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ABSTRACT

Geothermal springs are natural geological phenomena that occur throughout the world.
South Africa is endowed with several springs of this nature. Thirty-one percent of all
geothermal springs in the country are found in Limpopo province. The springs are
classified according to the residing mountain: Soutpansberg, Waterberg and
Drakensberg. This study focused on the geothermal springs within the Soutpansberg
region; that is, Mphephu, Siloam, Sagole and Tshipise. The study was aimed at
elucidating on the isotopic signatures and trace metals concentrations from the
geothermal springs to their environmental media in Soutpansberg region. This study also
assessed the interconnectivity of the isotopic signatures within the ecosystem and
evaluated the potential human health risks associated with trace metals from geothermal
springs and surrounding soils in the study areas.

Geothermal springs and boreholes were sampled for a period of twelve months (May
2016 — May, 2017) to accommodate two major seasons in the study areas. The
surrounding soils were sampled vertically from a depth of 10 cm to 50 cm for trace metals
and isotopic compositions. Three different plants were sampled at each of the study sites,
namely, Amarula tree, Guava tree and Mango tree at Siloam; Acacia tree, Fig tree and
Amarula tree at Mphephu; Amarula tree, Lowveld mangosteen and Leadwood tree at
Sagole; Sausage tree, Amarula tree and Acacia tree at Tshipise. To achieve the
objectives, the physicochemical, geochemical and isotopic compositions of the
geothermal springs, boreholes, soils and vegetation were analysed using ion
chromatography (IC) (Dionex Model DX 500), inductively coupled plasma-mass
spectrometer (ICP-MS), HTP-Elemental analyzer, Liquid water isotope analyzer (LWIA-
45-EP) and Liquid scintillation analyzer. The temperature, electrical conductivity (EC), pH
and total dissolved solid (TDS) of the geothermal springs and boreholes samples were
measeured in situ and in the laboratory. Trace metals analysed in geothermal springs,
boreholes, soil and vegetation include Beryllium (Be), Chromium (Cr), Manganese (Mn),
Cobalt (Co), Nickel (Ni), Copper (Cu), Arsenic (As), Selenium (Se), Cadmium (Cd),
Antimony (Sb), Barium (Ba), Vanadium (V), Zinc (Zn), and Mercury (Hg).
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Results obtained from this study in the studied geothermal springs and boreholes were
classified according to their temperature as hot and scalding; except for tepid boreholes.
This study has provided comprehensive physicochemical, geochemical and isotopic
compositions of the geothermal springs within the Soutpansberg region (Siloam,
Mphephu, Sagole and Tshipise). The local meteoric line (3D = 7.565'80 + 10.64) was
generated from rainwater in Vhembe district. This is a crucial component for depicting the
source and flow path of the geothermal springs/boreholes; and could be used for future
isotopic hydrological studies within the locality. Rain formation processes within
Soutpansberg occurred under isotopic equilibrium conditions with minor evaporation
effect during rainfall. The 3D and &80 values of the geothermal spring water/boreholes
confirm that the waters are of meteoric origin, which implies that rainfall is the fundamental
component of these groundwaters because they were derived from the infiltration of
rainwater, with significant contribution of another type of water in the deeper part of the
aquifer. Na-Cl and Na-HCOs were established as the water types, which are typical of
marine and deep groundwaters which are influenced by the ion - exchange process. The
reservoir/aquifer temperature of these springs ranges between 95 — 185°C (Na-K
geothermometer), which implies most of the waters are mature water (not native). Hence,

geothermal springs water is a mixture of the rainwater and salt water.

Radiocarbon values of the geothermal springs ranged from 2700 to 7350 BP, this implies
that they are submodern and a mixture of submodern and modern waters. Tritium relative
age also corroborates with radiocarbon age, that is the groundwaters were recharged
before and after 1952. This gives an indication that the rainfall contributes to the
geothermal springs recharge. Various radiocarbon correction models were employed and
constrained by tritium relative age. Ingerson and Pearson, Eichinger and Fontes and
Garnier correction models have been shown to be the most appropriate models for
radiocarbon correction of groundwater in this semi-arid region. Although, geothermal
springs water and boreholes are not fit for drinking due to high fluoride content, they could
be used for the following: domestic uses (drinking exclusive) due to its softness, direct
heating in refrigeration, green-housing, spa, therapeutic uses, aquaculture, sericulture,

concrete curing, coal washing and power generation. In contrast with mentioned uses,
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the studied geothermal springs are currently used for domestic purposes (drinking

inclusive), limited irrigation and spa (swimming and relaxation).

This is an eco-hydrological study that shows the interconnectivity of isotopic signatures
among water (rainwater, geothermal springs and boreholes), soils and vegetation. The
soil-water reflects the rainwater/geothermal springs water in isotopic composition, which
is more depleted as a result of isotopic fractionation in soil. 8D values of soil-water
increase, whereas d'3C values in soil-water decrease with the soil depth at all sites. Two
equations connecting 8D and 3*3C in soil-water were deduced per season for soil-water;
013C =0.08123D - 10.657 in winter; 3*3C = -0.02783D - 21.945 for summer. 5'3C in soil-
water is induced by Crassulacean Acid Metabolism (CAM) (mixture of C3 and C4
photosynthetic cycles) with a stronger C4 trend, which corroborates with 3*3C of the
geothermal springs. From literature, Amarula and Acacia trees have been documented
for isotopic compositions, while this study has given additional information on other plants
including Lowveld, Leadwood, Sausage, Fig, Guava and Mango trees. These plants are
categorised as C3, C4 and CAM plants. C3 plants include Amarula, Lowveld and
Leadwood trees; C4 plants include Acacia and Sausage trees; and CAM plants include
Fig, Guava and Mango trees. This study shows that with CAM soils, there is a possibility
of having either C3, C4 or CAM vegetation. This finding has shown that the 3D and 3'°C
isotopes in water, soil and vegetation are interrelated, which has been statistically

justified.

This study has shown the potential human health risks associated with trace metals
concentrations from geothermal springs and their surrounding soils. From the geothermal
spring’s water, it was found that As, Cr and Cd were the highest contributors to the cancer
risk with children having a higher risk than adults. Whereas in soils, it was found that Cr,
As and Co were the highest contributors to the cancer risk in the studied communities.
Therefore, the cancer risk is high in the general population; that is 1 in 72-162 individuals
in children and 1 in 7-107 individuals for adults. The ingestion route seems to be the major
contributor to excess lifetime cancer risk followed by the dermal pathway. Therefore,
proper monitoring and control measures to protect human health, particularly in children,

should be implemented for safety. The study also explored the use of surrounding trees
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for phytoremediation and found their uptake capacity to be high, thus, they could be used
as bio-indicators to assess the level of contamination of trace metals in the soil.

