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Groundwater resources monitoring during unconventional oil and gas extraction:

South African laboratory analytical capabilities

Azwifaneli Mulovhedzi' and Surina Esterhuyse'

'Centre for Environmental Management, University of the Free State, PO Box 339, Bloemfontein, South Africa

Groundwater resource quality monitoring before, during, and after unconventional oil and gas (UOG)
extraction would assist in protecting groundwater resources. Limited laboratory analytical capacity may,
however, hamper effective monitoring. We assessed South African (SA) laboratory analytical capabilities
for specific groundwater monitoring parameters relevant to UOG extraction. We found a limited capacity
to analyse for most of the UOG extraction-related groundwater monitoring parameters and that most of
the surveyed laboratories are not planning to increase their analyses capacity to cater for UOG extraction.
This issue must be addressed urgently if SA wants to proceed with UOG extraction. Policy recommendations
include that South Africa should develop a specialised UOG extraction monitoring laboratory to cater for
analytical needs. Such capacity could also address the analytical requirements for the rest of the African
region during UOG extraction.

INTRODUCTION

The Karoo Basin, South Africa, has been identified as a potential area for the extraction of UOG
resources (De Kock et al., 2017; Rosewarne et al., 2013). Recent estimates for UOG resources in the
Karoo Basin range from 13 to 390 trillion cubic feet (De Kock et al., 2017). While UOG development
can benefit South Africa in many ways (economic growth, job opportunities, and increased electricity
generation capacity), there currently exist serious concerns about negative impacts linked to UOG
extraction, including contamination of groundwater resources (Botha, 2017; Esterhuyse, 2017), as well
as possible competition amongst groundwater users in a water-scarce country (Hobbs et al., 2016).
The Karoo Basin is a water-scarce region where groundwater is the main source of water supply,
with most of the Karoo towns depending on groundwater for domestic and agricultural water use
(Rosewarne et al., 2013). Contamination of these resources would be catastrophic for water security
in South Africa. Groundwater can be contaminated during the fracking process, due to failure of the
well casing, faulty well designs during well construction, migration of fracturing fluids via natural
pathways, mismanagement of the fracking chemicals and due to the poor management of wastewater
that is produced during UOG extraction (Esterhuyse, 2017; Bole-Rentel, 2015). To address water
contamination concerns, it is recommended that South Africa ensure baseline monitoring of water
resources to identify water pollution emanating from UOG extraction (Esterhuyse, 2017; Hobbs et
al.,, 2016). The capacity of laboratories to analyse for specific contaminant parameters in groundwater
resources during UOG extraction is however of concern and has been highlighted as an issue that
needs attention in South Africa (Hobbs et al., 2016).

Groundwater monitoring during UOG extraction - the global and South African contexts
The global context

In the United States (US) and Canada, currently the leaders in UOG extraction (Downie and
Drahos, 2017; Holding et al., 2017), the scientific understanding of its environmental impacts did
not match the rapid development of UOG extraction (Brantley et al., 2018; Holding et al., 2017).
Groundwater baseline monitoring was therefore not done before UOG extraction in most cases
(Montcoudiol et al., 2017) and is only now viewed as important (Brantley et al., 2018; Susong et
al., 2012). Despite its importance, very few published baseline studies have been carried out prior
to hydraulic fracturing (McIntosh et al., 2019) and these mostly focused on dissolved methane
concentrations (Bell et al., 2017; Humez et al., 2016; Schloemer et al., 2016; Moritz et al., 2015;
Siegel et al., 2015). This is often insufficient for identifying contamination (Lefebvre, 2017) and for
determining groundwater baseline conditions at a regional scale (Harkness et al., 2017; Rhodes
and Horton, 2015; Eckhard and Sloto, 2012). The US reported certain monitoring and analytical
challenges, including the fact that the chemistry of the flowback water is not well understood because
analysing for the relevant parameters is expensive, no reference materials exist for testing, and the
fact that there are no specific agreements on laboratory approaches and standards to use (National
Academies of Sciences, Engineering, and Medicine, 2016). The high salinity and specific gravity of
flowback and produced water also makes instrument calibration for analyses technically challenging
(National Academies of Sciences, Engineering, and Medicine, 2016).

In Australia, methane migration (and the migration of certain other gases) is one of the main
concerns during fracking (Eco Logical Australia, 2013). Continuous monitoring of UOG extraction
well components over the lifetime of the project is required to minimise the risk of well failure
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and to gather groundwater quality information for identifying
groundwater contamination after well decommissioning (Eco
Logical Australia, 2013).

In Europe, Poland is the leader in shale gas exploration and
exploitation (PGI-NRI, 2016). Here, the SHEER (Shale gas
Exploration and Exploitation induced Risks) project was one of
a small number of research projects investigating shale gas risks,
funded by the EU Horizon 2020 programme. This programme
conducted baseline and ongoing groundwater monitoring, as
well as monitoring post UOG extraction (Montcoudiol et al.,
2019; Montcoudiol et al., 2017). In the United Kingdom and
Ireland, it is recommended that groundwater monitoring should
be conducted before, during, and after the UOG extraction to
inform risk assessments (Moe et al., 2016; Moore et al., 2014; Mair
et al,, 2012). As in Australia, methane has been identified as one
of the main threats for groundwater contamination in the UK and
must be monitored together with other gases, as monitoring of
methane provides data to assess the carbon footprint of shale gas
extraction (Mair et al., 2012).

Estimates of shale gas resources in China suggest that its gas
deposits dwarf those of the US, with 1 115 trillion cubic feet
(Tcf) of technically recoverable shale gas resources compared to
665 Tcf in the US (EIA, 2013). China wants to develop these vast
deposits (Downie and Drahos, 2017) and places a high premium
on the establishment of a groundwater baseline, as well as long-
term monitoring to identify groundwater contamination (Li et
al,, 2016). Li et al. (2016) recommend that baseline groundwater
monitoring for UOG production be carried out in China for 5 or
6 years before shale gas production.

The South African context

In South Africa, UOG extraction has not started yet and some
specialized laboratory analytical services are not yet present.
Scholes et al. (2016) reported that there are limited laboratories
in South Africa that do the relevant analysis for water chemistry
related to UOG extraction. Most South African commercial
local laboratories are accredited and well equipped; however, the
laboratories are designed to carry out water analysis for drinking
water, for example, major cation and anions. Currently, there is
limited water analyses capabilities for the following parameters:
S"'B, *Cl/Cl, “He, *He/*He, and CH, (Scholes et al., 2016). Enough
time must, therefore, be allowed for laboratories to be set up
before the development of the shale gas (Scholes et al., 2016).
Currently, the main concern for groundwater baseline studies
in South Africa is the limited available analytical resources for
groundwater samples. Given the current analytical limitations in
South Africa, these groundwater samples may need to be sent to
internationally accredited laboratories (Scholes et al., 2016).

