
rsos.royalsocietypublishing.org

Research
Cite this article: Esterhuyse S et al. 2017
Vulnerability mapping as a tool to manage the
environmental impacts of oil and gas
extraction. R. Soc. open sci. 4: 171044.
http://dx.doi.org/10.1098/rsos.171044

Received: 2 August 2017
Accepted: 25 October 2017

Subject Category:
Earth science

Subject Areas:
environmental science/energy

Keywords:
vulnerability map, South Africa,
unconventional oil and gas, regulation,
environmental assessment and protection

Author for correspondence:
Surina Esterhuyse
e-mail: esterhuyses@ufs.ac.za

Vulnerability mapping as
a tool to manage the
environmental impacts
of oil and gas extraction
Surina Esterhuyse1, Frank Sokolic1, Nola

Redelinghuys2, Marinda Avenant1, Andrzej Kijko4,

Jan Glazewski5, Lisa Plit5, Marthie Kemp1, Ansie Smit4,

A. Tascha Vos1 and Michael J. von Maltitz3
1Centre for Environmental Management, 2Department of Sociology, and
3Department of Mathematical Statistics and Actuarial Science, University of the
Free State, PO Box 339, Bloemfontein, South Africa
4Department of Geology, University of Pretoria Natural Hazard Centre, Africa,
University of Pretoria, Private Bag X20, Hatfield, Pretoria 0028, South Africa
5Institute of Marine and Environmental Law, University of Cape Town, Private Bag X3,
Cape Town, South Africa

SE, 0000-0001-7675-443X

Various biophysical and socio-economic impacts may
be associated with unconventional oil and gas (UOG)
extraction. A vulnerability map may assist governments
during environmental assessments, spatial planning and the
regulation of UOG extraction, as well as decision-making
around UOG extraction in fragile areas. A regional interactive
vulnerability map was developed for UOG extraction in
South Africa. This map covers groundwater, surface water,
vegetation, socio-economics and seismicity as mapping themes,
based on impacts that may emanate from UOG extraction.
The mapping themes were developed using a normative
approach, where expert input during the identification and
classification of vulnerability indicators may increase the
acceptability of the resultant map. This article describes the
development of the interactive vulnerability map for South
Africa, where UOG extraction is not yet allowed and where
regulations are still being developed to manage this activity.
The importance and policy implications of using vulnerability
maps for managing UOG extraction impacts in countries
where UOG extraction is planned are highlighted in this
article.
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1. Introduction
Unconventional oil and gas (UOG) extraction, its related impacts and the management of this
activity to ensure environmental protection, is a controversial issue in many countries worldwide.
Various biophysical and socio-economic impacts, ranging from positive to negative, may be associated
with UOG extraction. Vulnerability maps that show the location of vulnerable entities are useful
tools that may assist governments in their decisions to allow, or not allow, UOG extraction in
certain fragile areas, and may aid in the regulation of UOG extraction in ecologically sensitive
areas.

Internationally, the importance of vulnerability maps is increasingly being realized. Russack
[1] developed a vulnerability map for Allegheny County, Pennsylvania, and Rivard et al. [2]
indicated areas where regional overview aquifer studies have been performed in Canada related
to UOG extraction in an overview of Canadian shale gas production. These maps focused on
specific counties and shale formations, and identified vulnerability to water contamination from
fracking operations, which is the aspect of most concern when one considers water requirements
by fracking [3–5] and possible freshwater contamination [3,6,7]. While vulnerability mapping of
natural resources is important for its protection, mapping socio-economic vulnerabilities is also
important for proper spatial planning and infrastructure development in areas where UOG extraction
is planned or practised. In this respect, Ogneva-Himmelberger & Huang [8] identified the spatial
distribution of unconventional gas wells and vulnerable human populations in the Marcellus shale
formation.

It is, however, important to note that all of the above-mentioned maps have been produced
retrospectively, after UOG operations have already started, and do not represent baseline maps. Other
maps of note for the management of UOG impacts include the US database and interactive map viewer
called ‘Fracktracker’ [9] where information such as well localities, spills, pipelines, shale deposits, etc.
have been loaded as overlays with base map layers being predominantly topographic, satellite imagery
or ‘OpenStreetMap’, and provides a real-time management option for regulators. These interactive maps
show the location of current UOG infrastructure, but do not contain base maps that indicate vulnerability
for specific entities.

The importance of developing baseline maps for proper natural resource protection relates to the
fact that baseline monitoring could provide direct input into an adaptive management approach
by reducing uncertainty in our understanding of the effects of shale gas development and risks
to natural resources and humans by performing spatial analyses, vulnerability assessments and
threshold and toxicity evaluations, among others [10]. Baseline monitoring and mapping would
also provide an impartial scientific base to support the sustainable use of resources in shale gas
development areas and state various data shortcomings that hamper proper natural resource protection.
Countries that are still planning to embark on UOG extraction thus have the unique opportunity
to address data needs and perform crucial baseline vulnerability mapping before UOG extraction
starts.