In conclusion, this study has eludicated on the isotopic signatures and trace metals
concentrations from the geothermal springs and their surrounding soils and vegetation
within Soutpansberg. This study has contributed towards the advancement and
enhancement of the existing knowledge of the geothermal systems, such that water
resource management could be applied successfully in the respective areas with similar
characteristics for the benefit of the local communities and society at large. Hence, this
study recommends that proper monitoring and control measures need to be put in place

to protect human health, especially in children.

Keyword: Isotopic composition, interconnectivity, local meteoric water line,

phytoremediation, rainwater, Soutpansberg Group, trace metals, potential health risk.
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CHAPTER ONE

INTRODUCTION
1.1 Preamble

This chapter presents background, problem statement, motivation, the main objective,
specific objectives and hypotheses of the study. In addition, descriptive summary of the
study areas such as climate, geology, land use and vegetation type were incorporated in
this chapter.

1.2 Background

Geothermal springs are natural geological phenomena which occur on all continents.
They originate either from geologic platonic activity (volcanic origin) or from rainwater that
percolates into the ground through permeable rocks or via conduits such as joints, faults
and fracture zones in less permeable rocks (meteoric origin) (LaMoreaux and Tanner,
2001). Waters recharged at different times, in different locations or flow paths have
distinctive isotopic fingerprints. Both biological cycling of solutes and water/rock inter-
reactions often change isotopic ratios of the solutes in predictable and recognisable
directions; which can often be reconstructed using their isotopic compositions (Blasch
and Bryson, 2007). Environmental isotopes could be natural and anthropogenic in nature
and their distribution in the hydrosphere can assist in the solution of hydrogeochemical
problems (Kendall and McDonnell, 1998; Huang and Zhang, 2015). Environmental
isotope geochemistry shows the variation of isotopic composition of elements that are
obtained from physicochemical processes rather than nuclear processes (White, 2015).
Hence, they can be a useful tool to help deduce geochemical processes.

Stable carbon (*3C), oxygen (*20) and hydrogen (°H) isotopic compositions of organic
matter and inorganic compounds such as CO2 and H20 are altered during vegetation—
soil-atmosphere exchange processes, such as evapotranspiration, carbon assimilation
and respiration. This leaves an isotopic imprint on soil, plant and atmospheric carbon and
water pools and associated fluxes. These isotopic fingerprints can then be used to trace
different processes involved in the transfer of carbon and water across the plant—soil-
atmosphere continuum. Particularly, the multiple-isotope approach, i.e. the simultaneous

measurements of stable isotope composition of different elements (5°H, &80 and/or

1 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

013C), provides a unique way to investigate the interrelation between water and carbon
fluxes (Ehleringer et al., 1993; Griffiths, 1998; Flanagan et al., 2005; Yakir and Sternberg,
2000). The use of biological archives may enable extrapolation of this information to long

time scales, such as the Anthropocene (Werner et al., 2011).

Some of the applications of environmental isotopic compositions of low-mass (light)
elements such as oxygen, hydrogen, carbon, nitrogen, and sulfur include the identification
and determination of the mechanisms responsible for streamflow generation and
weathering reactions that mobilise solutes along the flow paths (Kendall and McDonnell,
1998), characterisation of water flow paths (Scholl et al., 2011), determination of the role
of atmospheric deposition in controlling water chemistry (Muhammad and Sadiqg, 2014),
identification of the sources of solutes in contaminated system and assessment of
biological cycling of nutrients within an ecosystem (Kendall and McDonnell, 1998; Voss
et al., 2000; Gustafson et al., 2007; Goldsmith et al., 2011). They have been used in a
wide range of research disciplines at different and complementary temporal and spatial
scales. For instance, tracing biogeochemical processes across spatio-temporal scales
(Yakir and Sternberg, 2000), assessing the origin of water vapour (Lui et al., 2010),
solving water balance of lakes (Jasechko et al., 2013), analysis of isotopic compaosition
of soil surface and leaf water (Yepez et al., 2005; Rothfuss et al., 2010; Dubbert et al.,
2013; Hu et al., 2014; Huang and Zhang, 2015) as well as investigating the groundwater
recharge (Blasch and Bryson, 2007).

In South Africa (SA), Limpopo Province has the highest number of geothermal springs.
These springs are classified according to the dominating mountains; namely,
Soutpansberg, Waterberg and Drakensberg (Durowoju et al., 2015). There are eighty-
three (83) known geothermal springs in SA, out of which twenty-four (24) are located in
Limpopo Province (Kent, 1949; Olivier et al., 2008). Geothermal springs are usually
mineralised to a greater or lesser extent, depending on the characteristics of the
geological formations associated with the circulating groundwater (Todd, 1980). Odiyo
and Makungo (2012) reported that geochemical dissolution of rock increases with
temperature, hence more mineralisation of the geothermal springs as well as their isotopic

compositions (Pang et al., 2006). This also accounts for trace metals emanating from the
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geothermal springs to the surrounding soils and vegetation. People have used water from
geothermal springs for different purposes for thousands of years (Olivier et al., 2011).
Documentary and oral history reveal that geothermal springs were used for bathing,
medicinal, religious, hygienic and social purposes across the world, for instance, India,

Crete, Egypt, Turkey, Japan, Brazil and Canada (van Vuuren, 1990; Lund, 2000).

Previous studies on the geothermal springs in Limpopo Province have been on the
Hydrogeology and water chemistry (water quality) of the springs (Kent, 1948; Oliver et
al., 2008, 2010, 2011). Olivier et al. (2008, 2011) reported significant changes in the water
chemistry and the spring yield at some of the springs over a period of more than 50 years.
Recently, Durowoju (2015) reported that geothermal spring waters have the potential to
contaminate the surrounding soils with some trace metals, which are assumed to be due
to rock-water interaction emanating from the deep aquifer. The study clearly showed that
geothermal springs are used for domestic and irrigation purposes by neighbouring
population. For example, the Tshipise Spring is located within the Honnet Nature Reserve
(a popular holiday resort), which is located approximately 36 km from Musina. The spring
water is used for irrigation of food crop (Siloam), flowers, grasses and Acacia trees
(Tshipise). It also serves as the source of water for the pool at the resort (Tshipise Resort).
Trace metals are transferred from the spring across the soil to the vegetation and can
have adverse effects on humans when their concentrations are above the standard
guidelines (SANS or WHO).