The Academy of Science of South Africa (ASSAF) indicated that
there is currently no approved or agreed set of chemical parameters
that are required for shale gas groundwater quality analysis.
Groundwater specialists have compiled certain parameters which
must be analysed for in academic studies, including: on-site
electrical conductivity, pH, NO,-N, alkalinity, CH,; laboratory
redox, TDS, Br, DOC, DOX, BTEX, naturally occurring radioactive
materials (NORMS), major anions and cations, trace elements B,
Ba, Cu, E, Fe, Hg, Li, Mn, Ni, NO,, Pb, Sc, Si, Sr, U, Zn (McIntosh
et al 2019; Luek and Gonsior, 2017; Rosenblum et al., 2017; ASSAf,
2016; Moe et al., 2016; Lester et al., 2015)

Hobbs et al. (2016) indicated that it may be important for South
Africa to create an independent laboratory that specialises in UOG
or ‘shale gas’ monitoring, especially for natural environmental
stable and radiogenic isotopes, constituents of fracking fluids,
and uncommon organic substances emanating from fracked wells
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and local groundwater. ASSAF (2016) also recommended that
South Africa invest in academic and professional institutions to
develop the necessary capacity, and to establish an applied and
experimental ‘Karoo Shale Gas Laboratory and Training College’
where relevant skills development can be enhanced to address
these shortcomings.

Because of the highlighted shortcomings, this study aimed to: (i)
identify a complete set of parameters that need to be monitored
in groundwater resources during unconventional oil and gas
extraction, and (ii) to assess the capabilities of South African
laboratories to meet the analytical needs for groundwater
monitoring for UOG extraction.

METHODOLOGY

Physico-chemical parameters that need to be monitored in
groundwater during UOG extraction have been identified via
a literature survey of international and local publications and
industry reports on chemicals that are most often used during
the fracking process (that can return to the surface as flowback)
as well as on chemicals that may be present in water produced by
geological formations (or produced water, as it is termed in the
petroleum industry) (Cai et al., 2019; Ferrer and Thurman, 2015;
Anadarko Petroleum Corporation, 2015; Vidic et al., 2013). The
chemicals in the wastewater may contaminate potable groundwater
resources if it migrates to water supply aquifers.

The identified parameters were in turn used to assess the
laboratory analytical capabilities in South Africa to monitor
for groundwater contamination that may emanate from UOG
extraction. To determine the laboratory analytical capabilities in
South Africa, a self-administered questionnaire that assessed the
analytical capabilities for the identified parameters was developed
and distributed via email to 29 identified laboratories, and was
followed up telephonically. Both commercial and government
laboratories were located in different South African provinces,
including Gauteng, Mpumalanga, North West, KwaZulu-Natal,
Free State, Northern Cape, Eastern Cape, and Western Cape. A
number of laboratories declined to complete the questionnaire
because they did not have time to complete the questionnaire or
cited confidentiality reasons.

The analytes for which analytical capacity was assessed, were
grouped into 6 main groups, including (i) field parameters, (ii)
major and minor elements, (iii) organics and dissolved gases
in water, (iv) stable isotopes in water, (v) radiogenic isotopes in
water, and (vi) naturally occurring radioactivity in water (which
included gross alpha and gross beta radioactivity).

Firstly, the questionnaire gathered demographic information on
the laboratory respondent to assess whether an appropriately
qualified person completed the questionnaire. The questionnaire
also assessed the knowledge, satisfaction with knowledge, and
sources of knowledge on shale gas and fracking, for the respondent
and the laboratory. To assess quality assurance and control at the
laboratory, the laboratories were asked to specify whether they are
South African National Accreditation System (SANAS) accredited
and what they do to ensure data quality. Laboratory respondents
were then asked to indicate which of the field parameters, major
and minor elements, organics and dissolved gases in water,
environmental stable isotopes in water, radiogenic isotopes in
water, and radioactivity in water that they were able to analyse
for. For the parameters that they could analyse, the laboratory was
also asked to indicate their turnaround times for analysis, which
would be important for planning field sampling activities. Lastly,
respondents were asked to indicate whether their laboratory plans
to expand on any of their analytical capabilities to cater for UOG
extraction. If they indicated that they would, they had to specify
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which parameters they plan to include in the future. If not, they
had to indicate why they would not consider expanding their
analytical capabilities.

Completed questionnaires were given a case number and the
data were analysed descriptively with the aid of IBM SPSS
Statistics (version 25). Qualitative data were coded and analysed
thematically.

RESULTS AND DISCUSSION

Groundwater parameters to monitor during UOG
extraction

Groundwater parameters that must be monitored during UOG
extraction have been divided into 6 different groups (see Table 1).
Most of these parameters have been identified from international
literature where UOG extraction groundwater monitoring
already takes place (Envireau Water, 2017; Zolfaghari et al,
2016; Ferrer and Thurman, 2015; CWERC, 2014; Kroepsch and
William, 2014), but are also based on the recommendation from
the strategic environmental assessment that has been performed
for shale gas extraction in South Africa (Hobbs et al., 2016), as
well as some other South African studies (ASSAf, 2016; O’Brien et
al,, 2013). These parameters have been listed in the questionnaire
that was distributed to the laboratories that assessed the analytical
capabilities of the laboratories.

Laboratory analyses questionnaire results

Fourteen out of twenty-nine laboratories completed the
questionnaire. Most of the targeted laboratories (48.3%) were
based in Gauteng Province, with a response rate of 35.8%.
KwaZulu-Natal and North West Provinces had the second-
highest targeted number of the laboratories (10.8%). The targeted
laboratories and response rates can be seen in Table 2.

Most of the respondents who completed the questionnaire
occupied postsata senior level (66.7%), while 16.7% of respondents

were from mid-level management; 8% of respondents were at
an executive level while 8.3% did not indicate their job level.
The respondents who completed the questionnaire were mostly
scientists (41.7%), while 16.7% were laboratory technicians and
16.6% were directors; 25% of respondents did not indicate their
specific job title. The position and job title of the respondents who
completed the questionnaire is viewed as adequate since senior-
level people would have institutional knowledge and would know
future directions for a laboratory while scientists and laboratory
technicians would know the analyses capabilities of the laboratory.

The extent of knowledge on shale gas and fracking and
satisfaction levels with this knowledge base

The knowledge of the respondents on shale gas and fracking was
tested, as well as the knowledge of the laboratory (as reported by
the respondent who completed the questionnaire). Twelve out of
fourteen laboratories completed this part of the questionnaire.
Most respondents reported their own knowledge and the
laboratory’s knowledge on shale gas and fracking as fairly limited.
Only 16.7% of respondents reported that they had extensive
knowledge of shale gas and 8.4% reported extensive knowledge
of fracking. Levels of satisfaction with knowledge were also
tested for the respondent and the laboratory (as reported by the
respondent). Satisfaction levels for the respondents and their
laboratories were also reported as low (see Table 3).

