

Planet Earth, third rock from the Sun, a fundamentally physical
body with an outer living layer unique among the planets of our solar
system. And it is this living outer skin that dominates the fields of
nature conservation and sustainability. Most people now understand
the word “biodiversity” and the need to save the world’s many en-
dangered species. They may even understand how society benefits from
the world’s biodiversity in terms of the “ecosystem services” that it
provides from medicines and pharmaceuticals, to forest and fibre pro-
ducts, from genetic manipulation to crop pollination by insects. Milton
(2002, p 115) emphasized the dominance of biodiversity in saying that
“Diversity in nature is usually taken to mean diversity of living
nature...”. But fewer people understand that our planet is also physi-
cally diverse and that this non-living, abiotic nature or “geodiversity” is
rarely appreciated by the public yet without which our modern society
could not exist. And if society is to continue to live sustainably on the
planet, it is important that we understand the values that geodiversity
brings and act to conserve, manage and plan these georesources. With
reference to a key diagram with geodiversity at its heart (Fig. 1), this
paper aims to explain the principles of geodiversity, the benefits it
brings to society, how it is assessed and the measures being taken to
conserve and manage it.

2. The concept of geodiversity

Geodiversity can be defined as “the natural range (diversity) of
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geological (rocks, minerals, fossils), geomorphological (landforms, to-
pography, physical processes), soil and hydrological features. It in-
cludes their assemblages, structures, systems and contributions to
landscapes” (Gray 2013, p. 12) (Fig. 1). This author also provides an
outline of the geodiversity of the Earth (Gray, 2013, Chapter 3) but the
content of any geology textbook (e.g. Marshak, 2012) demonstrates that
our planet has an extraordinary diversity of minerals, rocks, fossil
species, soils, landforms, landscapes, physical processes, etc.

The word and concept of “geodiversity” were first introduced in
1993 shortly after the Convention on Biological Diversity was agreed at
the Rio Earth Summit in 1992. In other words, once the word “biodi-
versity” came into general use, it was almost unavoidable that the term
“geodiversity” would also be introduced since geoscientists recognized
that they also study very diverse phenomena on our planet. And so, in
1993 a number of geoscientists independently started using the term
“geodiversity” (e.g. Wiedenbein, 1993; Sharples, 1993). Subsequently
the term has been used around the world and is now internationally
accepted. For example, in Australia, Kiernan, (1996, 1997) used the
term in classifying glacial and coastal landforms, and the Australian
Natural Heritage Charter (Australian Heritage Commission, 1996,
2002) incorporates “geodiversity” throughout its several Articles. Ar-
ticle 5, for example, states that “Conservation is based on respect for
biodiversity and geodiversity. It should involve the lease possible in-
tervention to ecological processes, evolutionary processes and earth
processes”. In Scandinavia, the Nordic Council of Ministers published
an excellent book on geodiversity in Sweden, Norway, Finland, Den-
mark and Iceland (Johansson, 2000) with an English Summary (Nordic
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Fig. 1. Network of definitions and relationships starting from the concept of Geodiversity. See text for a detailed explanation.
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Council of Ministers, 2003). The term “geodiversity” is now widely used
across Europe and the International Union for the Conservation of
Nature (IUCN), which is strongly focused on bioconservation, created a
Geoheritage Specialist Group in 2013 that “provides specialist advice
on all aspects of geodiversity in relation to protected areas and their
management”.

The early history of the use of the word “geodiversity” was reviewed
in Gray (2008) who referred to the geodiversity concept as a “geological
paradigm”. The theory of geodiversity, its values and its application to
geoconservation are more fully explored in Gray (2013).

3. How to characterise geodiversity

Geodiversity can be characterised in two different ways (Fig. 1),
generally supported in 3 main questions: “What?” is related with the
type of geodiversity elements present in a certain area and its spatial
distribution, which determines the scale of the analysis; “Why?” means
the goals for its characterisation and cartographic representation, as
education, outreach, land-use planning, etc; “How?” deals with the
selection of the methodology(ies) and criteria for the geodiversity
characterisation and assessment. The answer to this last question is
strongly connected with the first two, depending on the geodiversity
elements and on the reasons to characterise them. Therefore, there are
different examples to describe the geodiversity of a certain area that
reflect qualitative and quantitative approaches.