This paper discusses the development of a South African UOG vulnerability map that covers the
whole country, in a project that was performed for the South African Water Research Commission
[11]. No UOG resources are currently being extracted in South Africa, but may become a possibility
in the future. This map thus represents baseline sensitivity of certain aspects of the biophysical
and socio-economic environments. It focuses on five mapping themes: surface water, groundwater,
vegetation, seismicity and socio-economic aspects. These mapping themes have been based on the
most important impacts from UOG extraction on resources [11]. The map (https://fracking.webmaps.
co.za/map.php) displays regional scale South African data that may indicate vulnerable localities
for these mapping themes. It also includes various base maps and overlays to assist regulators in
performing a more thorough assessment of vulnerability. This map was developed in a way that
would specifically assist regulators in assessing vulnerability on a larger spatial scale by considering
the possible effects of UOG development across provincial boundaries and themes (e.g. they can
compare vulnerability of groundwater versus socio-economic factors for a specific region). Although
the South African vulnerability map does not include information on drilling sites yet (as UOG has
not been developed here yet), it has been used during the strategic environmental assessment that
was performed for the South African Department of Environmental Affairs [12]. The importance and
use of vulnerability maps for planning purposes in countries that plan to embark on UOG extraction
is explained, by discussing specifically the development of the water and socio-economic mapping
themes.

https://fracking.webmaps.co.za/map.php
https://fracking.webmaps.co.za/map.php
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2. Methods
A multi-disciplinary team (various water specialists, vegetation specialists, socio-economists, seismicity
experts and legal experts) developed a vulnerability map specifically for UOG extraction in South
Africa. Vulnerability mapping usually entails the mapping of exposure, sensitivity and coping capacity
indicators [13–15]. The greater the exposure or sensitivity of a system, the greater the vulnerability,
and conversely, the greater the coping capacity, the less vulnerable the system will be. Classically, only
sensitivity indicators are mapped for biophysical systems [16]. The ‘impacts’ method [17] was therefore
used to identify sensitivity indicators for this map. The team decided to concentrate on sensitivity
indicators as related to the exposure to UOG extraction, because variables for these elements are most
often and easily investigated and quantified. Schauser et al. [16] also reported that recognition and
classification of indicators into exposure, sensitivity and coping/adaptive capacity is often too complex
to yield usable results.

A normative approach was followed where experts had to identify sensitivity indicators for
the vulnerability map. Although this approach requires time and resources and is limited in its
application and transferability to other regions (e.g. other countries), the integration of expert knowledge
provides support for the weighing and aggregation of the indicator components, and may increase the
acceptability of the results. It is also widely acknowledged that the involvement of stakeholders in the
development of indicators is key to identifying relevant vulnerability indicators [13,18].

Key informants related to each discipline were identified during the indicator identification phase
with the aim of using them throughout the mapping exercise. It was deemed important to use experts,
in order to ensure proper adherence to policy goals, and also encourage transparency, credibility and
pragmatism. The experts who were chosen to participate in the study as key informants had to have
knowledge of UOG extraction by means of hydraulic fracturing, or had to be involved in research
related thereto. In some cases, not all the participants could comply with this requirement, and this
highlights how new this field of research is in South Africa. However, experts still needed to be consulted
for the indicator identification phase, as the contextualization and information given to the experts
could assist with identifying relevant indicators. The team implemented the ‘issues/impacts concept’
[13,19] during the indicator identification phase by giving experts information on the possible impacts
or issues that may emanate from exposure to UOG extraction by means of hydraulic fracturing. Possible
positive and negative impacts during each of the UOG extraction phases (exploration, extraction and
post-extraction) for the mapping themes were identified by team members during the execution of the
background review, and are based on the literature. The information on potential impacts helped to guide
the development of indicators, as well as an understanding of the links between indicators [20]. It also
helped to clarify the rationale for the selection of specific indicators. Experts could therefore assess the
usefulness and appropriateness of different proposed sensitivity indicators.

Two questionnaires were used during the mapping process to engage with the experts for identifying
indicators, classifying the base layer vulnerabilities and identifying important additional overlay
information. The process followed for vulnerability mapping is summarized in figure 1.

During ‘Questionnaire 1’, the exploratory indicator identification questionnaire, experts in each
discipline were asked to review the appropriateness (on a scale from 1 to 10) of possible vulnerability
indicators, to give reasons for their answers and to suggest additional indicators where applicable.
These answers were used to identify useful sensitivity indicators that can be used for vulnerability
mapping of each aspect. During the indicator identification phase, experts were also asked to indicate
data availability if they indicated the use of alternative indicators.

Expert feedback from ‘Questionnaire 1’ was used to identify the relevant indicators that were to be
classified and used as base layers in the different vulnerability mapping themes and indicators that were
to be flagged and used as overlay indicators. Overlay indicators convey important additional information
but do not comply with the requirements of serving as a base layer (for instance, it does not cover
the whole of South Africa). Areas where legislation prescribes how certain activities may take place,
where activities are prohibited by law or where assessment or protection zones are required have also
been mapped as overlay indicators. For seismicity, only one indicator (seismic hazard) was used and
questionnaires have thus not been developed for seismicity.

Base layer indicators of each mapping theme were classified into five classes of vulnerability
(very low, low, medium, high and very high), and weighted in instances where indicators were to
be aggregated. Weights express the contribution and relative importance of the individual indicator
component. Indicator weights were determined by means of the budget allocation method [18] to
ensure consistency between mapping approaches of the different mapping themes. The budget allocation
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1. Experts identify indicators for basemaps and overlays per mapping theme in Questionnaire 1.

th
em

es

surface water groundwater vegetation socio-economics seismicity

2. Experts classify base map
information for each theme into
5 classes of vulnerability and
weight indicators that need to be
aggregated in Questionnaire 2.

vulnerability classes
very low vulnerability

low vulnerability

medium vulnerability

high vulnerability

very high vulnerability

3. Browser-based structure of
vulnerability map is developed.
Interactive map includes 5
mapping themes with classified
vulnerability base layers and
additional information overlays.

4. The product ‘interactive
vulnerability map’can be
used by government,
consultants, NGOs and
academia and is taken up in
the SEA for shale gas
development in 2015–2016.