The limited knowledge on shale gas and fracking in laboratories
may be a symptom of the uncertainty on whether shale gas
should be developed in South Africa, which could be preventing
laboratories from investing resources into understanding this
topic and preparing for possible shale gas extraction. The limited
literature on the topic could also possibly contribute to limited
knowledge (although this has been addressed in recent years in
South Africa, see Esterhuyse, 2017; Scholes et al., 2016; ASSAf,
2014; Esterhuyse et al., 2014; Raviv, 2014; Esterhuyse et al., 2013).
For this reason, we also gathered information on the knowledge
sources of shale gas and fracking at laboratories.

Table 1. Recommended groundwater monitoring parameters during UOG extraction

Parameter group

Recommended monitoring parameter during UOG extraction

Field parameters
Major ions
Secondary ions K, F, Sr, CO;, NO;-N, B

Minor and trace elements

pH, temperature, electrical conductivity, dissolved oxygen, oxidation potential, reduction potential
Na, Cl, Mg, Ca, HCO,, SO,, NH,, DIC, DOC

Al, Pb Cd, CH4, Co, Cr, CN, Mn, Br, Si, PO, As, S, Se, B, Ba, Cu, Fe, Hg, Zn, Ni, Mo, U, V, Sb, M-ALK, P-ALK, NO, +

NO,, ORP, pH, TDS (total hardness), NH, (@mmonia nitrogen), Pb, Sb

Organics
Stable isotopes in water
Radioactive isotopes in water

Radioactivity in water

TOC, PAHs, VOCs, SVOCs, BTEX, glycols
8"Ceyyas 8%Hy, in groundwater, 63C, 50, 62H 150, "800, 8™Coics 8™ Cramer 62Hcaper 634Ssoa 6''B, #C
235238 U’232Th,226 228Ra’ ZZZRn’ 40K,210Pb’ 7Sr/865r ratio

Gross alpha radioactivity, gross beta radioactivity

Table 2. Summary of the targeted and respondent laboratories

Province Targeted number Targeted labs (% of total) Response number Response rate (% of the total received)
Gauteng 14 48.3 5 35.8

Western Cape 2 6.9 2 14.3

North West 3 10.3 2 14.3

KwaZulu-Natal 3 10.3 1 7.1

Eastern Cape 2 6.9 1 7.1

Mpumalanga 2 6.9 0 0

Northern Cape 1 3.5 1 7.1

Free State 2 6.9 2 14.3

Total 29 100 14 100
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Table 3. Knowledge and knowledge satisfaction levels on shale gas and fracking

Knowledge and satisfaction of shale gas extraction and fracking

The extent to which respondents are satisfied with their knowledge

Limited Average Extensive
Your knowledge of shale gas extraction n=6 n=4 n=2
2o 50% 33.3% 16.7%
<6
e c Your knowledge of the fracking process itself n=7 n=4 n=1
S o
o8 £ 58.4% 33.3% 8.3%
]
TEE Your laboratory’s knowledge on shale gas extraction n=7 n=5 n=0
_g @ 58.4% 41.6% 0%
©
g o Your laboratory’s knowledge the fracking process itself n=6 n=6 n=0
50% 50% 0%
c o Your level of satisfaction with your knowledge on shale n=7 n=4 n=1
° g gas extraction 58.4% 33.3% 8.3%
SR
£z Your level of satisfaction with your knowledge on the n=6 n=6 n=0
< E fracking process itself 50% 50% 0%
3 g Your level of satisfaction with your laboratory’s n=7 n=5 n=0
E © knowledge on shale gas extraction 58.4% 41.6% 0%
)
22 Your level of satisfaction with your laboratory’s n=7 n=5 n=0
- knowledge on the fracking process itself 58.4% 41.6% 0%

Table 4. Sources of knowledge on shale gas and fracking

Type of knowledge resource

The extent to which respondents regard various
knowledge sources

Notimportant Somewhatimportant Veryimportant

Government reports n=6 n=3 n=3
vy 50% 25% 25%
% % Research reports n=5 n=3 n=6
% Q 41.7% 8.3% 50%
wn 2
Scholarly articles n=4 n=2 n=6
33.3% 16.7% 50%
Combined percentage of respondents who use Scientific sources 41.67% 16.67% 41.67%
Internet sources n=4 n=4 n=4
33.4% 33.3% 33.3%
" Printed media n=6 n=3 n=3
g 50% 25% 25%
=}
2 Verbal media n=7 n=2 n=3
2 58.3% 16.7% 25%
()
€ Visual media n=5 n=4 n=3
g 41.7% 33.3% 25%
§ Talks and presentations n=4 n=3 n=5
33.3% 25% 41.7%
Other n=>5 n=0 n=1
83.3% 0% 16.7%
Combined percentage of respondents who used Popular media sources 50.00% 22.22% 27.78%

Sources of knowledge on shale gas and fracking

Respondents were asked to share their main source of information
on shale gas extraction and fracking. The scale ranged from 1 to
5, with 1 indicating that this source was not regarded to be an
important information source and 5 indicating that the information
source was regarded to be very important. The main sources of
information can be seen in Table 4.

Under scientific resources, research reports and scholarly articles
were viewed as the most important resources. These resources are
peer-reviewed and therefore trustworthy, which may be why they
are viewed as the most important resources. Government reports
are not regarded to be as important a source of information for
shale gas extraction and fracking processes as research reports
and scholarly articles. The rated lower importance of government
reports may be due to the lack of published government reports,
due to issues regarding the accessibility of these government
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reports, or due to a lack of trust in government. In addition, more
research reports and scholarly articles need to be published related
to the shale gas extraction and fracking process in South Africa.

Popular media sources were rated as less important information
sources on shale gas extraction and the fracking process, especially
for printed media, verbal media, and visual media. Under popular
media, talks and presentations were rated more important in
providing information on shale gas extraction and the fracking
process. It may be that respondents view talks as more trustworthy.
Internet sources were rated as the second most important source
of information on shale gas extraction and fracking processes.

Laboratory data quality assurance

Quality assurance is very important when considering that
the data that will be generated by laboratories during shale
gas water quality monitoring can eventually be used in court.
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The laboratories were asked to report on data quality assurance
practices at their laboratories. The most important data quality
assurance techniques that laboratories reported include:

o Making use of the Laboratory Information Management
System (LIMS) - software that allows you to effectively
manage samples and associated data. LIMS is used to control,
manage and record samples; the system allows the checking
of sample results before authorising their release. The system
can reduce human errors by, for example, processing some of
the data automatically. This also saves time and enables real-
time tracking of the samples.

+  Using technical signatories to check reports and verifying
that the results are correctly transcribed.

o Using proficiency testing from the South African Bureau
Standards, the Bureau Interprofessionnel D’Etudes Analyt-
iques, and the National Laboratory Association.