Hence, there is a need to increase the understanding of geothermal spring-soil-vegetation
system. Therefore, this research focused on delineating deep groundwater flow systems
using environmental isotopes, water chemistry and geochemical data, to ascertain the
source of geothermal spring water and their impacts on the ecosystem and human health.
The research was carried out in rural settlements within the Soutpansberg region, where
the communities depend on spring water as a reliable alternative source of water coupled
with indigenous knowledge with its curative ability (medicinal capability). The study,
therefore, focused on the isotopic signatures and geochemical parameters of geothermal
springs and the ecosystem and human health, thereby, elucidating on the environmental

isotopes in the geothermal springs water, soil and vegetation within the study areas. In
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addition, assessing the potential health risk of the trace metals from geothermal spring
water and the surrounding soils within inhabitants. The study intends to increase the
existing knowledge on geothermal springs; by focusing on the declination of the deep
groundwater flow system of the geothermal springs, the age of the geothermal springs,
soil water variation, photosynthetic pathway of the vegetation and trace metals potential
health risks assessment of the inhabitants. This collective information will be useful for

the general body of knowledge and not just the study areas of South Africa.

1.2 Problem statement

Studies across the world have found that geothermal water may contain toxic metals such
as arsenic (As), chromium (Cr), cobalt (Co), lead (Pb), zinc (Zn) and mercury (Hg) (Manda
and Suzuki, 2002; Romero et al., 2003; Churchill and Clinkenbeard, 2005; Ochieng et al.,
2007; Liet al., 2010), radio-active elements such as uranium (U), thorium (Th) and Radon
(Rn) (Kempster et al., 1997; Baradacs et al., 2001). These trace metals could pose
negative health impacts such as cancers and other chronic diseases on the consumers
(USEPA, 2009; WHO, 2011). Most of these geothermal springs are found in communities
in which there is limited water availability, particularly in a developing country such as
Kenya, Ethiopia, South Africa among others. The study areas (Mphephu, Sagole, Siloam
and Tshipise) are rural settlements in Limpopo, South Africa where people have little or
no scientific knowledge of the effects of toxic contaminants from the geothermal spring to
the ecosystem. Thus, spring water is used for various domestic purposes, swimming and
irrigation as indicated earlier, with no clear understanding of the potential health effects
of major and trace metals. As mentioned earlier, several studies have been carried out
on the physicochemical parameters of geothermal springs (Kent, 1949; Olivier et al.,
2008, 2011; Mamba et al., 2008; Tekere et al., 2012) with major and trace metal
compositions studied. However, none has shown their impacts on the soil and vegetation,
except the study by Durowoju et al. (2016a). The findings of the latter study showed that
geothermal springs have the potential to contaminate the environmental media, especially
the surrounding soil. Hence, there is a need to assess the potential human health risks

they possess to the inhabitants (adults and children) in the study areas.
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There is no detailed study on the environmental isotopic compositions (stable and
radiogenic) of the geothermal springs in Limpopo province except unpublished study by
Saeze and Rikhotso (2013); and none has elucidated on the isotopic compositions of the
geothermal springs and their interconnectivity with the surrounding environmental media
(soils and vegetation). Thus, there is a need to determine the isotopic compositions of the
geothermal spring water in relation to their environmental media, as well as their
interconnectivity. Variations of hydrogen (8%H) and oxygen (5'20) in rainfall forms primary
background data for groundwater recharge investigations (Ingraham, 1998; Gupta and
Deshpade, 2003; Gat, 2010; Kortelainen, 2009). Trace metal contamination was
observed in the surrounding soil at Siloam (Durowoju et al., 2016b) and there is need to
assess the potential health risks of trace metals concentrations from geothermal spring
water and surrounding soil. Although, studies by Oliveir et al. (2008, 2011) and Durowoju
(2015) have determined the trace metals concentrations of the springs and their impacts
on surrounding soils and vegetation, none has assessed the potential health risks. Hence,
the trace metals concentrations were used to assess the potential health risks in adults
and children within selected communities (where the geothermal springs were located).
The study was aimed at enhancing and extending the existing knowledge of the
geothermal systems, such that water resource management could be applied
successfully in the respective areas within similar characteristics for the benefit of the

local communities and society at large.

1.3 Motivation

Most geothermal springs in the world are used for electricity generation, greenhouse
heating, balneological purposes, thermal tourism and heating of swimming pools (Tarcan
and Gemici, 2003; Gemici, et al., 2004). The ones found in the study areas are mainly
used for recreation, domestic purposes and limited irrigation. There is a need to evaluate
the characteristics of the geothermal springs in Siloam, Mphephu, Sagole and Tshipise
to maximise their potential to enhance the development of the rural communities in which
they are found. In addition, assessment of potential health risk associated with the trace
metals from the geothermal springs and their surrounding soils in the selected

communities where the springs are used for domestic purposes, recreation and/or limited
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irrigation, is imperative. There is a need to provide information regarding the extent of the
local and regional groundwater systems and their interactions with the environment by
determining the isotopic compositions (8D, 580 and 3C) of the geothermal springs, soil
and vegetation, as well as their interconnectivity to expand the existing scientific
knowledge. Studies have reported that 8D, 320 and *3C are ideal tracers of water system
since they are incorporated in the water molecules and therefore their behaviour and
variations reflect the origin, the hydrological and geochemical processes that affect
natural water bodies (Gonfiantini, 1998; Fawzia and Mohamed, 2004; Ako et al., 2010; Li
et al., 2009). There is need to generate reliable dataset for proper isotopic information in
the Province. Hence, short-term monitoring of rainfall (one hydrological cycle) was
incorporated in this study to generate the local meteoric water line (LMWL), which is

crucial in the evaluation of groundwater recharge.

Therefore, there is a need for study for better understanding and expansion of existing
knowledge on the isotopic compositions from the rainwater, geothermal
springs/boreholes, soils and vegetations as well as the interconnectivity among the
environmental media to ascertain the source and processes; soil-water variation and
photosynthetic pathway of the vegetation; to assess the possible potential health risks
associated with trace metals on the inhabitants {children (0 — 14 years) and Adults (15
years above)}. This study gives an improved understanding of the environmental media
around geothermal springs for sustainability and evaluation of potential health risks
associated with trace metals, which is the motivation for this research.

1.4 Objectives of the study

1.4.1 Main objective

The main objective of this study is to elucidate on the isotopic signatures and trace metals
concentrations from the geothermal springs to the surrounding soils and vegetation within
the Soutpansberg region (Mphephu, Sagole, Siloam and Tshipise), Limpopo Province,
South Africa. The study further evaluates the potential health risks associated with trace

metals from the geothermal springs and surroundings soils.

1.4.2 Specific objectives
The specific objectives include:
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To assess the physicochemical, geochemical parameters and environmental
isotopes ratios (3D, 3*0 and 3'2C) in geothermal spring water, rainwater and
boreholes within Soutpansberg region.

To evaluate the ages of the geothermal springs, using Carbon-14 (**C) and Tritium
(3H) within the Soutpansberg region.

To assess the environmental isotopes ratios (8D and 3*3C) in the surrounding soil
and vegetation; and their interconnectivity with rainwater and geothermal spring
water within Soutpansberg region.