3.1. Qualitative approach

A qualitative characterisation of geodiversity consists of a descrip-
tion of the geodiversity elements in a given area and eventually an
explanation on their values. This qualitative approach includes propo-
sals that are based on expert views and where the geodiversity values
are labelled or rated but always in a non-numerical form. Varying from
very simple to very complex, a qualitative characterisation of geodi-
versity provides the identification of specificities in the study area.
Sometimes, these descriptions are used to establish a link between
geodiversity and geoheritage values (Koztowski, 2004; Panizza, 2009;
Ferrero et al., 2012; Bradbury, 2014). In the UK, Local Geodiversity
Action Plans are being used as management tools applied to different
type areas such as cities, counties, or protected areas (Dunlop et al.,
2018). Recent proposals (that will be discussed below regarding the
geodiversity ecosystem services theme (Gordon, 2012, Gordon and
Barron, 2013; Gray, 2011, 2012, 2013; Gray et al., 2013; Hjort et al.,
2015) can be related with this qualitative approach. Despite the ab-
sence of cartographical outputs in the majority of the qualitative
characterisations of geodiversity, the maps that can be produced are
quite similar to the traditional geological maps representing spatial
units with well-defined boundaries comparable to the geological units
(Silva, 2008). Therefore, the qualitative approach provides rather the
spatial distribution of geodiversity elements instead of the spatial dis-
tribution of their diversity.

3.2. Quantitative approach

The quantitative approach intends to express in a more objective
way the spatial variability of geodiversity elements. Hence, these ana-
lyses are mostly based on a set of numerical parameters and indicators
to detect the diversity of geological features in a certain area. Although
some parameters may derive from field measurements and remote
sensing, the majority of the quantitative procedures rely on map ana-
lyses of the diversity, the frequency and the distribution of geodiversity
elements in a given area (Carcavilla et al., 2007). This supports the
quantification and comparison of these features divided by predefined
natural regions or units (Serrano and Ruiz-Flafno, 2007; Benito-Calvo
et al.,, 2009) or by artificial units as grid cells outlined in maps
(Zwolinski, 2009; Hjort and Luoto, 2010; Pereira et al., 2013). The
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calculation of indices through the use of GIS procedures and map al-
gebra is of particular relevance (e.g. Forte et al., 2018). Indices reflect
the concentration of a given feature or of a set of characteristics of the
natural environment, reducing the amount of data and increasing the
comparability of results for similar typological research areas
(Zwolinski et al., 2018). Map algebra is used to compile the results of
partial assessments of geodiversity elements through algebraic and
logic operations and functions using raster or vector spatial data. The
cartographic output of these procedures can be a complete geodiversity
map or partial - geomorphological, lithological, pedological, hydro-
logical, or palaentological diversity — indices maps (Pereira et al.,
2013). In opposition to the qualitative approach, studies relating
quantitative analysis of geodiversity with geoheritage values are scarce
(e.g. Ruban, 2010). A detailed review of quantitative methods used to
assess geodiversity is presented by Zwolinski et al. (2018).

3.3. Scale and potential use

Scale is an important factor to consider in geodiversity character-
isation procedures, independently of being qualitative or quantitative
approaches. These procedures can vary from very general to very de-
tailed depending on the availability of spatial data at an appropriate
scale, including in its digital form. Smaller areas generally have more
focused studies with high detail on geodiversity elements. For instance,
at a country-level study, the lithological diversity is generally char-
acterised by the variability of the major rock types, though at a county
or municipal level the same analysis will consider all rock subtypes.
Therefore, the accuracy and detail of data to support the geodiversity
characterisation is crucial, mainly in more detailed quantitative studies
based in map algebra procedures.

Despite being based on the knowledge of the expert and on detailed
data, a qualitative description of geodiversity carries a degree of sub-
jectivity that is not compatible with comparison or verification of re-
sults. Furthermore, the cartographic outputs related with this qualita-
tive approach are more suitable for education or outreach purposes
because they are more understandable by non-specialists.

A quantitative characterisation seems to be more useful to re-
searchers. Several recent studies and methodologies present and discuss
geodiversity indices using map algebra with GIS techniques (Hjort and
Luoto, 2012; Pereira et al., 2013; Malinowska and Szumacher, 2013;
Silva et al., 2013, 2015; Melelli, 2014; Pellitero et al., 2014; Kot, 2015;
Martinez-Grana et al., 2015; Manosso and No6brega, 2016; Argyriou
et al., 2016; Araujo and Pereira, 2017; Forte et al., 2018). The objec-
tivity and simplicity of using GIS analysis of geographical data during
the data collection allow cartographic representations of geodiversity
or partial geodiversity indices and the overlay with other types of
spatial data. The quantitative characterisation of geodiversity is thus
more appropriate for land-use planning, nature conservation and
landscape management. Besides, some of these works recognize new
trends in applied studies of geodiversity such as the possibility of
comparing the results of geodiversity assessments with other natural or
cultural features like biodiversity (Jackova and Romportl, 2008; Hjort
et al., 2012, 2015; Résédnen et al., 2016, Najwer et al., 2016; Tukiainen
et al., 2016).