South Africa

shale gas
SEA area

Figure 1. Process for the development of the interactive vulnerability map.

method is a participatory method in which experts are given a ‘budget’ of N points, which must be
distributed over a number of indicators, ‘paying’ more for those indicators whose importance they
want to stress. Apart from ensuring consistency between mapping approaches, this method also makes
re-weighting of mapping components and disaggregation of indicators easier. The classification and
weighting was done via a second round of questionnaires to the experts (figure 1). Overlay indicators
did not require weighting and were included as overlays on the base maps in the browser.

For indicator aggregation, various studies recommend that aggregation methods be as simple as
possible, in order to ensure transparency and allow disaggregation of indicators [17]. Independent
indicators were aggregated by means of the simple additive weighting method and dependent indicators
were aggregated by using the weighted product method [21]. Interaction between different indicators
that were to be aggregated for each aspect was investigated by the mathematical statistician, using
various statistical methods, including multiple correspondence analysis (MCA) and principal component
analysis (PCA).
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Table 1. Experts used during the development of the UOG vulnerability map.

respondent
information surface water groundwater vegetation socio-economics

number of
respondents
approached

20 14 10 14

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

number of
informants
participating

10 12 10 11

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

profile of
respondents

invertebrate specialists;
vertebrate specialists;
water quality specialists
in academia,
government and
industry

groundwater
specialists in
academia,
consultancy and
government

vegetation specialists
in consultancy and
academia

academia; agricultural
economists;
environmental
consultants; human
geographers;
population–
environment–
development (PED)
specialists

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The team decided that the seismicity, groundwater, surface water, vegetation and socio-economic
mapping themes would not be aggregated for the interactive vulnerability map, because the usefulness
of such an aggregated map may be limited. This is because different South African government
departments have mandates to manage different components, e.g. the Department of Water and
Sanitation (DWS) must protect, manage and monitor groundwater and surface water resources, while
the Department of Environmental Affairs (DEA) is responsible for the protection of vegetation and
biodiversity. However, the base layer indicators for the socio-economics mapping theme and the
vegetation mapping theme were aggregated and included on the interactive map together with the
separate
base layers.

3. Results and discussion
The mapping process used 43 external experts in total. A list showing the expert usage for each aspect
is given in table 1. Some respondents were not prepared to contribute inputs to the study, due to the
sensitivity of the UOG extraction issue, or the lack of sufficient knowledge on the issue.

Owing to the sensitive and politicized nature of UOG extraction in South Africa, and in order to
adhere to ethical research practices, all responses were treated anonymously.

‘Base maps’ that indicate vulnerability were divided into five classes (very low, low, medium, high
and very high). The range of values for each class of vulnerability was defined by the experts individually
for each indicator. ‘Overlay maps’ were not classified, but indicate important additional information, e.g.
critical biodiversity areas that have been identified in certain parts of the country, but for which regional
scale data do not yet exist. The vulnerability map is browser-based and the user can zoom, pan and
click on features to obtain more information on a specific feature within a mapping theme. The mapping
themes are indicated separately and the user can switch between the different mapping themes.

The base layer indicators and overlay indicators that were selected for each mapping theme are
presented in table 2. Most of the themes have their theme-specific base layer and overlay indicators
(identified by the experts), but some themes share overlay indicators that are important to more than
one mapping theme. For example, ‘rivers’ and ‘water management’ areas are important to both the
surface water and groundwater mapping themes. Similarly, ‘geological structures’ are important to both
the groundwater and seismicity mapping themes. The overlay layers ‘mining and petroleum resource
production legally prohibited’, ‘onshore PASA permit areas (technical cooperation permit (TCP) and
exploration right (ER) areas)’ and ‘roads’ were included as an overlay on all the mapping themes, as it is
important to identify areas where oil and gas production is planned or is prohibited, irrespective of the
mapping theme, while ‘roads’ enables the regulator to identify the locality on the map, irrespective of
the mapping theme.
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Table 3. Vulnerability classes for river condition using the DEC from the 2011–2013 PESEIS data [22] and for wetland ranks, using the
wetland rank data from the NFEPA study [24].

river condition wetland ranks
vulnerability
description suggested classes

colour
code

vulnerability
description

suggested
classes

colour
code

uncategorized DEC= uncategorized grey not applicable
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

very low DEC= E/F (E, seriously
modified; F, critically
modified)

blue very low no wetland blue

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

low DEC= D (largely modified) green low not WetFEPA green
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

moderate DEC= C (moderately
modified)

yellow moderate presence of frogs and or
CWAC (coordinated
waterbird counts)

yellow

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

high DEC= B (largely
natural/few
modifications)

orange high presence of cranes orange

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

very high DEC= A
(unmodified/natural)

red very high presence of WetFEPA
and/or Ramsar site

red

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Examples and a short discussion of the surface water mapping theme (to illustrate a biodiversity
aspect) and the socio-economic mapping theme (to illustrate the socio-economic aspect) will be presented
in §§3.1–3.2. For full details on the mapping of all the themes, see Esterhuyse et al. [11].

3.1. Surface water mapping theme

3.1.1. Base maps

Two indicators, namely, ‘river condition/vulnerability’ using the default ecological category (DEC) data
from the Present Ecological State and Ecological Importance and Sensitivity (PESEIS) study [22], and
‘wetland vulnerability’ using National Freshwater Ecosystem Priority Areas (NFEPA) wetland rank data
[23], were used as base map indicators for the surface water vulnerability map.

After identification of vulnerability map indicators for the surface water theme, a second
questionnaire was sent to the experts, who assessed the classification of the levels of vulnerability for
each indicator, confidence in the data to be used and the weighting of the individual indicators in the
final surface water vulnerability map.