To evaluate trace metals concentrations and potential human health risk of
inhabitants (adults and children) from the geothermal spring water and surrounding

soils within the Soutpansberg region.

1.5 Hypotheses

1)

2)

3)

4)

The studied geothermal springs and boreholes in the Soutpansberg region have
similar physicochemical, geochemical and isotopic characteristics.

Geothermal springs within the Soutpansberg region have approximately the same
ages.

Soils and vegetation surrounding geothermal springs and rainwater have similar
stable isotopic compositions.

The concentrations of trace metals in geothermal springs and surrounding soils
could pose potential health risks on the inhabitants of Siloam, Mphephu, Sagole

and Tshipise.

1.6 Study Areas
Mphephu and Siloam, Sagole, and Tshipise springs are located in Makhado, Mutale and

Musina municipalities, respectively, in Vhembe District, Limpopo Province, South Africa

(Figure 1.1). Geothermal springs are located on the coordinate of 22° 36’ 05.48" S and
30° 10’ 23.01" E; 22° 563’ 09.66" S and 30° 12’ 40.36" E; 22°, 31’ 49.440" S and 30°, 39’
7.128" E; 22° 54’ 26.280" S and 30° 10’ 35.582" E of the equator for Siloam, Tshipise,
Sagole and Mphephu, respectively. The study areas fall under Quaternary catchments of

the Nzhelele River catchment, which is in the northern region of Limpopo Province, South
Africa (Makungo et al.,, 2010). Brandl (1999) reported that Tshipise and Siloam
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geothermal springs are drained in rocks by an intergranular and fractured aquifer, with
borehole yields ranging between 0.1 L/s and 0.5 L/s. Sagole and Mphephu geothermal
springs are drained in rocks by fractured aquifers, with borehole yields ranging from 0.5
L/s to 2 L/s (Brandl, 2002).

22
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1

22
1

23
1

Legend

Main Road

Rivers

[ ] mutale, Musina and Makhado Municipalities

23
1

T T T T T
23 29 30 30 30

Figure 1.1: Study areas within the Vhembe District, Limpopo Province, South Africa.

1.6.1 Geology of study areas

The study areas are underlain by block-faulted Karoo Supergroup and Soutpansberg
Supergroup rocks in the northern part of the Limpopo Province (Figure 1.2). These rocks
have very low primary porosity, permeability and storage capacity, with limited
groundwater flow (Brandl, 2002). Groundwater occurrence is mainly related to secondary
hydrogeological features such as faults and joints, which present preferential pathways
and thus enhance the potential for groundwater flow in the region. Mostly, the geology
determines the extent to which the reaction with the host rock proceeds, depending on

the chemical composition of the rock and the rate at which water passes through the rock.
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Figure 1.2: Geology map of study areas within Soutpansberg region.

Mphephu geothermal spring is underlain by Wyllie’s Poort and Nzhelele

Formations of

the Soutpansberg Supergroup. These lithologies mainly comprise sandstone and

guartzite. Mphephu geothermal spring is associated with the Nzhelele
2002).

Fault (Brandl,

The Sagole geothermal spring is associated with the Klein Tshipise Fault, which lies in

the contact zone between the Karoo and Soutpansberg Supergroups. To the South of
the fault is the basalt of the Musekwa Member of the Nzhelele Formation and to the north

of the fault are the sedimentary rocks of the Madzaringwe and Mikambeni

Formations of

the Karoo Supergroup. The Mikambeni Formation consists of mudstone, shale and

laminated sandstone, whereas the Madzaringwe Formation comprises alternating
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sandstone, siltstone and shale, with sporadically occurring coal seams (Johnson et al.,
2006).

The Siloam geothermal spring is found in the Nzhelele Valley in Siloam Village, which
falls under, the youngest Formation of the Soutpansberg Group, the Sibasa Formation. It
is dominated by basalt, which originated from the lava at the base of the Formation. Basalt
is responsible for the more undulating topography to the south of the Soutpansberg
(Brandl, 1986). There are dark-red shales and sandstones that are fine, thin-bedded
sandstones. There is an interlayer of tuff, ignimbrite and chert and in places tuffaceous
shale (Mundalamo, 2003). Various types of conglomerates are also available, such as
argillaceous and arenaceous types. The mudstone and siltstone of Delvis Gully Member
also exist (Mundalamo, 2003). Siloam village is characterised by fractured aquifers of

sandstone where groundwater occurs.

Tshipise geothermal spring is underlain by basalt and minor andesite of the Letaba
Formation of Lebombo Group and Karoo Supergroup. The Lebombo Group rests with
the Tshipise member of the Clarence Formation, which comprises white to cream-
coloured sandstones. These lithologies are intruded by Karoo dolerite dykes and sills,
with strongly developed faults (Johnson et al., 2006). Tshipise geothermal spring occurs
at the intersection of two post-Permian faults in Upper Karoo, one of which is the Tshipise
Fault (Olivier et al., 2011).

1.6.2 Climate (Rainfall and Temperature)

The study areas (Mphephu, Sagole, Siloam and Tshipise) are categorised under the hot
semi-arid region (Figure 1.3). It receives much of its rainfall during summer (November to
February) (Figure 1.4), as the area is within the northward and southward oscillation of
the inter-tropical convergence zone (ITCZ) and associated southerly monsoon winds.
The study areas are characterised by high-temperature variations in different seasons of
the year, with temperatures in the winter ranging from 16°C to 22°C, and in summer, from
22°C to 40°C (Makungo, 2008). The mean annual rainfall of Nzhelele ranges from 350-
400 mm per annum (Makungo et al, 2010) (Figure 1.3). More than 80% of the rainfall
occurs in the summer and only about 20% occur in the winter (DWAF, 2001).
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Figure 1.3: Koppen-Geiger climate classification of South Africa (Kottek et al., 2006).
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1.6.3 Vegetation

Mucina and Rutherford (2006) map nine biomes in South Africa (Figure 1.5). The study
areas fall within the Savanna biome in Limpopo Province. They are characterised by a
grassy ground layer and a distinct upper layer of woody plants. Shrubveld is the upper
layer vegetation near the ground, whereas, Bushveld is dense vegetation as Woodland
(Mucina and Rutherford, 2006). AlImost every major geological and soil type occurs within
the biome (Low and Rebelo, 1996). The grass layer is dominated by C 4-type grasses,
which are at an advantage where the growing season is hot, but where rainfall has a
strong winter component, C 3-type grasses dominate (Low and Rebelo, 1996; Mucina
and Rutherford, 2006). They lack sufficient rainfall, which prevents the upper layer from
dominating, coupled with fires and grazing, which keep the grass layer dominant in
biomes.
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Figure 1.5: Vegetation map of South Africa (Mucina and Rutherford, 2006).
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CHAPTER TWO

LITERATURE REVIEW
2.1 Preamble

This chapter presents a review of relevant literature for this research. It highlights South
African geothermal springs, benefits, geology and chemistry of geothermal springs,
potential health risk assessment of trace metals and the isotopic compositions (stable
and radiogenic) of the geothermal springs, surrounding soils and vegetation.