«  Having and maintaining SANAS accreditation, according to
the applicable standard ISO 17025, which assures the quality
of the test results. For this study, we calculated the SANAS
accreditation for the laboratories targeted in this survey for
the different provinces, from their certification information
(SANAS, 2018). All the targeted laboratories in Northern
Cape Province are SANAS accredited. In Gauteng Province,
75% of the targeted laboratories had SANAS accreditation.
In KwaZulu-Natal Province 67% of the laboratories were
SANAS accredited, while of the laboratories in the Western
Cape, Eastern Cape, North West, Free State,and Mpumalanga
Provinces, 50% were SANAS accredited. In total, 62.1% of the
surveyed laboratories had SANAS accreditation.

«  Havinga quality system with a quality policy and procedures
manuals in place.

o Making sure that instruments are calibrated and well
maintained according to the international primary standards
(these are certified standards by different bodies in Europe
and the USA).

The other techniques which the laboratories use to ensure quality
data are: automated electronic data, using international reference
standards, analysing quality control samples through the
Customer Relationship Management System, duplicate analysis,

blank analysis, and intralab testing. In comparison, international
laboratories reported the following techniques to ensure data
quality (Eurofins Lancaster Laboratories Environmental, 2018;
SUEZ, 2018; ALS Water — Australia, 2016; Geochemical Testing,
2015):

o Data verification by dedicated technical and experienced
data reviewers, using a full compound list, laboratory
control samples, and matrix spike duplicates.

o Analysing method detection limits (MDLs) on every
instrument and for each matrix and preparation method.

o  Confirming MDL with each calibration to confirm the
instruments’ ability to ‘detect’ a concentration under specific
conditions.

o Complying with stringent client- and program-specific
technical specifications and implementing extensive
documentation and data storage protocols.

o Conducting internal and external audits.

o  Executing long-term national and international staff
proficiency testing programmes.

o Final data checking and approval by a signatory.

o Instrument quality verification before use.

e Monitoring the fridges and the workplace to prevent
contamination of the samples.

o Getting feedback from customers.

o Ensuring that laboratory instruments are calibrated and the
laboratory is accredited.

o Running a quality control quality assurance programme
and testing software performance to confirm data quality.

Laboratory analyses capabilities and turnaround times

The analytical capabilities of all the targeted laboratories are
presented in Fig. 1, where the numbers in the pie charts indicate
the number of laboratories that have been targeted in a specific
province for a specific analyses group. There is a good spread
of parameter analyses capabilities in the different provinces,
especially in the Gauteng Province, since it had the largest
availability of laboratories. Mpumalanga and Western Cape
Provinces have fewer available laboratories and therefore also
fewer parameter groups that can be analysed.

Northern Cape

-Major and minor elements
:’Organics and dissolved gasses

[ stable isotopes

- Radioactive isotopes

Radioactivity

Figure 1. Laboratory analyses capabilities per province
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Table 5. Analytical capabilities of South African laboratories

Parameter Analytical capabilities
Field parameters «  South African surveyed laboratories can analyse most of the field parameters for water analyses
« Based on the surveyed laboratories there is the limited capacity for analysing the following field parameters:
CH,, and CN
Major and minor «  South African surveyed laboratories can analyse most of the major and minor elements needed
elements
Organics «  Thereis a somewhat limited capacity for analysing most organic compounds and dissolved gasses in water
and dissolved gasses «  Ofthe gases, methane and ethane analysis capabilities are especially limited, while none of the surveyed
in water laboratories could analyse for radon
- Interms of organics, none of the surveyed laboratories could analyse for total glycol
Stable isotopes in « For stable isotopes, analytical capabilities are limited in South Africa
water «  Ofthe surveyed laboratories who responded, only two could analyse for the following stable isotopes: §°H,,o,
§'%0 1,0, 8°Cpc, and MC
- Thisis one aspect that can be expanded in South Africa due to a lack of laboratory capability and could be a
niche area specifically for universities
Radiogenic isotopes «  South African surveyed laboratories have limited radiogenic analytical capabilities; only one of the surveyed
in water laboratories could analyse for this
Radioactivity « South African surveyed laboratories have limited analytical capabilities for most of the radioactive substances
in water that may occur naturally in water or as a result of UOG extraction, especially &Sr/%¢Sr ratio

The laboratory analytical capabilities of the laboratories who
responded are discussed according to the 6 predefined groups:
field parameters, major and minor elements, organic and
dissolved gasses in water, stable isotopes in water, radioactive
isotopes in water, and radioactivity in water. The survey results
can be seen in Table 5.

The turnaround time for analysing field parameters is 1 day
up to a maximum of 10 days, while major and minor elements
range from 5-10 days. Organic and dissolved gases range from
5-10 days; except for radon analysis which takes a month. Stable
isotopes can take up to 2 weeks for §*Hy,, and 60y, parameters
and up to 7 days for “C. Analysis of radiogenic isotopes has the
longest turnaround times, ranging from 10 working days to up
to 6 months, depending on the parameter. Analytical turnaround
times for measuring alpha and beta radioactivity in water range
from 2-4 weeks.

In the UK, the turnaround time for parameter analysis reported by
Envireau Water was 3 working days for pH, EC, TDS, TSS, sodium,
magnesium, calcium, potassium, chloride, bicarbonate alkalinity,
sulphate, nitrate, nitrite, ammonium, iron and methane, while other
analytical analysis required 10 working days (Envireau Water, 2017).
Stable isotopes (8"*CH,, §"*CO,) usually take up to 20 days (Envireau
Water, 2017). Most of the turnaround times for international versus
local laboratories are comparable.

Plans by South African laboratories to increase analytical
capabilities

Laboratory respondents had to indicate whether they plan to
increase analytical capabilities in the laboratory to cater for future
shale gas monitoring requirements. Of the laboratories surveyed,
35.7% indicated that they would consider increasing analytical
capabilities. The increased capabilities included mostly DO, COD,
O, H, PAH, VOC, SVOC, BTEX. TOC, total Kjeldahl nitrogen
(TKN), dissolved ethane, dissolved methane, and gas components
during gas analysis. However, 64.3% of laboratories indicated that
they would not consider increasing their analyses capabilities. The
main reasons for this decision included:

o Theanalytical facilities for the services that have been listed
in the questionnaire operate within a different context from
commercial laboratories that mainly focus on analysing
water for drinking water purposes; the parameters listed in
the questionnaire are very specialized.
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o Setting up appropriate methods is feasible, but more research
may be required for laboratories to determine whether
investing in new capabilities is economically feasible.

o The laboratories are very complacent around the UOG
market development (they are not sure whether shale gas
extraction will happen in South Africa).

o  For many years the laboratories conducting environmental
stable and radiogenic isotope analyses have been offering ser-
vices, unfortunately, with limited uptake by the community.

o There s a failure on the demand side because the services are
typically commissioned through consultants with limited
knowledge, and a limited budget.

o The laboratories will extend the scope of work if there is a
need for a particular analysis.

o Thelaboratories do not have enough resources (human and
financial).

o Has to be financially viable to diversity capabilities.