For indicator 1 (river condition), ‘uncategorized’ includes all subquaternary reaches (SQRs) where no
DEC could be determined due to the episodic nature of the small tributaries (no data are available for
these SQRs; they are mostly reaches where stream flow is absent for very long periods and they are often
little more than drainage lines). The DWS has a policy not to manage any river as a class E (seriously
modified) or F (critically modified) as this is considered to be unsustainable (hence no such class has
been identified during the DEC classification). The DEC indicates how vulnerable even the impacted
reaches would be to additional impacts. Each SQR was classified in terms of vulnerability and colour
coded according to the suggested vulnerability classes (table 3).

For indicator 2 (wetland ranks), wetlands were ranked according to the NFEPA study [24] at the
level of a wetland unit (entire wetland system and could comprise several wetland ecosystem types
or wetland conditions). Subnational biodiversity priority data were used to identify important wetlands.
Ramsar sites and wetlands supporting threatened frog, water bird and crane species were identified and
included in the vulnerability map. Wetlands that formed a group of more than three wetlands within
1 km (wetland cluster) were also included and expert opinion was used to verify important wetlands [23].

Experts indicated that wetlands identified as WetFEPAs should also be included with Ramsar
wetlands as being of very high vulnerability/ranking. In the NFEPA study, a politically acceptable
national biodiversity target for South Africa’s freshwater ecosystems was to maintain at least 20% of each
major freshwater ecosystem type in a good condition. The identified WetFEPAs therefore only represent
the target of 20% of wetland types to be protected and if these WetFEPAs were to be impacted on further,



8

rsos.royalsocietypublishing.org
R.Soc.opensci.4:171044

................................................
the biodiversity target set in the NFEPA study would not be reached [23]. FEPA wetlands were buffered
using a 1 km buffer. The FEPA wetlands are considered to be of the highest biodiversity importance.

The classification of indicator 1 (river condition/vulnerability) and indicator 2 (wetland ranks) can be
seen in table 3.

Figure 2a shows the river condition for South Africa and figure 2b the wetland ranks for South Africa.
In figure 2a, it is clear that the northwestern part of South Africa has a large amount of uncategorized
rivers. These uncategorized rivers/tributaries would need additional local scale research, in a future
study, to determine their actual vulnerability and it should not be assumed that they are not vulnerable
to UOG impacts. Figure 2b shows that wetlands with very high vulnerability occur across South Africa,
making wetland protection an important aspect during UOG extraction.

3.1.2. Overlay maps

The following overlay indicators were included on the surface water vulnerability base map: ‘wetland
clusters’ and ‘critically endangered, endangered, near threatened, vulnerable, least concerned, and data
deficient fish species’. These indicate the areas that require caution and where more detailed studies are
recommended before UOG extraction can be considered.

The raw data from the Fishsanc-All species database from the NFEPA study [23,24] were included as
the ‘critically endangered’, ‘endangered’, ‘near threatened’, ‘vulnerable’ and ‘least concerned’ fish species
in each subquaternary catchment. Species identified by the IUCN [25] as data deficient, but deemed
important by specialists in the NFEPA study, were also included as ‘data deficient’. Protecting these
areas would keep further freshwater species from becoming threatened and would prevent those fish
species that are already threatened from becoming extinct.

3.2. Socio-economic mapping theme

3.2.1. Base maps

The population–environment–development (PED) nexus framework, an accepted analysis framework
for analysing people–environment interactions, both internationally and nationally [26,27], formed the
analytical basis of indicator selection for the socio-economic mapping theme. This framework assured
that indicators are systematically selected to reflect the various facets of the social environment, which
include population, environment (specifically pertaining to the linkages between human health and the
environment) and development. The selected socio-economic indicators, based on expert input, can be
seen in table 4.

Emphasis was placed on selecting indicators that would adequately reflect how those populations
that are already considered vulnerable would be affected by the negative impacts of UOG extraction.
These groups are, among others, the poor, women, children and ethnic minorities [28]. The indicator
‘% of population under 5 years of age’ describes a part of the population that is more vulnerable to
adverse environmental impacts. This indicator is linked specifically to groundwater and air pollution,
because respiratory diseases and water-borne diseases are among the main causes of death in children
under 5. The health status of children is also an accepted indicator to gauge the overall health status
of populations. The indicator ‘% of female-headed households’ is directly informative of social and
economic vulnerability in poverty-stricken areas. Areas with high numbers of female-headed households
may be more vulnerable to UOG extraction impacts, due to women being more vulnerable to rising
economic inequality, the spread of HIV and increased social ills that are brought about by the influx of
money and workers into an area. Lastly, the percentage of the population employed by the agricultural
sector may serve as a proxy indicator for economic trends in the agricultural sector, e.g. a drop in
employment rates might point to an exodus of commercial farmers due to changing or hostile farming
conditions, such as a decline in available groundwater, or an increase in polluted water. Agriculture
employs large numbers of unskilled and semi-skilled people who will not be absorbed into the shale gas
sector when mining impacts on agricultural productivity, because their skills are not compatible with the
employment requirements for UOG extraction.