4. Natural capital

“Capital” is a term used in economics to denote a stock of assets
used to provide a flow of funds to establish or run a business. The term
“natural capital” has been the subject of somewhat differing inter-
pretations but the consensus view is that it includes the stock of both
biotic and abiotic assets in nature (Barbier & Heal, 2006; Barbier, 2011;
Helm, 2015; Costanza et al., 2017). Thus, the World Forum on Natural
Capital defines “natural capital” as the “world’s stocks of natural assets,
which include geology, soil, air, water and all living things”. These are
sometimes also referred to as environmental assets. The UN System of
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Environmental-Economic Accounting — Central Framework (SEEA -
CF) defines environmental assets as “the naturally occurring living
(biotic) and non-living (abiotic) components of the Earth, together
constituting the biophysical environment, which may provide benefits
to humanity”. From this, it is clear that geodiversity contributes to the
stock of natural capital and has been brilliantly exploited by society
over many millennia from the Stone Age and Iron Age to the current Oil
Age and Silicon Age. In spite of this, many studies involving natural
capital have focused on biotic components of the environment.

An important distinction is made between renewable and non-re-
newable natural capital. In the case of renewable resources, the key
management approach is that “what is damaged should be compen-
sated for in gains elsewhere” (Helm, 2015) as in biodiversity off-setting.
Some abiotic resources are renewable (e.g. freshwater) and some
landscapes can be restored (e.g. by quarry or river restoration). How-
ever, many abiotic resources are non-renewable (e.g. minerals, oil, gas)
and ought to be subject of minimised use, recycling, etc. in order to
meet the requirements of sustainability and intergenerational equity.

5. Ecosystem services and geodiversity

As referred to above, natural capital can be exploited to provide
benefits for society. These benefits were originally termed “nature’s
services” (Daily, 1993) but are now generally referred to as “ecosystem
services” which are the goods and services that humans derive from
nature. Building on Tansley’s definition of an ecosystem as “the whole
system,. . . including not only the organism-complex, but also the whole
complex of physical factors forming what we call the environment”
(Tansley, 1935), Article 2 of the Convention on Biological Diversity
defines an ecosystem as “a dynamic complex of plant, animal and
micro-organism communities and their non-living environment inter-
acting as a functional unit”. The implication of this definition is that
ecosystems include abiotic elements but only where they are interacting
with biotic elements (Gray, 2013). As a result, most assessments of
ecosystem services do not include the full array of services associated
with geodiversity. For example, Diaz et al. (2015) state that “non-living
natural resources...are considered as part of nature, but their direct
benefits are not the focus of the IPBES” (Intergovernmental Platform on
Biodiversity and Ecosystem Services). Also, the UK National Ecosystem
Assessment (UKNEA) (2011) “focuses on ‘ecosystem services’ that are
derived from ecosystem processes including biotic interactions; as such,
it does not provide an assessment of ‘environmental services’ that may
be purely abiotic in origin such as minerals extracted from the eco-
system” (Brown et al., 2011, para 1.3.1). Despite this statement, Gray
et al., 2013, Table 1) found many examples of abiotic nature referred to
in the UKNEA. There is also inconsistency in the treatment of water,
which, despite being abiotic, is included in many classifications of
ecosystem services (e.g. Brouwer et al., 2013). The Common Interna-
tional Classification of Ecosystem Services (CICES v4.3; Haines-Young
and Potschin, 2013) had a separate “accompanying classification of
abiotic outputs from natural systems” but in a survey of users, a ma-
jority felt that abiotic services should be integrated into CICES (Haines-
Young, 2016). Furthermore, Van der Meulen et al. (2016) argue that
abiotic flows should be an inherent part of ecosystem services. How-
ever, in the most recent version (CICES v5.1, Haines-Young and
Potschin, 2018) the abiotic section has been expanded but kept apart
from the biotic section of the table. In conclusion, the current status of
abiotic services within the ecosystem services approach is un-
satisfactory, inconsistent and confusing, but if abiotic services are ex-
cluded, there must be a danger of a radical undervaluing of the con-
tribution of all nature to human well-being.

For this reason, some authors have carried out separate assessments
of the services associated with geodiversity (Gray, 2011, 2012, 2013;
Gordon and Barron, 2011, 2012; Gordon et al., 2012) and have referred
to these as either “abiotic ecosystem services” (Gordon and Barron,
2012; Gray, 2013) or “geosystem services” (Gray, 2011; Van Ree and
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Beukering, 2016). These benefits can be either tangible (e.g. coal, oil)
or intangible (e.g. the mental health benefits from experiencing an
unspoilt natural environment). Thus, the presence of natural capital
leads to both “ecosystem services” (biotic nature) and “geosystem ser-
vices” (abiotic nature) though there are several examples of where they
overlap (see Table 1). For example, flood regulation by infiltration is
partly achieved by plant interception and partly by free-draining sub-
soils. As a consequence, there is a strong case for adopting an integrated
set of “environmental services” or “nature’s services (Daily, 1993) (see
Table 1). Geosystem services are related to their general value to so-
ciety, whether scientific, educational, economic, cultural, aesthetic,
functional, etc. (Fig. 1).