Since a high percentage of South African laboratories indicated
that they would not consider increasing their analyses capabilities;
the South African Government should consider the establishment
of laboratories that will cater for UOG water resource monitoring
analyses.

CONCLUSIONS

Various studies (Montcoudiol et al., 2017; Li et al., 2016; Scholes
et al,, 2016; Eco Logical Australia, 2012; Mair et al., 2012; Susong
et al, 2012) have reported that groundwater resource quality
monitoring before, during, and after UOG extraction is important
to protect groundwater resources. Limited laboratory analytical
capacity may, however, hamper effective monitoring.

In South Africa, UOG extraction has not started yet. In addition,
some specialized laboratory analytical services are not yet available.
This study aimed to identify a complete set of parameters that need
to be monitored in groundwater resources during unconventional
oil and gas extraction and to assess the capabilities of South
African laboratories to meet the analyses needs for groundwater
monitoring for UOG extraction. Identifying analytical capability
gaps would enable South Africa to address these issues before
UOG extraction commences.

The study identified 5 main groundwater parameter groups
that must be monitored during UOG extraction, including field
parameters, major and minor elements, organic and dissolved
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gases, environmental stable isotopes, radiogenic isotopes in water,
and radioactivity in water. From the surveyed laboratories in SA,
limited capacity was found for analysing organic and dissolved
gases and radiogenic isotopes. Of the surveyed laboratories,
64.3% reported that they do not plan to increase their analyses
capacity, because the analytical facilities required for UOG-related
analyses in groundwater are based on a different context from that
of current commercial South African water quality laboratories,
which mainly focus on drinking water quality analyses. They also
reported that the required analytical services are too specialised
and that this may result in limited uptake of these services, which
would make such a venture commercially unviable.

The survey also found that there is fairly limited knowledge
on UOG extraction and fracking technology amongst South
African water quality laboratories. The limited knowledge and
the uncertainty in whether UOG resources would be developed
in South Africa could be preventing laboratories from investing
resources in understanding UOG development and in expanding
their analyses capabilities in preparing for extraction.

We, therefore, recommend that a specialized UOG extraction
laboratory that can cater for most of the analyses needs of the
shale gas industry be established in Southern Africa. If shale gas
extraction companies establish in-house laboratories to cater for
their analyses needs, it would be prudent for the South African
Government to perform an oversight function. South Africa is the
country with the most analytical capacity on the African continent
and increasing analytical capacity in South Africa would therefore
be an important additional consideration to cater for Africa’s
governmental analytical needs in the oil and gas industry. South
Africa should also invest in academic and professional institutions
to develop the necessary capacity, and to establish an applied and
experimental ‘Karoo Shale Gas Laboratory and Training College’
where relevant skills development can be enhanced to address these
shortcomings. This will assist the government in planning for UOG
extraction by guiding the regulator (the Department of Water and
Sanitation) in monitoring the correct parameters and saving costs.

AUTHOR CONTRIBUTIONS

SE conceptualised the research, guided the research, checked data
analyses for accuracy and finalised manuscript. AM executed the
research, analysed the data and drafted the initial manuscript.

ACKNOWLEDGEMENTS

The authors wish to thank the laboratories that participated in this
research, as well as Dr AT Vos for her thorough proofing of the
manuscript.

REFERENCES

ASSAF (Academy of Science of South Africa) (2016) South Africa’s
technical readiness to support the shale gas industry. URL: http://
research.assaf.org.za/handle/20.500.11911/14 (Accessed July 2020).

ALS Water - Australia (2016) Profile and capabilities overview.
https://www.alsglobal.com/industries/water/water-quality (Accessed
July 2020).

ANADARKO PETROLEUM CORPORATION (2015) Facts on hydraulic
fracturing exploring chemicals. https://www.anadarko.com/cont
ent/documents/apc/news/Fact_Sheets/FAQChemicalUsage_Final
Web.pdf (Accessed June 2020).

BELL RA, DARLING WG, WARD RS, BASAVA-REDDI L, HALWA
L, MANAMSA K and DOCHARTAIGH BEO (2017) A baseline
survey of dissolved methane in aquifers of Great Britain. Sci.
Total Environ. 601-602 1803-1813. URL: https://doi.org/10.1016/].
scitotenv.2017.05.191

BOLE-RENTEL T (2015) Shale Gas 101: Introduction to Water Impacts.
Overview of current state of the knowledge on water sourcing,
wastewater management and possible water contamination risks
related to shale gas operations and their implications for shale gas

Water SA 47(3) 309-316 / Jul 2021
https://doi.org/10.17159/wsa/2021.v47.i3.11859

development in South Africa’s Karoo Basin. World Wide Fund
for Nature (formerly World Wildlife Fund), South Africa. URL:
http://awsassets.wwf.org.za/downloads/wwf_shale_gas_report.pdf
(Accessed June 2020).

BOTHA R (2017) Characterisation of natural radioactivity in Karoo
Basin groundwater prior to shale gas exploration. MSc dissertation,
University of the Western Cape. URL: http://etd.uwc.ac.za/xmlui/
handle/11394/5448

BRANTLEY SL, VIDIC RD, BRASIER K, YOXTHEIMER D, POLLAK
J, WILDERMAN C and WEN T (2018) Engaging over data on
fracking and water quality. Science. 359 (6374) 395-397. https://doi.
org/10.1126/science.aan6520

CAIJ, SUN S, ZHANG Z and PAN Z (2019) Editorial to the special
issue: Modeling and characterization of low permeability (tight)
and nanoporous reservoirs. Transp. Porous Media. 126 (3) 523-525.
https://doi.org/10.1007/s11242-018-01227-1

CWERC (Colorado Water and Energy Research Center) (2014)
Monitoring water quality in areas of natural gas development: a
guide for water well owners. URL: http://cwerc.colorado.edu/docs/
cwerc_wellwater_monitoring_guide.pdf (Accessed May 2020).

DE KOCK MO, BEUKES NJ, ADENIYI EO, COLE D, GOTZ AE, GEEL
C and OSSA FG (2017) Deflating the shale gas potential of South
Africa’s Main Karoo basin. S. Afr. J. Sci. 113 (9-10) 87-98. http://
dx.doi.org/10.17159/sajs.2017/20160331

DOWNIE C and DRAHOS P (2017) US institutional pathways to clean
coal and shale gas: lessons for China. Clim. Polic. 17 (2) 246-260.
https://doi.org/10.1080/14693062.2015.1094730

ECKHARDT DAV and SLOTO RA (2012) Baseline groundwater quality
in national park units within the Marcellus and Utica Shale Gas Plays,
New York, Pennsylvania, and West Virginia. US Department of the
Interior, US Geological Survey. https://pubs.usgs.gov/of/2012/1150/
pdf/ofr2012-1150_report_508.pdf. (Accessed June 2020).