After identification of vulnerability map indicators during a first round of questionnaires, a second
questionnaire was sent to the experts, who then assessed the classification of the levels of vulnerability
for each indicator, confidence in the data to be used and the weighting of the individual indicators in
the final socio-economic vulnerability map. A preliminary classification was presented to nine of the 11
experts who agreed to contribute their inputs to the vulnerability classification. Based on the results of
this questionnaire, the vulnerability classifications for the different base layer indicators can be seen in
table 5.
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Figure 2. (a) Map indicating river condition/vulnerability using DEC data from the 2011–2013 PESEIS data [22]. (b) Wetland vulnerability
according to five vulnerability classes using wetland rank data from the NFEPA study [22].
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Table 4. Base layer indicators per mapping dimension of the PED nexus.

mapping dimension base layer indicator

population population density per area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

% of population under 5 years of age per area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

environment % of population dependent on groundwater per area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

development % of population employed by agriculture per area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

% of female-headed households per area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5. Vulnerability classification of base layer socio-economic indicators.

indicator

vulnerability
description

colour
code

number of
people per
km2

% of children
under 5 per
area

% of population
dependent on
groundwater as a
domestic water
source

% of the
population
employed by
agriculture per
area

% of
female-
headed
households
per area

very low vulnerability blue 0–10 <11.49 0–10% 0–1.99% <36%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

low vulnerability green 11–50 11.5–12.49 11–20% 2–3.99% 37–40%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

medium vulnerability yellow 51–100 12.5–13.99 21–30% 4–7.99% 41–45%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

high vulnerability orange 101–500 14–15.49 31–50% 8–15.99% 46–50%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

very high vulnerability red >500 ≥15.5 ≥51% ≥16% ≥51%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 6. Socio-economic theme base layer weighting percentages.

indicator weight

population density 5%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

children under 5 years 15%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

groundwater dependence 40%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

female-headed households 10%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

employment 30%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

These base layers have been aggregated multiplicatively into an aggregated map for socio-
economic vulnerability because scatterplots, MCA and PCA showed interaction between the different
indicators. Scatterplots indicated that the most obvious relationship is present in the population density
and groundwater dependence plot, with wards more dependent on groundwater exhibiting lower
population density (but not necessarily vice versa).

A budget allocation weighting approach was followed in the weighting of the indicators for
aggregation. Exploratory interviews were also conducted with key informants to confirm the weighting
of the indicators. The weighting that was applied for the aggregated map can be seen in table 6.

Figure 3a–e shows the base layers for the socio-economic mapping theme, while figure 3f shows the
aggregated base map for socio-economics. Population density (figure 3a) has a high vulnerability in the
northeastern part of the country and along the coast, and is low in the central and eastern parts of
the country. Vulnerability for children under 5 years (figure 3b) follows a similar trend. Groundwater
dependence for domestic use (figure 3c) shows a high vulnerability in the northern and western parts
of South Africa, as well as the interior. These are areas where surface water availability is limited and
are also the areas where agriculture has traditionally been practised (figure 3d). The vulnerability for
percentage of female-headed households is high in the northern parts and along the east coast of South
Africa. The aggregated map indicates a medium vulnerability for most parts of the country, with some
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Figure 3. (a) Population density—data sources [29,30]. (b) Percentage of children under 5 years per area—data sources [29,30].
(c) Groundwater dependence for domestic use per area—data sources [29,30]. (d) Percentage of people employed by agriculture per
area—data sources [29,30]. (e) Percentage of female-headed households per area—data sources [29,30]. (f ) Aggregated map for
socio-economics area—data sources [29,30].
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Figure 3. (Continued.)
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areas of low vulnerability in the northwestern parts of South Africa, and high vulnerability areas in some
of the northeastern parts of the country.

3.2.2. Overlay maps

Overlays of Astronomy Assessment Areas (protection areas for the Square Kilometer Array and Southern
African Large Telescope (A. Tiplady 2012, personal communication)), subterranean groundwater control
areas [31], areas where prospecting and mining, as well as petroleum exploration and production is
legally prohibited (S. Holness 2013, personal communication), roads [32] and TCP and ER areas [33]
were included on the socio-economic vulnerability map.

4. Conclusion
In terms of developing vulnerability maps with the vulnerability indicators ‘surface water’,
‘groundwater’, ‘vegetation’, ‘seismicity’ and ‘socio-economics’, similar aspects would also warrant
protection in countries that plan to embark on UOG extraction, or where UOG extraction is already
performed [3,34]. However, the unique features in South Africa in terms of complex geology where
dolerite dykes intruded the native country rocks [11,35], the complex fractured rock aquifer systems
[11,36] and the limited water availability [34,37] warrant a cautious approach regarding water resources
in our endeavour to extract UOG, because the environmental and socio-economic consequences linked to
impacts of UOG extraction on water resources may be much more severe than in other countries where
UOG is currently extracted. As the mapping methodology is based on a comparison of more vulnerable
areas with less vulnerable areas, it does not prescribe the absolute content of specific indicators. Different
countries may derive different levels of vulnerability based on their judgement of the levels of threat
represented by UOG extraction, and depending on their local circumstances. Comparing one country’s
vulnerability assessment with another country’s vulnerability assessment is therefore not recommended.

The interactive vulnerability map that was developed for South Africa is important for spatial
planning and may help the government and practitioners in performing strategic environmental
assessments, as well as assessing licence applications and EIAs, because relevant vulnerability
information is available in a central location and presented in a comprehensible format. Decision-makers
usually struggle with making decisions on licences because all the relevant information is not easily
accessible in one central location. International experts also commented on the need to have a centralized
database for UOG extraction and its related activities. Konschnik & Dayalu [38] also stress that it is
important that public disclosure of fracking data be enhanced to ensure that policymakers, researchers,
industry and other stakeholders have access to comprehensive and reliable information on the localities
of active and abandoned wells as well as related data that are important for the protection of natural
resources and human health.