The ecosystem approach is now the key international policy driver
whereby decision-makers make quantitative and qualitative judge-
ments about the value of nature and its sustainable management. Three
classification systems for ecosystem services have emerged in recent
years:

1 The Millennium Ecosystem Assessment (2005);

2 The Economics of Ecosystems and Biodiversity (TEEB, 2010);

3 The Common International Classification of Ecosystem Services
(CICES, v5.1) (Haines-Young & Potschin, 2018).

The system used here is the Millennium Ecosystem Assessment
(MA), which was also used by the UK National Ecosystem Assessment
(2011). This classifies the services into 4 groups:

e regulating services — the ways in which natural processes regulate
the environment;

e supporting services — those processes that support natural environ-
ments;

e provisioning services — the natural materials that are used by so-
ciety;

e cultural services — the non-tangible elements of the natural en-
vironment that benefit society in a spiritual or cultural sense.

The contribution of geodiversity elements and processes to eco-
system services is founded on a set of values (Fig. 1 and Table 1). Gray
(2013) presents with detail each one of these different types of values —
scientific, educational, economic, cultural, aesthetic, etc. — and estab-
lishes the link between type of value and type of use. For instance, the
aesthetic value of a geological site leads to a touristic use of it, which
has also a relation with the economic value of the site.

The concept of planetary boundaries was introduced by Rockstrom
et al. (2009b) and is somehow related with natural capital and eco-
system services. Planetary boundaries set thresholds for human socie-
ties to use the limited capacity of nine Earth system processes, based on
the understanding and resilience of this system. According to these
authors and also Steffen et al. (2015) and Jaramillo 6 Destouni (2015),
among others, the assessment made of several systems reveal that these
thresholds have already been exceeded. So, while natural capital and
ecosystem services are concentrated in the resources of nature and in
the direct and indirect benefits they provide to human societies, pla-
netary boundaries try to allow for the fact that some of these benefits
are already compromised due to the anthropic overuse of Earth systems.
However, the nine planetary boundaries that were defined by the above
mentioned authors maintain the systematic problem already mentioned
and that this paper tries to draw attention to: the role of geodiversity is
systematically underestimated when sustainability is being considered.

5.1. Regulating services

Earth elements and processes provide unique conditions for the
presence of life. Global regulating services such as the magnetic field or
the gradual release of the Earth‘s internal heat are usually taken for
granted and unchanged. Until now, only science-fiction movies (e.g.
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Table 1

Examples of benefits provided by geodiversity (after Gray, 2013). These benefits are classified according to the ecosystem approach (Millennium Ecosystem
Assessment, 2005; Haines-Young & Potchin, 2013), and to the main divisions of each type of service. The column “Delivery” indicates if the benefits directly assure
human well-being (Human) or support ecosystems (Eco). The column “Type” indicates if the genesis of the benefit is just geological (Geo) or the result of biological
and geological processes (Bio/Geo).

Ecosystem services Division Benefits Delivery Type
Regulation Atmosphere Dynamic circulation Eco/Human Bio/Geo
conditions that allow the existence of life and Atmospheric chemistry
modern society Air quality and climate regulation

Water cycle

Geosphere / Rock cycle
Hydrosphere Water cycle
Carbon and other biogeochemical cycles
Carbon sequestration (formation of carbonate rocks,...)
Storage and climate regulation
Regulation of soil erosion

Regulation of natural disasters (floods, mass movements, ...) Human
Regulation of the water quality due to the circulation through
rocks and sediments

Supporting Soil Rock weathering and soil development for agriculture and Eco/Human Bio/Geo
of life conditions and social development forestry
Habitat provision

Water Life support

Habitat diversity Eco

Platform for transport Human
Surface rocks and Habitat provision (ocean floor, hot springs, cliffs, marshes, Eco Geo
landforms coasts) and establishment of ecological corridors

Platform for infrastructures (roads, dams, production of Human

renewable energy, ...) and urban development

Underground rocks and Burial and storage (municipal landfill, radioactive waste
landforms storage, cemeteries)
Habitat provision (caves) Eco
Provisioning Nutrients Inorganic nutrients essential to live Eco/Human Bio/Geo
of renewable and non-renewable resources which
are fundamental to life and society Food and drink Freshwater and mineral water Salt Human Geo
Water Agricultural, industrial and domestic use
Construction materials Building and ornamental stones
Cement, aggregates, ...
Steel, ...
Glass, ...
Industrial and metallic Vehicles, computers, smartphones, appliances, ...
minerals Batteries, ...

Fertilizers, pharmaceuticals, ...
Ceramics, plastics, refractories, paper, ...
Prostheses, implants, surgical plates and screws, ...

Energy resources Oil and natural gas
Coal
Uranium
Geothermal heat
Hydroelectric, tidal, ...

Ornamental products Gemstones, jewellery (gold, silver, platinum, ...)

(continued on next page)
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Table 1 (continued)
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Ecosystem services Division Benefits Delivery Type
Cultural Wellness and health Hydrotherapy (spas) Human Geo
Contribution of the physical environment to the
development of cultural activities Artistic inspiration Bio/Geo

Natural landscapes for physical and mental health

Recreation

Tourism activities (pedestrian trails, viewpoints, caves, ...)
Sport (rock climbing, ...)