ECO LOGICAL AUSTRALIA (2013) Shale gas development in
Australia: Potential impacts and risks to ecological systems. Final
report prepared for the Australian Council of Learned Academies
(ACOLA). URL: https://acola.org.au/wp/PDF/SAF06Consultants/
Eco%20Logical%20Risk%20and%20Impact%20Jan%202013.pdf
(Accessed August 2020).

EIA (Energy Information Administration) (2013) Technically recover-
able shale oil and shale gas resources: An assessment of 137 shale
formations in 41 countries outside the United States. Washington,
DC: US Energy Information Administration. URL: https://www.
eia.gov/analysis/studies/worldshalegas/pdf/overview.pdf (Accessed
May 2020).

ENVIREAU WATER (2017) Surface water and groundwater monitoring
weekly report for samples collected 31/10/17. Kirby Misperton a
wellsite, North Yorkshire. https://consult.environment-agency.gov.
uk/onshore-oil-and-gas/third-energy-kirby-mispertoninformation
page/supporting_documents/Compliance%20Monitoring%20Water
%20Report%20KMA%2031_10_17.pdf (Accessed April 2020).

ESTERHUYSE S (2017) Developing a groundwater vulnerability map
for unconventional oil and gas extraction: a case study from South
Africa. Environ. Earth Sci. 76 (17) 626. https://doi.org/10.1007/
512665-017-6961-6

ESTERHUYSE S, AVENANT M, WATSON M, REDELINGHUYS
N, KIJKO A, GLAZEWSKI J, PLIT LA, KEMP M, SMIT A,
SOKOLIC F and co-authors (2014) Development of an interactive
vulnerability map and monitoring framework to assess the potential
environmental impact of unconventional oil and gas extraction by
means of hydraulic fracturing. WRC Report No. 2149/1/14. Water
Research Commission, Pretoria. ISBN 978-1-4312-0589-9.

ESTERHUYSE S, KEMP M and REDELINGHUYS N (2013) Assessing
the existing knowledge base and opinions of decision makers on the
regulation and monitoring of unconventional gas mining in South
Africa. Water Int. 38 (6) 687-700. https://doi.org/10.1080/02508060
.2013.818478

EUROFINS LANCASTER LABORATORIES ENVIRONMENTAL
(2018) Analytical services for shale oil and gas exploration. https://
www.eurofinsus.com/environment-testing/laboratories/eurofins-
lancaster-laboratories-environmental/services/standard-services/
shale-oil-gas-analysis/ (Accessed June 2020)

FERRER I and THURMAN EM (2015) Chemical constituents and
analytical approaches for hydraulic fracturing waters. Trends Environ.
Anal. Chem. 5 18-25. https://doi.org/10.1016/j.teac.2015.01.003

315


http://research.assaf.org.za/handle/20.500.11911/14
http://research.assaf.org.za/handle/20.500.11911/14
https://www.alsglobal.com/industries/water/water-quality
https://www.anadarko.com/content/documents/apc/news/Fact_Sheets/FAQChemicalUsage_Final_Web.pdf
https://www.anadarko.com/content/documents/apc/news/Fact_Sheets/FAQChemicalUsage_Final_Web.pdf
https://www.anadarko.com/content/documents/apc/news/Fact_Sheets/FAQChemicalUsage_Final_Web.pdf
https://doi.org/10.1016/j.scitotenv.2017.05.191
https://doi.org/10.1016/j.scitotenv.2017.05.191
http://awsassets.wwf.org.za/downloads/wwf_shale_gas_report.pdf
http://etd.uwc.ac.za/xmlui/handle/11394/5448
http://etd.uwc.ac.za/xmlui/handle/11394/5448
https://doi.org/10.1126/science.aan6520
https://doi.org/10.1126/science.aan6520
https://doi.org/10.1007/s11242-018-01227-1
http://cwerc.colorado.edu/docs/cwerc_wellwater_monitoring_guide.pdf
http://cwerc.colorado.edu/docs/cwerc_wellwater_monitoring_guide.pdf
http://dx.doi.org/10.17159/sajs.2017/20160331
http://dx.doi.org/10.17159/sajs.2017/20160331
https://doi.org/10.1080/14693062.2015.1094730
https://pubs.usgs.gov/of/2012/1150/pdf/ofr2012-1150_report_508.pdf
https://pubs.usgs.gov/of/2012/1150/pdf/ofr2012-1150_report_508.pdf
https://acola.org.au/wp/PDF/SAF06Consultants/Eco%20Logical%20Risk%20and%20Impact%20Jan%202013.pdf
https://acola.org.au/wp/PDF/SAF06Consultants/Eco%20Logical%20Risk%20and%20Impact%20Jan%202013.pdf
https://www.eia.gov/analysis/studies/worldshalegas/pdf/overview.pdf
https://www.eia.gov/analysis/studies/worldshalegas/pdf/overview.pdf
https://consult.environment-agency.gov.uk/onshore-oil-and-gas/third-energy-kirby-mispertoninformationpage/supporting_documents/Compliance%20Monitoring%20Water%20Report%20KMA%2031_10_17.pdf
https://consult.environment-agency.gov.uk/onshore-oil-and-gas/third-energy-kirby-mispertoninformationpage/supporting_documents/Compliance%20Monitoring%20Water%20Report%20KMA%2031_10_17.pdf
https://consult.environment-agency.gov.uk/onshore-oil-and-gas/third-energy-kirby-mispertoninformationpage/supporting_documents/Compliance%20Monitoring%20Water%20Report%20KMA%2031_10_17.pdf
https://consult.environment-agency.gov.uk/onshore-oil-and-gas/third-energy-kirby-mispertoninformationpage/supporting_documents/Compliance%20Monitoring%20Water%20Report%20KMA%2031_10_17.pdf
https://doi.org/10.1007/s12665-017-6961-6
https://doi.org/10.1007/s12665-017-6961-6
https://doi.org/10.1080/02508060.2013.818478
https://doi.org/10.1080/02508060.2013.818478
https://www.eurofinsus.com/environment-testing/laboratories/eurofins-lancaster-laboratories-environmental/services/standard-services/shale-oil-gas-analysis/
https://www.eurofinsus.com/environment-testing/laboratories/eurofins-lancaster-laboratories-environmental/services/standard-services/shale-oil-gas-analysis/
https://www.eurofinsus.com/environment-testing/laboratories/eurofins-lancaster-laboratories-environmental/services/standard-services/shale-oil-gas-analysis/
https://www.eurofinsus.com/environment-testing/laboratories/eurofins-lancaster-laboratories-environmental/services/standard-services/shale-oil-gas-analysis/
https://doi.org/10.1016/j.teac.2015.01.003

GEOCHEMICAL TESTING ENERGY AND ENVIRONMENTAL
SERVICE (2015) URL: http://www.geo-ces.com/about-us.html
(Accessed March 2020).