It is important to note that areas that are classified as low vulnerability on this interactive map
should not be interpreted as areas that will experience no direct, indirect or residual impact from UOG
extraction. The map does therefore not suggest that UOG extraction will be perfectly acceptable in low
sensitivity areas and that these areas are ‘freed up’ for unopposed development. Rather these areas
should be viewed as areas where UOG may potentially be extracted, based on the outcome of detailed
environmental impact assessments and accompanying environmental management programmes aimed
at identifying and ensuring the achievement of impact avoidance or mitigation.

Lastly, the indicators used in this map and any similar maps that indicate vulnerability to UOG
extraction for other countries should be reviewed on a regular basis. This will ensure that the most
relevant indicators that are available at any given moment are used for these vulnerability maps.

Ethics. Discipline experts have been approached to contribute towards the development of this vulnerability map.
No vulnerable participants or groups took part in this study and informed consent has been obtained from all
the participants. In order to adhere to ethical practices, all responses from participants were treated anonymously.
The study was reviewed and approved by the Water Research Commission (no. K5-2149).
Data accessibility. The source code for the interactive vulnerability map is available from the following website: https://
fracking.webmaps.co.za/. The map data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/
dryad.2sv13 [39].
Authors’ contributions. S.E. conceptualized the original research plan and developed the groundwater theme of the
interactive vulnerability map, designed the article outline, drew the images for figure 1 and drafted the main body of
the manuscript. All authors took part in the design and execution of the original study, and contributed to writing this
article. F.S. was responsible for generating all the maps in the manuscript, as well as developing the final interactive
vulnerability map. N.R. developed the socio-economic theme of the interactive vulnerability map and was responsible

https://fracking.webmaps.co.za/
https://fracking.webmaps.co.za/
http://dx.doi.org/10.5061/dryad.2sv13
http://dx.doi.org/10.5061/dryad.2sv13


15

rsos.royalsocietypublishing.org
R.Soc.opensci.4:171044

................................................
for drafting the socio-economic part of the manuscript. M.A. and A.T.V. developed the surface water theme of the
interactive vulnerability map and drafted the surface water part of the manuscript. A.K. and A.S. developed the
seismicity theme of the interactive vulnerability map and helped to conceptualize the article. J.G. and L.P. contributed
to developing the interactive vulnerability map by providing information on areas that are legally protected in South
Africa. M.K. developed the vegetation theme of the interactive vulnerability map. M.J.v.M. analysed the interaction
between different mapping indicators statistically to determine their aggregation method for maps where indicators
had to be aggregated.
Competing interests. We declare we have no competing interests.
Funding. The Water Research Commission, South Africa, is thanked for providing funding for this research.
Acknowledgements. M. Watson is thanked for her contributions during the development of the Surface water theme of
the Interactive vulnerability map. We are also grateful to two anonymous reviewers who provided comments that
substantially improved this manuscript.

References
1. Russack W. 2012 Got gas? Vulnerability to water

contamination from fracking operations. See http://
sites.tufts.edu/gis/files/2013/11/Russack_Will.pdf.

2. Rivard C, Lavoie D, Lefebvre R, Séjourné S,
Lamontagne C, Duchesne M. 2014 An overview of
Canadian shale gas production and environmental
concerns. Int. J. Coal Geol. 126, 64–76.
(doi:10.1016/j.coal.2013.12.004)

3. Esterhuyse S et al. 2016 A review of biophysical and
socio-economic effects of unconventional oil and
gas extraction—implications for South Africa.
J. Environ. Manage. 184, 419–430.
(doi:10.1016/j.jenvman.2016.09.065)

4. Freyman M. 2014 Hydraulic fracturing and water
stress: water demand by the numbers. CERES. See
https://www.ceres.org/resources/reports/
hydraulic-fracturing-water-stress-water-demand-
by-the-numbers/view.

5. Grant L, Chrisholm A. 2014 Shale gas and water: an
independent review of shale gas exploration and
exploitation in the UK with a particular focus on the
implications for the water environment. The
Chartered Institution of Water and Environmental
Management (CIWEM). See www.ciwem.org/
shalegas.

6. Vengosh A, Jackson RB, Warner N, Carrah TH,
Kondash, A. 2014 A critical review of the risks to
water resources from unconventional shale gas
development and hydraulic fracturing in the United
States. Environ. Sci. Technol. 48, 8334–8348.
(doi:10.1021/es405118y)

7. Williams J, Stubbs T, Milligan A. 2012 An analysis of
coal seam gas production and natural resource
management in Australia. Report prepared for the
Australian Council of Environmental Deans and
Directors by JohnWilliams Scientific Services.
Canberra, Australia: ACEDD. See http://aie.org.au/
AIE/Documents/Oil_Gas_121114.pdf.

8. Ogneva-Himmelberger Y, Huang L. 2015 Spatial
distribution of unconventional gas wells and
human populations in the Marcellus Shale in the
United States: vulnerability analysis. Appl. Geogr.
60, 165–174. (doi:10.1016/j.apgeog.2015.
03.011)

9. Fracktracker Alliance. 2016 Oil and gas information
by location. See http://www.fractracker.org/map/.

10. BrittinghamMC, Maloney KO, Farag AM, Harper DD,
Bowen ZH. 2014 Ecological risks of shale oil and gas
development to wildlife, aquatic resources and their
habitats. Environ. Sci. Technol. 48, 11 034–11 047.
(doi:10.1021/es5020482)

11. Esterhuyse S et al. 2014 Development of an
interactive vulnerability map andmonitoring
framework to assess the potential environmental
impact of unconventional oil and gas extraction by
means of hydraulic fracturing. WRC Report no.
2149/1/14. Pretoria, South Africa: Water Research
Commission.