Human history

Sacred and historic sites
Use of stone in monuments and other buildings

Knowledge

History and evolution of the Earth
Origin and evolution of life
Paleoclimates and paleoenvironments

“Meteor”, 1979; “Armageddon”, 1998; “Deep Impact”, 1998; “The
Core”, 2003; “The Day After Tomorrow”, 2004; “2102”, 2009) and
occasional news (e.g. about the eventual explosion of supervolcanoes
such as Yellowstone, USA, Campi Flegrei, Italy, or Toba, Indonesia)
suggest global catastrophic effects caused by changes in the current
terrestrial natural conditions. However, great changes in the planet’s
geodynamics (e.g. eruption of supervolcanoes, meteor collisions, cli-
mate changes) have caused in the past great impacts on the established
surface conditions and have played a decisive role in the way life
evolved until today.

Other global services, like the hydrological cycle and the carbon
cycle run in a perfect articulation between terrestrial, oceanic and at-
mospheric conditions. The retention of large amounts of carbon in se-
dimentary rocks and its release into the atmosphere are regulated by
sedimentary and volcanic processes (Gray, 2013). Nevertheless, the
crucial role of atmosphere and oceans as regulating services at various
scales should be noted, but predominantly at the global scale (Gray,
2013). The atmosphere’s role in the protection of the sun’s radiation
(specially the ozone layer), oxygen and carbon dioxide supply, and the
vital role of water are well-known, either for ecosystems and for human
well-being.

At a regional and local scale, rocks and geological processes also
play fundamental regulating service roles. For example, river flows are
regulated by the input of water provided by the circulation of under-
ground water that, in many cases, feeds the superficial flow even during
long periods of drought. Weathering, erosion, river transport of sedi-
ments and nutrients, depuration of water during its underground cir-
culation and many other terrestrial services are vital for the equilibrium
of life-support systems (Gray, 2013).

5.2. Supporting services

Geosystem supporting services provide human well-being indirectly
through ecosystems and directly to allow the building of infrastructures
and the development of vital activities.

Rock weathering is a crucial stage of the rock cycle that includes
formation and renovation of soils. This geological process, that can
include biological processes, results in the fragmentation of rocks,
production of secondary minerals, release of nutrients, increase of
porosity, allowing the incorporation of organic material. Porosity and
the new minerals, especially clays, are fundamental in retaining water
that dissolves free elements that are basic for the growth of plants.
Being so slow and natural, this process is often ignored as a funda-
mental service in the ecosystem approach. Together with water, soils
must be looked at as the most precious support for life, in the long-term
that clearly exceeds the human time-scale.

Geodiversity elements and processes also provide different habitats
in oceans and on continents, including deep and shallow waters,
mountains, rivers, beaches, caves, soils, hydrothermal vents, and many
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others. In addition to these benefits for ecosystems, including agri-
culture and fishing, geodiversity provides diverse platforms to the de-
velopment of human societies. Relief and rock resistance are essential
factors in the planning of dams, bridges and skyscrapers. Airports,
roads, railways and all superficial constructions are related to geo-
morphology (Gray, 2013). Landfills and cemeteries are the most well-
known burial services but others are being developed, for example for
the storage of radioactive wastes and carbon sequestration (Gray,
2013).

5.3. Provisioning services

A close observation of the materials around us allows us to under-
stand why extractable natural resources have been the basis of societies
since the Stone Age. Some of these goods have organic origins, such as
food for human consumption or wood used as a fuel or in timber con-
struction (Haines-Young 6 Potschin, 2013; Gray, 2013). However, once
the basic human needs that include the renewable water resource are
fulfilled, human social development is based on non-renewable ex-
tractable resources known as geological resources. Geological resources
include a large set of potential raw materials — solid, gas or liquid
elements — presenting optimum concentrations for its exploitation, in or
on the Earth’s crust (Mata-Perell6 et al., 2011). They have been used
since the initial stages of mankind and play an essential role in the
economic and social development of humanity. Wisely used, mineral
resources create wealth, employment, a vital social and natural en-
vironment and peace (Pohl, 2011).

Excepting water, traditionally geological resources are identified as
non-renewable: industrial rocks and minerals, metallic minerals, energy
materials, and gemstones, but a lot of classifications are acceptable
based on the use, value, or composition. A more precise meaning and
use of terms like mineral deposits, mineral reserves and geological re-
sources are related to the economic viability of profitable mining
(Wagner and Wellmer et al., 2011).

Occasionally, raw materials are consumed directly but most of these
materials are processed by industry that generates the goods needed to
sustain the well-being of today's society. Renewable resources like
water and inorganic nutrients are also related to geological processes.
The fact that they also support ecosystems justifies their inclusion either
in the provisioning (Hjort et al., 2015) or in supporting services.