2.2 Geothermal springs in South Africa

South African geothermal springs are associated with rainfall, faulting and shearing
(Olivier et al., 2010). They are usually situated in topographically low areas, with the
surrounding elevated terrain, serving as the catchment area for rainfall that permeates
downwards through fracture planes in the rocks into narrow conduits. The narrow
conduits allow water to percolate to a deeper level where it is heated. The impermeable
parts of faults, fractured zones or dykes restrict percolation of water and cause water to
rise to the earth’s surface (Kent, 1969). The mineral content of these geothermal springs

is influenced by the rock through which the water percolates (Kent, 1969).

Olivier et al. (2011) reported the geothermal sources for some of these springs (sulfur
springs, Tugela, and Windhoek) or geothermal boreholes and not naturally-occurring
springs, whereas the geothermal source of other geothermal springs (Vetfontein,
Paddysland, Stindal, and Makutsi) could not be located. Figure 2.1 shows the number of
geothermal springs with some associated boreholes per province in South Africa. In
South Africa, geothermal spring waters were initially used for domestic and irrigation
purposes, and later developed as health resorts and tourism destinations (Hoole, 2001).
South African geothermal springs extend into the distant past; for instance, the Khoi
(Hottentots) used the geothermal spring at Caledon, calling it ‘a fountain of life’. They
believed that it could cure any type of illness and if the water was drunk, it made old men
become ‘active like the younger ones’ (Boekstein, 1998). The geothermal spring at
Montagu was also frequented by the Khoi and the San (Rindl, 1936).
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Figure 2.1: Distribution of geothermal springs and geothermal boreholes per province in
South Africa (Olivier et al., 2008).

Early western settlers in what became known as the Western Cape Province, started
visiting the geothermal springs in this part of the world in the late 1600s and early 1700s,
predominantly for health reasons. It was believed that bathing in the geothermal water
cured ailments such as rheumatism (Booyens, 1981). Geothermal springs in Limpopo at
Letaba (Die Eiland) and Bela Bela (Warmbaths) were also used before the arrival of the
first Europeans. Letaba (Die Eiland) geothermal spring was used by indigenous people
to produce salt by “lixiviating the mud through which the water issued and evaporating

the resultant solution over the open fire in clay pots” (Kent, 1942). The spring was also
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used as a place where people would go and be cleansed as part of purification and
spiritual harmonisation after battle (Ntsoane, 2001).

2.3 Benefits of geothermal springs

2.3.1 Religious and traditional benefits

Religious and traditional uses of geothermal springs have been an ancient practice across
the world even before modern civilisation. For instance, the American Indians used
geothermal springs for traditional rituals and as a neutral ground where different tribes
could hunt, trade and bath and where warriors could travel and relax (Hoole, 2001). The
Greeks usually attribute their religion to cleanliness. Therefore, they built their temples
close to geothermal springs so that the water reticulation system could bring water to the
holy place (Virk et al., 1998). Africans were not exempted from these beliefs; geothermal
springs found in the Gumara River in Ethiopia were discovered by Ethiopian saints;
Qergos and Takla Haymanot. It was believed that Saint Qergos, while flying in the sky,
was attacked by eagles and his bones fell to the ground, causing warm and healing water
to rush out where they were dropped (Pankrust, 1990). Some of the sites have been
declared heritage sites and are presently visited by both local and international tourists
(Pankrust, 1990; Nguyen, 2007).

2.3.2 Medicinal benefits

Medicinal benefits and religious purposes of geothermal springs are interrelated and can
be traced back to 2 500 years ago (La Moreaux and Tanner, 2001). Geothermal springs
were believed to be a special kind of groundwater owing to its higher mineralisation as
well as trace elements, dissolved gases, radioactivity or temperature (Wang and Xie,
2003). Different minerals and gases within the geothermal waters have proven to have
different curative abilities. The use of carbolic water is thought to have significant medical
importance, for circulatory and heart disorders (Skapare et al., 2003). Sulphated water
may heal hepatic insufficiency and problems with the accumulation of organic waste
(Skapare et al., 2003). Bicarbonated water may relieve gastrointestinal illness, hepatic
insufficiency and gout (Skapare et al., 2003). Sodium chlorinated water may cure a
chronic infection of the mucous membrane (Lund, 2000; Skapare et al., 2003).
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Ancient Greeks and Roman prescribed drinking and bathing in geothermal springs for its
therapeutic effects, especially for ailments such as jaundice and rheumatism (Hoole,
2001; Spicer and Nepgen, 2005). Chinese people used the Huang hot spring on the
Shahe River for treatment of various ailments (La Moreaux and Tanner, 2001; Spicer and
Nepgen, 2005). The Ethiopians used geothermal springs for the treatment of various
diseases, such as skin diseases, leprosy and other contagious diseases (Pankurst,
1990). The ancient Egyptians are believed to have used geothermal baths for therapeutic
purposes since 2000 BC. Many of these springs became known as sacred sites, and later

evolved as healing centres (Spicer and Nepgen, 2005).

2.3.3 Agricultural benefits

Thermal springs have been used for irrigation purposes from time immemorial. Chinese
people have used geothermal springs since the time of the Jin Dynasty (AD 265-420) (La
Moreaux and Tanner, 2001). During this period, the Cunzhou City geothermal spring in
the Hunan province was used to irrigate rice paddies so that they could grow rice, even

during the winter season (La Moreaux and Tanner, 2001).

The European Commission (1999) reported that 25% of the direct heat produced by
geothermal springs is used for agricultural purposes, which can be subdivided into the

following activities:

a) Agricultural crop drying

b) Aquaculture

c) Mushroom farming

d) Heating greenhouses and irrigation

The agricultural uses of the geothermal spring depend on the surface temperature of the

spring, which have been summarised in Table 2.1 below.

18 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

Table 2.1: Temperatures required for various agricultural activities

Temperature in °C Agricultural uses
20-25 Soil heating
35-95 Heating greenhouses
35-95 Food processing
20 —-40 Aquaculture
35-50 Biogas processing
45 — 65 Mushroom cultivation
65-95 Drying fruits and vegetables
50-70 Pasteurisation
60 — 85 Beet sugar extraction
70 -100 Blanching and cooking

110 -125 Sugar pulp drying

Source: Popovski and Vasilevska, 2003

Geothermal springs can be classified as low temperature (less than 90°C), moderate
temperature (90°C -150°C) and high temperature (greater than 150°C) (Geo-Heat Centre,
2005). South African geothermal springs can thus be classified as low temperature
geothermal resources and can be used for activities that require temperatures below 70
°C (European Commission (EC), 1999; Geo-Heat Centre, 2005) (as indicated in Table
2.1). There is real potential for some of these geothermal resources to be used to dry
locally produced fruits and vegetables, mushrooms and flowers. Siloam and Tshipise
springs are in rural areas and utilising these resources would benefit the rural

communities and improve the socioeconomic status of the rural population.