12. Scholes R, Lochner P, Schreiner G, Snyman-Van der
Walt L. de Jager M (eds). 2016 Shale gas
development in the central Karoo: a scientific
assessment of the opportunities and risks.
CSIR/IU/021MH/EXP/2016/003/A, ISBN
978-0-7988-5631-7. Pretoria, South Africa: CSIR. See
http://seasgd.csir.co.za/scientific-assessment-
chapters/.

13. Lin BB, Morefield PE. 2011 The vulnerability cube: a
multi-dimensional framework for assessing relative
vulnerability. Environ. Manage. 48, 631–643.
(doi:10.1007/s00267-011-9690-8)

14. O’Brien K, Eriksen S, Nygaard LP, Schjolden A. 2011
Why different interpretations of vulnerability
matter in climate change discourses. Clim. Policy 7,
73–88. (doi:10.1080/14693062.2007.9685639)

15. Wongbusarakum S, Loper C. 2011 Indicators to assess
community level social vulnerability to climate
change: an addendum to SocMon and SEM-pasifika
regional socioeconomic monitoring guidelines.
National Oceanic and Atmospheric Administration
(NOAA) and Apia, Samoa: Secretariat of the Pacific
Regional Environmental Programme (SPREP). See
http://www.reefbase.org/resource_center/
publication/pub_77320.aspx.

16. Schauser I et al. 2010 Urban regions: vulnerabilities,
vulnerability assessments by indicators and
adaptation options for climate change impacts,
scoping study. ETC/ACC Technical Paper 2010/12. The
Netherlands: European Topic Centre on Air and
Climate change.

17. Harvey A et al. 2011 Provision of research to identify
indicators for the adaptation sub-committee (Issue
number 3, June 2011). AEA Technology Plc. See
https://www.theccc.org.uk/archive/aws2/ASC%
202nd%20Report/ED56687%20Final%20
Report%20Issue%203_130711.pdf.

18. Nardo M, Saisana M, Saltelli A, Tarantola S. 2005
Tools for composite indicators building. Report no.
EUR 21682 EN. Ispra, Italy: European Commission,
Joint Research Centre, IPSC.

19. Preston B, Stafford-Smith M. 2009 Framing
vulnerability and coping capacity assessment:
discussion paper. CSIRO Climate Adaptation Flagship

Working paper no. 2. Australia: Commonwealth
Scientific and Industrial Research Organisation. See
https://research.csiro.au/climate/wp-content/
uploads/sites/54/2016/03/2_Working-Paper2_
CAF_PDF-Standard.pdf.

20. Brown D. 2009 Good practice guidelines for
indicator development and reporting. Paper
presented at 3rd OECD world forum on ‘Statistics,
knowledge and policy’ charting progress, building
visions, improving life, Busan, Korea, 27–30 October
2009. See https://www.oecd.org/site/
progresskorea/43586563.pdf.

21. Triantaphyllou E. 2000Multi-criteria
decision-making methods: a comparative study.
Volume 44 of Applied Optimization. Dordrecht, The
Netherlands: Kluwer Academic Publishers.

22. DWA (Department of Water Affairs). 2013. A desktop
assessment of the present ecological state, ecological
importance and ecological sensitivity per sub
quaternary reaches for secondary catchments in
South Africa. Compiled by RQS-RDM. Pretoria, South
Africa: Department of Water Affairs.

23. Nel JL et al. 2011 Technical report for the national
freshwater ecosystem priority areas project. WRC
Report no. 1801/2/11. Pretoria, South Africa: Water
Research Commission.

24. Nel JL et al. 2011 Atlas of freshwater ecosystems
priority areas in South Africa: maps to support
sustainable development of water resources. WRC
Report no. TT 500/11. Pretoria, South Africa: Water
Research Commission.

25. IUCN (International Union for Conservation of
Nature). 2012 IUCN Definitions—English. See
http://cmsdata.iucn.org/downloads/en_iucn__
glossary_definitions.pdf.

26. Groenewald CJ. 2011 A systems approach to training
in population, environment and development. In
Experiences in addressing population and
reproductive health challenges, vol. 19:
sharing innovative experiences, pp. 159–190. UNDP.
See http://tcdc2.undp.org/GSSDAcademy/SIE/vols.
aspx.

27. Hummel D, Adamo S, de Sherbinin A, Murphy L,
Aggarwal R, Zulu L, Liu J, Knight K. 2013 Inter- and
transdisciplinary approaches to
population-environment research for sustainability
aims: a review and appraisal. Popul. Environ.
34, 481–509. (doi:10.1007/s11111-012-
0176-2)