5.3.1. Water

Being an extractable resource, freshwater has the particularity of a
renewable good. The inclusion of water in ecosystem services is due to
the clear relationship between ecosystems and water (Karabulut et al.,
2016; Vanham 2016) and to the importance of ecosystems for the re-
generation of water quality. Nevertheless, water is also an integral part
of geodiversity and a physical or abiotic component of ecosystems.
Usually two important reservoirs of water are considered: the blue
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water — liquid water in rivers, lakes, wetlands and aquifers, and green
water — the soil water held in the unsaturated zone, formed by pre-
cipitation and available to plants (Rockstrom et al., 2009a; Vanham,
2016). Together, blue and green water, are a vast resource that pre-
cedes the origin of life and that should be also understood as a funda-
mental component of geosystems. During the terrestrial sub-cycle, most
of the fresh water fills the aquifers, circulates in the rocks, dissolves
minerals and regenerates its quality, making it suitable for various uses.
On the surface, distribution of drainages, watersheds, springs, lakes and
the location of dams are linked to lithology, tectonics, stratigraphic
contacts, and geomorphic features (Santucci, 2005).

Under a provisioning point of view, water has also domestic (mu-
nicipal water use), agricultural (food production including livestock),
industrial and energy uses (e.g. Vanham, 2016). Water has other uses
related with regulation, functional, and cultural services, like naviga-
tion, recreation and environmental uses. The global fresh-water use by
humans is currently estimated at 2600 km?® per year, much more than
the pre-industrial estimated value of 415km® per year (Rockstrom
et al., 2009c¢).

5.3.2. Industrial minerals and rocks

One of the most precise ways to establish the stages of human
evolution is based on the complexity of modelling and use of rocks and
minerals for various purposes such as defence, hunting and fishing,
colorant extraction, ornaments, containers, shelters and buildings. The
most primitive tools were rough stone and later polished and prepared
stone tools.

Industrial minerals and rocks are inorganic substances of economic
value other than metal ores, mineral fuels, and gemstones (Bates, 1975;
Jeffrey, 2006). Actually, these minerals and rocks (e.g. clay, granite,
limestone, sand, feldspar, quartz, gypsum, phosphates, fluorite, gra-
phite, magnesite, sulphur, talc, salt) are an exceptionally diverse and
vital group of raw materials used in the manufacture of many products
- ceramics, plastics, refractories, paper, pharmaceuticals — which un-
derpin almost all aspects of human activity, infrastructure, and stan-
dard of living (Evans, 1992; Jeffrey, 2006).

5.3.3. Metallic minerals

The Metal Age was defined by the ability to extract metals like
copper and iron from minerals, and is remembered as one of the most
important steps in human evolution towards our modern society.
Nevertheless, industrial minerals and rocks did not lose their im-
portance, even when the smelting of ores and the working of metals had
been discovered (Kuzvart, 1984). The initial simple procedures evolved
into more complex metallurgic techniques that provide a huge diversity
of metals that are nowadays mostly used in the production of metal
alloys. Metallic minerals are mined as metalliferous ore deposits when
quality, proportion of extractable metal, and the price of the metal
make this mining profitable. The modern world relies on energy and
metals. Vehicles, wires, computers, smartphones, and all other appli-
ances and machines are the most visible applications of metals. The
following are especially relevant: iron and steel metals (manganese,
chromium, nickel, cobalt, molybdenum, tungsten, vanadium), base
metals (copper, lead, zinc, tin), precious metals (gold, silver, platinum
and platinum group metals), light metals (aluminium, magnesium),
minor and speciality metals (mercury, antimony, arsenic, by-product
electronic metals like selenium, tellurium, gallium, germanium, in-
dium, cadmium and silicon, bismuth, zirconium, hafnium, titanium,
rare earth elements, niobium, tantalum, lithium, beryllium, uranium
and thorium) (Pohl, 2011).

5.3.4. Fuel

Extractable fuels are mostly of non-renewable geological origin,
commonly referred to as fossil fuels (crude oil, natural gas and coal) and
uranium for the production of electricity in nuclear power-plants. The
importance of energy in today's society is unquestionable so, as long as
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it is not possible to rely on alternative energy sources that meet global
needs, the use of extractable geological fuels is inevitable. The main
products of crude oil refining are fuel (gasoline, jet fuel, diesel), asphalt,
heavy fuel oil, and lubricants. In addition to these, the various types of
plastics are made from by-products of crude refining, as well as thou-
sands of other products like fertilizer, linoleum, perfume, insecticide,
soap, vitamin capsules, tyres.

5.3.5. Provisioning services to ecosystems

The food chain is usually organized according to the different or-
ganisms’ complexity and their role in ecosystems as producers, con-
sumers, and decomposers. However, the food chain also depends on the
supply of inorganic nutrients given by soils, whose generation and
maintenance is largely provided by rocks and geological processes. The
availability of these chemical nutrients in soils results from the
weathering and disintegration of underlying rocks, with the formation
of new minerals and the release of ions that are incorporated in bio-
chemical processes. This is a slow process involving complex miner-
alogical and geochemical processes, usually in the presence of water.
The food chain is also supported by energy, mostly solar energy, but
there are particular ecosystems that rely on the Earth's internal heat
released in hydrothermal vents.