HOBBS P, DAY E, ROSEWARNE P, ESTERHUYSE S, SCHULZE R,
DAY ], EWART-SMITH ], KEMP M, RIVERS-MOORE N,
COETZEE H and co-authors (2016) SGD Chapter 5: water resources.
In: Scholes R, Lochner P, Schreiner G, Snyman-Van der Walt L and De
Jager M (eds) Shale Gas Development in the Central Karoo: A Scientific
Assessment of the Opportunities and Risks. Council for Scientific and
Industrial Research, Pretoria. ISBN: 978-0-7988-5631-7.

HARKNESS JS, DARRAH TH, WARNER NR, WHYTE CJ, MOORE
MT, MILLOT R, KLOPPMANN W, JACKSON RB and VENGOSH
A (2017) The geochemistry of naturally occurring methane
and saline groundwater in an area of unconventional shale gas
development. Geochim. Cosmochim. Acta. 208 302-334. http://
dx.doi.org/10.1016/j.gca.2017.03.039

HOLDING S, ALLEN DM, NOTTE C and OLEWILER N (2017)
Enhancing water security in a rapidly developing shale gas
region. J. Hydrol.: Reg. Stud. 11 266-277. https://doi.org/10.1016/].
¢jrh.2015.09.005

HUMEZ P, MAYER B, NIGHTINGALE M, ING ], BECKER V, JONES
D and LAM V (2016) An 8-year record of gas geochemistry and
isotopic composition of methane during baseline sampling at a
groundwater observation well in Alberta (Canada). Hydrogeol J.
24 (1) 109-122. https://doi.org/10.1007/s10040-015-1319-1

KROEPSCH A and WILLIAMS MW (2014) Monitoring water quality
and quantity in areas of oil and natural gas development: a guide
for water well users. Colorado Water & Energy Research Center,
Boulder. URL: http://cwerc.colorado.edu/ (Accessed June 2020).

LEFEBVRE R (2017) Mechanisms leading to potential impacts of shale
gas development on groundwater quality. Wiley Interdiscip. Rev.
Water. 4 (1) e1188. https://doi.org/10.1002/wat2.1188

LESTER Y, FERRER I, THURMAN EM, SITTERLEY KA, KORAK
JA, AIKEN G and LINDEN KG (2015) Characterization of
hydraulic fracturing flowback water in Colorado: Implications for
water treatment. Sci. Total Environ. 512-513 637-644. https://doi.
org/10.1016/j.scitotenv.2015.01.043

LI Y, HUANG T, PANG Z, WANG Y and JIN C (2016) Geochemical
characteristics of shallow groundwater in Jiaoshiba Shale Gas
Production Area: Implications for environmental concerns. Water.
8 (12) 552. https://doi.org/10.3390/w8120552

LUEK JL and GONSIOR M (2017) Organic compounds in hydraulic
fracturing fluids and wastewaters: A review. Water Res. 123 536-
548. https://doi.org/10.1016/j.watres.2017.07.012

MAIR R, BICKLE M, GOODMAN D, KOPPELMAN B, ROBERTS
J, SELLEY R, SHIPTON Z, THOMAS H, WALKER A, WOOD
E and co-authors (2012) Shale gas extraction in the UK: a review
of hydraulic fracturing. The Royal Society and Royal Academy of
Engineering, London. URL: http://eprints.gla.ac.uk/69554/1/PY-
Shale-gas-2012-06-28-.pdf (Accessed August 2020).

MCINTOSH JC, HENDRY M]J, BALLENTINE C, HASZELDINE RS,
MAYER B, ETIOPE G, ELSNER M, DARRAH TH, PRINZHOFER
A, OSBORN S and co-authors (2019) A critical review of state-of-
the-art and emerging approaches to identify fracking-derived gases
and associated contaminants in aquifers. Environ. Sci. Technol. 53
(3) 1063-1077. https://doi.org/10.1021/acs.est.8b05807

MOE H, CIURANA O, BARRETT P and OLSEN R (2016) Baseline
characterisation of groundwater, surface water and aquatic
ecosystems. UGEE Summary Report 1. https://www.epa.ie/pubs/
reports/research/ugeejointresearchprogramme/UGEE%20SR1_web
%20version.pdf (Accessed August 2020).

MONTCOUDIOL N, ISHERWOOD C, GUNNING A., KELLY T and
YOUNGER P (2017) Shale gas impacts on groundwater resources:
insights from monitoring a fracking site in Poland. Energ. Procedia.
125 106-115. https://doi.org/10.1016/j.egypro.2017.08.083

MONTCOUDIOL N, BANKS D, ISHERWOOD C, GUNNING A and
BURNSIDE N (2019) Baseline groundwater monitoring for shale gas
extraction: definition of baseline conditions and recommendations
from a real site (Wysin, Northern Poland). Acta Geophys. 67 (1) 365—
384. https://doi.org/10.1007/s11600-019-00254-w

MOORE V, BERESFORD A and GOVE B (2014) Hydraulic fracturing
for shale gas in the UK: Examining the evidence for potential
environmental impacts. The Royal Society for the Protection of

Water SA 47(3) 309-316 / Jul 2021
https://doi.org/10.17159/wsa/2021.v47.i3.11859

Birds, Sandy, Bedfordshire. URL: http://www.rspb.org.uk/Images/
shale_gas_report_evidence_tcm9-365779.pdf (Accessed June 2020).

MORITZ A, HELIE J-F, PINTI DL, LAROCQUE M, BARNETCHE D,
RETAILLEAU S, LEFEBVRE R and GELINAS Y (2015) Methane
baseline concentrations and sources in shallow aquifers from the
shale gas-prone region of the St. Lawrence Lowlands (Quebec,
Canada). Environ. Sci. Technol. 49 (7) 4765-4771. https://doi.org/
10.1021/acs.est.5b00443

NATIONAL ACADEMIES OF SCIENCES, ENGINEERING, AND
MEDICINE (2016) Flowback and produced waters: opportunities
and challenges for innovation: proceedings of a workshop. The
National Academies Press, Washington, DC. URL: https://www.nap.
edu/catalog/24620/flowback-and-produced-waters-opportunities-
and-challenges-for-innovation-proceedings (Accessed May 2020).

PGI-NRI (Polish Geological Institute — National Research Institute)
(2016) Shale gas exploration status in Poland as of April 2016. Polish
Geological Institute - National Research Institute. http://infolupki.
pgi.gov.pl/en/exploration-status/ews/shale-gas-exploration-status-
poland-april-2016 (Accessed June 2020).

RAVIV D (2014) Fracking the Karoo: Mitigating environmental
damage. OGEL. 12 (3). https://www.ogel.org/article.asp?key=3477
(Accessed May 2020).