2.3.4 Tourism and recreation benefits

Tourism is one of the catalysts responsible for the development of many geothermal
springs into spas or resorts, and many spas are changing their focus to recapture the
essence of a true spa’s contribution to health and well-being. Currently, about 15 million
Europeans immerse themselves daily in geothermal spring waters (Hoole, 2001; Spicer
and Nepgen, 2005). Forty-eight countries (e.g China, Canada, USA, Kenya, Brazil among

others) used geothermal springs as resorts in the year 2000 (Lund and Freeston, 2001).
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These countries do not include those which did not submit data to the Geothermal World
Conference of 2000, such as South Africa, Malaysia, Ethiopia, Mozambique and Zambia,
though it is known that they do have geothermal springs and spas for recreational use
(Lund and Freeston, 2001). Tshibalo (2011) reported that thirty-one (31) out of eighty-
three (83) known South African geothermal springs are used for recreation and tourism
purposes. Recreational and tourism facilities and activities in South African geothermal
spring resorts include the followings: exercise areas, rest areas, restaurants, ladies’ bars,
shops, solariums, camping facilities, conference facilities, cocktail lounges, picnic sites,
golf courses, tennis and squash courts, volleyball, snooker and pool, bowls, heated and
cold swimming pools, hot mineral pools, jacuzzis, paddle boats, caravan and camping,

game drives, birdwatching, and horse riding (Tshibalo, 2011).

2.4 Geology of the Soutpansberg Group

The Soutpansberg Group overlies the eastern part of the Limpopo Mobile Belt, as well as
the Palala Shear Zone and parts of the Kaapvaal Craton (Johnson et al., 2006). This Belt
formed between two major crustal blocks, namely, the Kaapvaal Craton in the south and
the Limpopo Mobile Belt in the north (Brandl, 1986). Deposition started with basaltic lava,
followed by sedimentary rocks. Then, there was an erosional period, in which a pink

massive quartzite covering a much larger area than the original rift was deposited.

Until the deposition of the Karoo rocks, the Soutpansberg rocks formed a flat featureless
landscape. Only after sedimentation had ceased (about 150 million years ago), was the
area strongly block-faulted and then uniformly tilted to the north (Johnson et al., 2006).
Today the landscape that is seen is formed from the erosion during the last £ 60 million
years (Cheney et al., 1990). The pink resistant quartzite was instrumental in shaping the
present morphology. The Soutpansberg rocks which developed in a half-graben,
subsided along a main border fault, situated most probably some 10-20 km south of the
present Soutpansberg mountainous area (van Eeden et al., 1955).

The rocks of the Soutpansberg Group occupy a wedge-shaped, mountainous area, which
stretches from the Kruger National Park in the east, where it is at its widest, to the
Blouberg in the west, where they wedge out against a fault on the northern side (Johnson

et al., 2006). The strike of rock beds is east-west, and the dip is moderate to steep to the
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north. The group is classified into seven formations and they are affected by several faults
of various geological ages. These faults have probably had a considerable influence on
the processes of sedimentation as well as the associated igneous activity. The trough in
which the Soutpansberg Group has been deposited represents an ancient fault trough

with a long-life span, similar to an aulacogen (Jansen, 1975).

Eruptive activity within the basin was centred mainly on Sibasa, with smaller centres near
Nzhelele Dam and the Blouberg (Johnson et al., 2006). However, the absence of marine
sediments in this trough, as would be expected in the aulacogen, and the feeding of
sediments into this trough from the north, and not parallel to its length, as would be
required for an aulocogen, testifies against what was carried out by Jansen (1975). Thus,
the Soutpansberg trough is viewed as a yoked intracratonic or near-cratonic environment
to the Limpopo Mobile Belt (Johnson et al., 2006).

2.4.1 Stratigraphy of the Soutpansberg Group

The Soutpansberg rocks rest unconformably on gneisses of the Limpopo Mobile Belt and
Bandelierkop Complex. Along the eastern and most of the northern margin, the
Soutpansberg outcrops are unconformably overlain by or technically juxtaposed against
rocks of the Karoo SuperGroup (Johnson et al., 2006). The contact relationship between
the Soutpansberg and Waterberg Groups’ rocks is a tectonic one, though the latter rocks
are believed to be younger (Johnson et al., 2006). The Soutpansberg Group is best
developed in the eastern part, where the maximum preserved thickness is about 5000 m
(Cheney et al., 1990). The Soutpansberg Group comprises a volcano-sedimentary
succession which is subdivided into seven formations (Figure 2.2); Tshifefe, Sibasa,
Fundudzi, Wylie’s Poort, Nzhelele, Stayt and Mabiligwe (Brandl, 2002; Johnson et al.,
2006).

2.4.1.1 Tshifhefhe Formation

The basal discontinuous Tshifhefhe Formation is only a few meters thick, and made up
of strongly epidotised clastic sediments, including shale, greywacke and conglomerate
(Brandl, 2002).
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2.4.1.2 Sibasa Formation

The Sibasa Formation is dominantly a volcanic succession, with rare discontinuous
intercalations of clastic sediments, having a maximum thickness of about 3000 m. The
volcanic succession comprises basalts, which were sub-aerially extruded and minor
pyroclastic rocks. The basalts are amygdaloidal, massive and generally epidotised. The
clastic sediments which include quartzite, shale and minor conglomerate, can reach
locally a maximum thickness of 400 m. A radiometric age of 1749 + 104 Ma was obtained
(Johnson et al., 2006).

2.4.1.3 Fundudzi Formation

The overlying Fundudzi Formation is developed only in the eastern Soutpansberg and
wedges out towards the west. It is up to 1 900 m thick and consists mainly of arenaceous
and argillaceous sediments with a few thin pyroclastic horizons. Near the top of the
succession up to four, about 50 m thick layers of epidotised basaltic lava are intercalated
with the sediments (Brandl, 2002).

2.4.1.4 Nzhelele Formation

This is the uppermost unit which consists of 400 m thick volcanic assemblages (Musekwa
Member) at the base, followed by red argillaceous and then by arenaceous sediments.
The maximum preserved thickness is of the order of 1 000 m. The volcanic rock consists
of basaltic lava and several thin, though consistent horizons of pyroclastic rocks, one of

which is copper-bearing (Brandl, 2002).