5.4. Cultural services

Geodiversity elements provide non-tangible benefits to society in a
spiritual or cultural way, culture here being considered in a broad
perspective. Gray (2013, 2018) describes several examples showing
that these elements contribute to the prosperity of communities and
individuals in different ways, namely science, arts, history, education,
and leisure. Among the different non-tangible benefits, we underline
the ones associated with environmental quality (e.g., local landscape
character; therapeutic landscapes for health & wellbeing; medical
geology); geotourism and leisure (e.g., spectacular mountain views;
rock climbing; fossil collecting); cultural, spiritual and historic mean-
ings (e.g., folklore; sacred sites; sense of place); artistic inspiration (e.g.,
geology in sculpture, literature, music, poetry, painting); social devel-
opment (e.g., local geological societies; field trips); Earth history and
knowledge (e.g., evolution of life; extinction; origin of landforms; pa-
laeoenvironments, baseline studies for climate and pollution research;
ice cores; sea-level change); and geoforensics (potential to use the
characteristics of geological elements, usually soils and sediments, to
link suspects to crime scenes).

6. The use of extractable and non-extractable natural resources

The different benefits provided by geodiversity elements and pro-
cesses to ecosystems and societies are assured by extractable and non-
extractable natural resources that support different types of uses, for
example the economic, the scientific, and the educational (Fig. 1 and
Table 1).

6.1. Economic use of extractable resources

During the above explanation about the contribution of geodiversity
to provisioning services, several examples were given related to the
economic use of extractable resources. In fact, mining is one the main
economic activities that largely support many nations worldwide. The
world’s population annually consumes about 32 billion tonnes of non-
renewable mineral resources, valued at about $1123 billion (Wagner
and Wellmer et al., 2011). Many other national and global estimates of
the economic value of geological resources and also of ecosystems
services, point out to values difficult to understand on the scale of
trillions of US dollars per year (e.g. Wagner and Wellmer et al., 2011;
Costanza et al., 2014; McMahon and Moreira, 2014; Gordon 6 Barron,
2013).
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6.2. Scientific, educational and economic uses of non-extractable resources

The use of non-extractable geodiversity elements contrasts with the
traditional perspective of geological resources, usually associated with
mines, quarries and drillings where minerals and rocks are exploited to
be later processed as raw materials. In fact, some geological resources
may provide benefits to society without being removed from their
original place of occurrence. This means an in situ utilisation of rocks,
minerals, fossils, soils, and landforms for specific types of usages, such
as science, education, and also as an economical resource (Brilha,
2016).

The in situ occurrence of geodiversity elements with suitable char-
acteristics to be used as a scientific resource is known as a geosite. A
scientific use of geodiversity elements allows geoscientists to make
advances in knowledge about the Earth and its evolution through time.
These studies can be made directly in the field (e.g. using geophysical
equipment or high-precision LIDAR scanning) or on samples collected
from the field and later studied in the laboratory to obtain analytical
data.

Certain geodiversity elements have certain characteristics that jus-
tify its educational usage by school teachers on field classes that allow
students to observe, describe and learn about geodiversity, which is an
essential teaching strategy to guarantee an effective geoscience edu-
cation (Orion, 1993; Orion and Hofstein, 1994; Vasconcelos, 2017).

The implementation of touristic activities based on visiting and in-
terpretation of geodiversity elements — geotourism (Dowling, 2011;
Hose et al., 2011) — is a way to obtain an economic revenue out of this
natural resource, without the need to open quarries, mines or drillings.
This is the case of Uluru in Central Australia or Iguacu waterfalls in the
Brazil/Argentina border where landforms with high aesthetic value
justify the arrival of geotourists and consequently the development of
an economic activity with strong local and national impacts. Geo-
tourism is not a synonym of geological tourism, which means that
geotourists are not only interested in geology. Geotourism is a sus-
tainable niche tourism that uses the geodiversity of a region to promote
an integrated environmental and cultural interpretation of the area,
with benefits for local communities that justifies the link between
geotourism and cultural services in Fig. 1.

The set of geological sites in a certain area that have special values
to justify non-extractable usages is generally known as geological
heritage, or geoheritage in short (Reynard and Brilha, 2018a,b). Geo-
heritage is that part of geodiversity that is assessed as worthy of geo-
conservation (Gray, 2018). Also considered as geoheritage are certain
specimens, mainly fossils, minerals, rocks, or meteorites, once these
samples are available to researchers in properly-managed scientific
collections. Geoheritage, together with biodiversity, constitutes the
natural heritage of our planet that is at risk due to anthropic and natural
factors. This is why there is a need to implement legal and management
measures — geoconservation — to protect geoheritage. Geoconservation
consists on specific methods and actions to guarantee the inventory and
assessment of geoheritage, its legal protection, conservation and man-
agement (Henriques et al., 2011; Prosser, 2013; Brilha et al., 2015).