28. Mascarenhas M. 2009 Environmental inequality and
environmental justice. In Twenty lessons in

http://sites.tufts.edu/gis/files/2013/11/Russack_Will.pdf
http://sites.tufts.edu/gis/files/2013/11/Russack_Will.pdf
http://dx.doi.org/10.1016/j.coal.2013.12.004
http://dx.doi.org/10.1016/j.jenvman.2016.09.065
https://www.ceres.org/resources/reports/hydraulic-fracturing-water-stress-water-demand-by-the-numbers/view
https://www.ceres.org/resources/reports/hydraulic-fracturing-water-stress-water-demand-by-the-numbers/view
https://www.ceres.org/resources/reports/hydraulic-fracturing-water-stress-water-demand-by-the-numbers/view
www.ciwem.org/shalegas
www.ciwem.org/shalegas
http://dx.doi.org/10.1021/es405118y
http://aie.org.au/AIE/Documents/Oil_Gas_121114.pdf
http://aie.org.au/AIE/Documents/Oil_Gas_121114.pdf
http://dx.doi.org/10.1016/j.apgeog.2015.03.011
http://dx.doi.org/10.1016/j.apgeog.2015.03.011
http://www.fractracker.org/map/
http://dx.doi.org/10.1021/es5020482
http://seasgd.csir.co.za/scientific-assessment-chapters/
http://seasgd.csir.co.za/scientific-assessment-chapters/
http://dx.doi.org/10.1007/s00267-011-9690-8
http://dx.doi.org/10.1080/14693062.2007.9685639
http://www.reefbase.org/resource_center/publication/pub_77320.aspx
http://www.reefbase.org/resource_center/publication/pub_77320.aspx
https://www.theccc.org.uk/archive/aws2/ASC%202nd%20Report/ED56687%20Final%20Report%20Issue%203_130711.pdf
https://www.theccc.org.uk/archive/aws2/ASC%202nd%20Report/ED56687%20Final%20Report%20Issue%203_130711.pdf
https://www.theccc.org.uk/archive/aws2/ASC%202nd%20Report/ED56687%20Final%20Report%20Issue%203_130711.pdf
https://research.csiro.au/climate/wp-content/uploads/sites/54/2016/03/2_Working-Paper2_CAF_PDF-Standard.pdf
https://research.csiro.au/climate/wp-content/uploads/sites/54/2016/03/2_Working-Paper2_CAF_PDF-Standard.pdf
https://research.csiro.au/climate/wp-content/uploads/sites/54/2016/03/2_Working-Paper2_CAF_PDF-Standard.pdf
https://www.oecd.org/site/progresskorea/43586563.pdf
https://www.oecd.org/site/progresskorea/43586563.pdf
http://cmsdata.iucn.org/downloads/en_iucn__glossary_definitions.pdf
http://cmsdata.iucn.org/downloads/en_iucn__glossary_definitions.pdf
http://tcdc2.undp.org/GSSDAcademy/SIE/vols.aspx
http://tcdc2.undp.org/GSSDAcademy/SIE/vols.aspx
http://dx.doi.org/10.1007/s11111-012-0176-2
http://dx.doi.org/10.1007/s11111-012-0176-2


16

rsos.royalsocietypublishing.org
R.Soc.opensci.4:171044

................................................
environmental sociology (eds KA Gould, TL Lewis),
pp. 127–141. New York, NY: Oxford University
Press.

29. StatsSA (Statistics South Africa). 2012 Population
census 2011. Pretoria, South Africa: Statistics South
Africa.

30. StatsSA. 2007 Community survey 2007. Pretoria,
South Africa: Statistics South Africa.

31. DWA (Department of Water Affairs). 2013
Data on subterranean groundwater control
areas and Vegter’s groundwater regions. Pretoria,
South Africa: Department of Water
Affairs.

32. OpenStreetMap. 2014 Roads data used for
interactive vulnerability map. See http://www.
openstreetmap.org.

33. PASA (Petroleum Agency of South Africa). 2014 Data
for the TCP and ER areas. Provided by Petroleum
Agency of South Africa, Cape Town.

34. Broomfield M. 2012 Support to the identification of
potential risks for the environment and human
health arising from hydrocarbons operations
involving hydraulic fracturing in Europe. Report
No. ED57281-17c. See http://ec.europa.eu/
environment/integration/energy/pdf/
fracking%20study.pdf.

35. Hobbs P et al. 2016 SGD Chapter 5: water
resources. In Shale gas development in the Central
Karoo: a scientific assessment of the opportunities
and risks (eds R Scholes, P Lochner, G Schreiner, L
Snyman-Van der Walt, M de Jager).
CSIR/IU/021MH/EXP/2016/003/A, ISBN
978-0-7988-5631-7. Pretoria, South Africa: Council
for Scientific and Industrial Research. See http://
seasgd.csir.co.za/scientific-assessment-chapters/.

36. Steyl G, Van Tonder GJ, Chevalier L. 2012 State of the
art: fracking for shale gas exploration in South Africa
and the impact on water resources.WRC Report.

KV 294-11. Pretoria, South Africa: Water Research
Commission.

37. Esterhuyse S, Redelinghuys N, KempM. 2016
Unconventional oil and gas extraction in South
Africa: water linkages within the
population-environment-development nexus and
its policy implications.Water Int. 41, 409–425.
(doi:10.1080/02508060.2016.1129725)

38. Konschnik K, Dayalu A. 2016 Hydraulic fracturing
chemicals reporting: analysis of available data and
recommendations for policymakers. Energy Policy
88, 504–514. (doi:10.1016/j.enpol.2015.
11.002)

39. Esterhuyse S et al. 2017 Data from: Vulnerability
mapping as a tool to manage the environmental
impacts of oil and gas extraction. Dryad Digital
Repository. (http://dx.doi.org/10.5061/dryad.
2sv13)

http://www.openstreetmap.org
http://www.openstreetmap.org
http://ec.europa.eu/environment/integration/energy/pdf/fracking%20study.pdf
http://ec.europa.eu/environment/integration/energy/pdf/fracking%20study.pdf
http://ec.europa.eu/environment/integration/energy/pdf/fracking%20study.pdf
http://seasgd.csir.co.za/scientific-assessment-chapters/
http://seasgd.csir.co.za/scientific-assessment-chapters/
http://dx.doi.org/10.1080/02508060.2016.1129725
http://dx.doi.org/10.1016/j.enpol.2015.11.002
http://dx.doi.org/10.1016/j.enpol.2015.11.002
http://dx.doi.org/10.5061/dryad.2sv13
http://dx.doi.org/10.5061/dryad.2sv13

	Introduction
	Methods
	Results and discussion
	Surface water mapping theme
	Socio-economic mapping theme

	Conclusion
	References