2.4.1.5 Stayt and Mabiligwe Formations

There is a predominantly volcanic series of rocks, with accompanying sedimentary
succession. The series rests on the floor of rocks belonging to the Beit Bridge Complex
but its roof is not well-established (Johnson et al., 2006). The rocks are nearly horizontally
disposed and consist of basal conglomerate, followed by considerable thickness of lava.
The latter is followed by reddish, brown and purple shale, with pale-coloured quartzite, in
which pebble beds are intercalated at the top (Cheney et al., 1990). The thickness of the
Formation varies between 1700 and 1800 m, and it is regarded as correlative of Sibasa

Formation, on the strength of a radiometric age of 1769 + 34 Ma (Barton, 1979).
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Figure 2.2: Stratigraphy of the Soutpansberg Group in the western, central and eastern

Soutpansberg areas, as well as the Blouberg area (Barker et al., 2006).
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2.4.2 Structural Settings

The Soutpansberg strata shows a 30° dipping towards the north-northwest direction, with
pronounced extensional faults categorised as the dominant East-North-East to West
South West and the less-dominant North West to North West North (Figure 2.3) (Barker,
1979; Brandl, 1986, 2002). The dominant ENE trending fault was believed to be old and
started occurring as far back as the formation of Soutpansberg strata. The Soutpansberg
strata, though foliated, are not regionally strongly fractured but are often found locally
fractured (Brandl, 2002). There is a heavy presence of fault planes intruded diabase
dykes and shale-quartzite interface intruded sill (Brandl, 1986). Due to the nature of the
geological formation in the area of study, groundwater is stored and transmitted through
fractures and faults (Brandl, 1986).
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Figure 2.3: Distribution of the formations in the Soutpansberg Group as well as the
Blouberg Formation (Barker et al., 2006).

2.5 Physicochemical and geochemical characteristics of geothermal springs
2.5.1 pH

Geothermal springs that are characterised by low pH levels (acidic) are unlikely to be

utilised as this adversely affects the survival of living organisms around them. As a result
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of this, acidic springs are unlikely to be used for domestic, recreational and agricultural
purposes (New Mexico Environment Department, 2002).

Low pHs of the springs might be attributed to the dissolution of carbonic rocks from
weathering processes of the parent rocks, which the springs flow through (Zhou et al.,
2006). Metals tend to dissolve more in lower water pH and this could have health
implication when deleterious heavy metals like lead and cadmium are washed into the
spring via runoff (Zhou et al., 2006). Low values of alkalinity, which ought to have served
as a buffer to the spring against sudden changes in pH might also be responsible for
generally low pH, especially during acid precipitation. Currently, most resorts or spas
operate at thermal springs that are alkaline. The water suitable for swimming and bathing
normally ranges between 6.5 and 8.3 in terms of its pH level because water below this
level is likely to cause eye irritation (Hoole, 2001).

Some geothermal springs in the same geographic region show different water
characteristics. The various springs probably originate from different depths and thus
reflect variations in the geological structure within the area. The low water pH could lead

to corrosion (Nordberg et al., 1985).

2.5.2 Electrical Conductivity and Total Dissolved Solids

Electrical Conductivity (EC) is a measure of the capacity of water to conduct electrical
current and is directly related to the concentrations of salts dissolved in water, and
therefore the total dissolved solids (TDS). Salts dissolve into either positively charged or
negatively charged ions, which conduct electricity (Hayashi, 2008). The World Health
Organization (2003) describes TDS as “the inorganic salts and small amounts of organic
matter present in solution”. The principal constituents are usually calcium, magnesium,
sodium, potassium (cations) and carbonate, hydrogen carbonate, chloride, sulphate and
nitrate (anions). If the electrical conductivity of water is high this indicates a high
concentration of ions which then determines if the water is potable or not (Bruvold and
Ongerth, 1969).

The electrical conductivity of water depends on the water temperature: the higher the
temperature, the higher the electrical conductivity would be (Cassidy et al., 2001). The

electrical conductivity of water increases by 2-3% to an increase of 1 degree Celsius of
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water temperature (Press and Siever,1986). Electrical conductivity is an indicator of total
dissolved substances (TDS) and is based on the presence of ions (Hayashi, 2008). In a
geothermal spring, high temperature implies high electrical conductivity values, which are
indications of dissolved minerals in water (Olivier et al., 2011). Most South African thermal
springs have TDS concentrations in the region of 250-4000 mg/L and thus belong to
classes A and B, which can be classified as slightly, or highly mineralised waters as seen
in Table 2.2 below (Bond, 1946). A commonly used classification system for thermal
springs is that devised by Bond in 1946. He divided thermal spring waters into five

categories as shown in Table 2.2:

Table 2.2: Classification of thermal spring water in South Africa

Class Water Chemical Composition
A Highly mineralised chloride- *TDS > 1 000 mg/L; CI'> 270 g/Kg;
sulphate waters S04 2 50 g/kg
B Slightly saline chloride waters  TDS 300 — 500 mg/L; Cl> 270 g/Kg;
S0O.< 3 g/Kg
C Temporary hard carbonate TDS <800 mg/L; pH > 7.6
waters
D Alkaline sodium carbonate TDS < 1 000 mg/L; Na,COs or
water NaHCOs> 150 mg/L
No permanent hardness
E “Pure” waters TDS <150 mg/L; pH< 7.1
*TDS-total

dissolved solids
Source: Bond, 1946

2.5.3 Major cations

Sodium (Na)

Sodium is a cation in common salt found in groundwater, which can impart a salty taste
at concentrations of over 250 mg/L (Gray, 2008). It can contribute to hypertension and
high levels of sodium in drinking water should be noted by users on low sodium diets. A
slight taste may be apparent above 100 mg/L (Johnson and Scherer, 2009). The
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concentrations of sodium in Siloam, Tshipise, Sagole and Mphephu springs were
66.24,156.31, 65.15 and 44.37 mg/L, respectively (Olivier et al., 2010).

Potassium (K)

Potassium is a cation in common salt found in groundwater, which is essential in the
human diet. Excessive amounts in drinking water may have a laxative effect on humans.
Acceptable concentration in drinking water can range from 0 to 8 mg/L (Johnson and
Scherer, 2009). Previous study by Olivier et al. (2010), shows that the concentrations of
potassium in Siloam, Tshipise, Sagole and Mphephu springs were 2.82, 4.25, 1.01 and
1.14 mg/L, respectively.

Calcium (Ca) and magnesium (Mg)

Calcium is a naturally occurring metal essential for human diet and is common in
groundwater. Calcium concentration alone is not of major concern, but with magnesium,
they are the main contributors to the hardness of water (Gray, 2008). Maximum limits
have not been established for calcium. However, magnesium concentrations above 125
mg/L may cause diarrhea in some people (Johnson and Scherer, 2009). Previous work
on Siloam, Tshipise, Sagole and Mphephu springs show that the concentrations of
calcium are 1.40, 5.58, 1.31 and 13.73 mg/L and the concentrations of magnesium are
1.30, 0.17, 0.07 and 11.25 mg/L, respectively (Olivier et al., 2010).