Geoconservation aims to give geoheritage a proper conservation
status, which is crucial for its international recognition. Since 1972,
UNESCO recognizes geoheritage of outstanding universal value in the
well-known World Heritage List. Today, there are 90 listed properties
displaying top-class geoheritage (under criterion viii), which means 8%
of the total properties in the list. Since 2015, UNESCO has a second
mechanism to distinguish geological heritage: UNESCO Global
Geoparks (Henriques and Brilha, 2017). Geoparks are territories with
geoheritage of international importance where geotourism and educa-
tional strategies foster the sustainable development of local commu-
nities (McKeever and Zouros, 2005). There are today 140 UNESCO
Global Geoparks in 38 countries around the globe but the tendency is to
increase these in the coming years.

Geoconservation assures the maintenance of geoheritage and for
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this reason can be considered a way of sustainable management of non-
extractable natural resources. Together with a correct management of
extractable natural resources — geoplanning — governments can make a
proper administration of all geodiversity and its georesources (Fig. 1),
which is absolutely essential for our common future.

7. Georesources and sustainability: the big picture

As discuss above, geodiversity elements deliver their benefit either
with or without the need to be extracted. As these services sustain so-
ciety in so many different ways, geodiversity elements are considered
natural resources whose proper management is essential for the
achievement of global targets such as the UN Sustainable Development
Goals — Agenda 2030 (Gill, 2017).

Sustainability is a concept closely linked with the management and
conservation of resources for future generations, and so, renewable and
non-renewable resources should be observed in different perspectives.
Soils and water, as the foundation of life, should receive greater at-
tention by society. In spite of soils being renewable resources from a
geological perspective, their loss at today’s rates cannot be compen-
sated by new soil formation on a human time scale. A sustainable use of
fresh water is only possible if reservoirs and aquifers are properly
managed taking into account the natural balance of a healthy water
cycle. The heavy contamination of the Earth’s surface with pollutants
compromises the capacity of rocks to regenerate the quality of fresh
water, one of the essential regulating services delivered by these geo-
diversity elements.

Regarding mineral and fossil energy resources it is inappropriate to
speak about their sustainability in the same way as biological resources
(Shields et al., 2006). Antimony, molybdenum and zinc are examples of
the scarcest mineral resources that may be exhausted within several
decades to a century, if their extraction continues to increase (Henckens
et al., 2016). We need these raw materials just as we need petroleum
products. The exploitation and use of these resources have an inevitable
impact on the environment that needs to be minimized in the same way
as the effects of deforestation and intensive use of soil.

Despite our dependence of non-renewable resources, their ex-
ploitation and use has serious environmental impacts. Reinforcement of
the 3Rs policies (reduce, reuse, recycle) and other solutions for the
partial replacement of several raw materials are needed. Nevertheless,
looking for instance at the so-called alternative energies, it should be
noted that the production of these energies need of a huge amount of
raw materials, including fuel, and rare earth metals, for the manu-
facture of products such as windmills, solar panels or batteries, with a
considerable environmental impact.

8. Concluding remarks

The diversity of nature, which includes biotic and abiotic elements,
is the key for the sustainability of human society. However, all inter-
national and most national agreements and policies, including the Rio
Earth Summit and UN Sustainable Development Goals, are heavily
weighted to biotic nature and barely include any abiotic elements.
Furthermore, in Europe the EU nature conservation policy is entirely
based on the Birds and Habitats Directives and so excludes geodiversity
from any effective conservation action. All this is very detrimental to an
integrated and sustainable approach to managing the Earth’s surface
and its environmental resources. Among the 17 UN Sustainable
Development Goals, geological materials/processes and their manage-
ment are relevant to the implementation of targets included in 12 of
these goals (Gill, 2017) yet they receive little recognition in the doc-
umentation. In fact, our modern human society benefits greatly from
living on a geodiverse planet but this reliance is not reflected in public
understanding or public policy. For example, without geodiversity there
would be very little biodiversity. And as an example of the public’s
reliance on geodiversity, we can mention that the ubiquitous
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smartphone contains over half the non-radioactive elements in the
periodic table (Rohrig, 2015; Miodownik, 2016) all of which are ex-
tracted from the lithosphere, yet the public is barely aware of this fact.

There is a particular contradiction in that the natural capital ap-
proach usually includes geology whereas the ecosystem services con-
cept does not. This fact compromises the achievement of effective re-
sults and ignores the scientific knowledge that demonstrates the close
interrelation between natural biotic and abiotic processes. Any dis-
turbance in one of these processes may cause effects in others, in-
dependently of their biotic or abiotic nature.

This paper is intended to demonstrate to a variety of scientific
communities (geoscientists, biologists, ecologists), in a clear way, how
geodiversity interlinks with other natural systems and, in particular,
how it is a determinant to guarantee human sustainability based on the
use of extractable and non-extractable physical resources.
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