RHODES AL and HORTON NJ (2015) Establishing baseline water
quality for household wells within the Marcellus Shale gas region,
Susquehanna County, Pennsylvania, USA. Appl. Geochemistry.
1 (60) 14-28. https://doi.org/10.1016/j.apgeochem.2015.03.004

ROSENBLUM J, NELSON AW, RUYLE B, SCHULTZ MK, RYAN JN
and LINDEN KG (2017) Temporal characterization of flowback and
produced water quality from a hydraulically fractured oil and gas
well. Sci. Total Environ. 596-597 369-377. https://doi.org/10.1016/j.
scitotenv.2017.03.294

ROSEWARNE P, WOODFORD A, GOES M, TALMA S, O’'BRIEN R,
TREDOUX G, ESTERHUYSE C, VISSER D and VAN TONDER
G (2013) Recent developments in the understanding of Karoo
aquifers and the deeper underlying formations. 13% Biennial Ground
Water Division Conference — Groundwater: A New Paradigm, 17-19
September 2013, Durban.

SANAS (South African National Accreditation System) (2018) Search
Testing Laboratories. URL: https://www.sanas.co.za/Pages/index.
aspx (Accessed February 2020).

SIEGEL DI, SMITH B, PERRY E, BOTHUN R and HOLLINGSWORTH
M (2015) Pre-drilling water-quality data of groundwater prior
to shale gas drilling in the Appalachian Basin: analysis of the
Chesapeake Energy Corporation dataset. Appl. Geochem. 63 37-57.
https://doi.org/10.1016/j.apgeochem.2015.06.013

SCHLOEMER S, ELBRACHT J, BLUMENBERG M and ILLING CJ
(2016) Distribution and origin of dissolved methane, ethane and
propane in shallow groundwater of Lower Saxony, Germany.
Appl. Geochem. 67 118-132. https://doi.org/10.1016/j.apgeochem.
2016.02.005

SCHOLES R, LOCHNER P, SCHREINER G, SNYMAN-VAN DER
WALT L and DE JAGER M (2016) Shale gas development in the
central karoo: a scientific assessment of the opportunities and risks.
CSIR/TU/021MH/EXP/2016/003/A. CSIR, Pretoria. ISBN 978-0-
7988-5631-77.

SUEZ WATER TECHNOLOGIES AND SOLUTIONS (2018) URL:
https://www.suezwatertechnologies.com (Accessed May 2020).

SUSONG DD, GALLEGOS TJ and OELSNER GP (2012) Water quality
studied in areas of unconventional oil and gas development,
including areas where hydraulic fracturing techniques are used, in
the United States. Fact sheet No. 2012-3049. United States Geological
Survey. Reston, VA. https://doi.org/10.3133/s20123049

O’BRIEN R, TALMA S and TREDOUX G (2013) The complexity of
baseline monitoring in unconventional gas projects. In: 13" Biennial
Groundwater Division Conference and Exhibition, 17-19 September
2013, Durban, South Africa.

VIDIC RD, BRANTLEY SL, VANDENBOSSCHE JM, YOXTHEIMER
D and ABAD JD (2013) Impact of shale gas development on regional
water quality. Science. 340 (6134) 1235009. https://doi.org/10.1126/
science.1235009

ZOLFAGHARI A, DEHGHANPOUR H, NOEL M and BEARINGER
D (2016) Laboratory and field analysis of flowback water from
gas shales. J. Unconv. Oil Gas Resour. 14 113-127. https://doi.
0rg/10.1016/j.juogr.2016.03.004

316


http://www.geo-ces.com/about-us.html
http://dx.doi.org/10.1016/j.gca.2017.03.039
http://dx.doi.org/10.1016/j.gca.2017.03.039
https://doi.org/10.1016/j.ejrh.2015.09.005
https://doi.org/10.1016/j.ejrh.2015.09.005
https://doi.org/10.1007/s10040-015-1319-1
http://cwerc.colorado.edu/
http://cwerc.colorado.edu/
http://cwerc.colorado.edu/
http://cwerc.colorado.edu/
https://doi.org/10.1002/wat2.1188
https://doi.org/10.1016/j.scitotenv.2015.01.043
https://doi.org/10.1016/j.scitotenv.2015.01.043
https://doi.org/10.3390/w8120552
https://doi.org/10.1016/j.watres.2017.07.012
http://eprints.gla.ac.uk/69554/1/PY-Shale-gas-2012-06-28-.pdf
http://eprints.gla.ac.uk/69554/1/PY-Shale-gas-2012-06-28-.pdf
https://doi.org/10.1021/acs.est.8b05807
https://www.epa.ie/pubs/reports/research/ugeejointresearchprogramme/UGEE%20SR1_web%20version.pdf
https://www.epa.ie/pubs/reports/research/ugeejointresearchprogramme/UGEE%20SR1_web%20version.pdf
https://www.epa.ie/pubs/reports/research/ugeejointresearchprogramme/UGEE%20SR1_web%20version.pdf
https://doi.org/10.1016/j.egypro.2017.08.083
https://doi.org/10.1007/s11600-019-00254-w
http://www.rspb.org.uk/Images/shale_gas_report_evidence_tcm9-365779.pdf
http://www.rspb.org.uk/Images/shale_gas_report_evidence_tcm9-365779.pdf
https://doi.org/10.1021/acs.est.5b00443
https://doi.org/10.1021/acs.est.5b00443
https://www.nap.edu/catalog/24620/flowback-and-produced-waters-opportunities-and-challenges-for-innovation-proceedings
https://www.nap.edu/catalog/24620/flowback-and-produced-waters-opportunities-and-challenges-for-innovation-proceedings
https://www.nap.edu/catalog/24620/flowback-and-produced-waters-opportunities-and-challenges-for-innovation-proceedings
http://infolupki.pgi.gov.pl/en/exploration-status/news/shale-gas-exploration-status-poland-april-2016
http://infolupki.pgi.gov.pl/en/exploration-status/news/shale-gas-exploration-status-poland-april-2016
http://infolupki.pgi.gov.pl/en/exploration-status/news/shale-gas-exploration-status-poland-april-2016
https://www.ogel.org/article.asp?key=3477
https://doi.org/10.1016/j.apgeochem.2015.03.004
https://doi.org/10.1016/j.scitotenv.2017.03.294
https://doi.org/10.1016/j.scitotenv.2017.03.294
https://www.sanas.co.za/Pages/index.aspx
https://www.sanas.co.za/Pages/index.aspx
https://doi.org/10.1016/j.apgeochem.2015.06.013
https://doi.org/10.1016/j.apgeochem.2016.02.005
https://doi.org/10.1016/j.apgeochem.2016.02.005
https://www.suezwatertechnologies.com
https://doi.org/10.3133/fs20123049
https://doi.org/10.1126/science.1235009
https://doi.org/10.1126/science.1235009
https://doi.org/10.1016/j.juogr.2016.03.004
https://doi.org/10.1016/j.juogr.2016.03.004