2.5.4 Major anions

Chloride (CI")

Chloride is commonly found in groundwater. High concentrations of chloride ions can
cause water to have a salty taste, corrode hot water plumbing systems and have a
laxative effect on some people (Gray, 2008). A concentration below 200 mg/L has no
undesirable health effects because the World Health Organization (2003) and European
Union (1998) recommend 250 mg/L. The chloride concentrations at Siloam, Tshipise,
Sagole and Mphephu geothermal springs are 44.35, 168.97, 47.85 and 39.38 mg/L,
respectively, which are suitable for drinking without further treatment (Johnson & Scherer,
2009; Olivier et al., 2010).
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Fluoride (F)

Fluoride is a non-metal which occurs naturally in groundwater. It promotes dental health
at concentrations of between 0.7 and 1.5 mg/L (Gray, 2008). At concentrations above 1.5
mg/L, dental fluorosis (brownish staining of the teeth) may occur (SABS, 1999; WHO,
2000). Previous studies show fluoride concentrations at Siloam, Tshipise, Sagole and
Mphephu springs were 6.11, 5.63, 1.01 and 3.16 mg/L, respectively, which are above the
South African guidelines for drinking water (SANS, 2015) except for Sagole. Since the
concentrations do not fall within the recommended range for drinking water, geothermal
water at Siloam, Tshipise and Mphephu are not suitable for drinking with regards to this

mineral element.

Sulphate (SOa4 %)

Sulphate is a constituent of a common salt found in groundwater, which can impart a salty
taste. Drinking water with high quantities of sulphate can result in diarrhea (Gray, 2008).
With concentrations, less than or equal to 200 mg/L of sulphate, no adverse health effects
are anticipated (Johnson and Scherer, 2009). The concentrations of sulphate in Siloam,
Tshipise, Sagole and Mphephu springs were 9.26, 53.17, 18.20 and 9.26 mg/L,
respectively (Olivier et al., 2010), contributing to no adverse health effect.

Nitrate (NO3)

Nitrate is a very soluble anion and is dissolved by rainwater and percolates deeper into
the soil where it enters the groundwater by direct percolation. This makes nitrate the
commonest chemical contaminant of groundwater (Spalding and Exner, 1993). WHO
(2000) has set a standard of nitrate in drinking water at 10 mg/L; thus, Siloam, Tshipise,
Sagole and Mphephu springs water are within the standard, having 0.00, 0.61, 0.00 and
2.12 mg/L, respectively (Olivier et al., 2010). The inclusion in the primary regulations is to

protect against methemoglobinemia in infants under the age of 6 months (Gray, 2008).

2.5.5 Trace metals

Arsenic (As)
Arsenic (As) is a semi-metallic element that occurs in a wide variety of minerals, mainly
as As20s3, and can be recovered from processing of ores containing mostly copper, lead,

zing, silver and gold. Itis also present in the ashes from coal combustion. Arsenic exhibits
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fairly complex chemistry and can be present in several oxidation states (-1, O, Ill, V)
(Smith et al., 1995). A high concentration of arsenic in drinking water can cause cancer,
nausea, vomiting, diarrhea and decreased production of red and white blood cells, and
damage to blood vessels. The guideline value for drinking water is 0.01 mg/L (WHO,
2008; SABS, 1999). Olivier et al. (2010) shows that the concentrations of arsenic in
Siloam, Tshipise, Sagole and Mphephu springs water were 0.27, 0.14, 2.88 and 0.43
Mg/L, respectively. These are below compliance standards and hence there is no potential

to cause health problems, unless accumulation occurs over a long time.

Barium (Ba)

Barium is a metallic element belonging to the alkaline earths. It is present as a trace
element in both igneous and sedimentary rocks. Its guideline value in drinking water is
0.7 mg/L (WHO, 2008). There is no evidence that barium is carcinogenic (causing cancer)
or mutagenic (causing changes in genetic mutation). The greatest concern to humans is
its potential to cause hypertension (WHO, 2008). At Siloam, Tshipise, Sagole and
Mphephu springs, the concentrations of barium were 4.22, 13.63, 5.14 and 51.90 ug/L,
respectively (Olivier et al., 2010). Thus, it has no potential to cause hypertension, unless

accumulation takes place in a long time.

Beryllium (Be)

Beryllium is a metallic element which does not degrade nor, can it be degraded. It occurs
naturally in drinking water. Be is not likely to be found in natural water above trace levels
as a result of the insolubility of oxides and hydroxides at the normal pH range (WHO,
2009). The primary concern with beryllium exposure is the lung disease caused by
inhaling beryllium, and intestinal lesions. According to the United States Environmental
Protection Agency (EPA), MCL of beryllium is 4 pg/L (New Hampshire Department of
Environmental Services, 2007). Be was undetected in the study carried out by Olivier et
al. (2010).

Cadmium (Cd)

Cadmium is a rare natural element which is widely distributed in the earth’s crust in very
small amounts (Water UK, 2001). It is a soft, bluish-white metal. Its guideline value is
0.005 mg/L (EU, 1998) and 0.003 mg/L (WHO, 2008). When people breathe in cadmium,
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it can severely damage the lungs and may even cause death. Utilisation of cadmium by
animals via eating or drinking could sometimes lead to high blood-pressure, liver disease
and nerve or brain damage (Gray, 2008). A maximum acceptable concentration of 0.005
mg/L (5 pg/L) for cadmium in drinking water has been established on the basis of health
considerations (Jarup et al., 1998). Olivier et al. (2010) shows the concentrations of
cadmium at Siloam, Tshipise, Sagole and Mphephu are 0.00, 0.02, 0.01 and 0.00 ug/L,
respectively. Thus, cadmium concentrations in springs in the study area have no potential

to cause negative health problems, unless it accumulates over along period.

Chromium (Cr)

Chromium is a metal found in natural deposits as ores containing other elements.
Chromate and dichromate also adsorb on soil surfaces, especially iron and aluminium
oxides. Cr (lll) is the dominant form of chromium at low pH (<4). Cr3* forms solution
complexes with ammonia, hydroxide, chloride, fluoride, cyanide, sulphate and soluble
organic ligands. Cr (VI) is the most toxic form of chromium and is also more mobile. Cr
(111 mobility is decreased by adsorption to clays and oxide minerals below pH 5 and low
solubility above pH 5 due to the formation of Cr(OH)s(s) (Chrotowski et al., 1991).
Chromium mobility depends on sorption characteristics of the soil, including clay content,
iron oxide content and the amount of organic matter present. Chromium can be
transported by surface runoff to surface waters in its soluble or precipitated form. Soluble
and un-adsorbed chromium complexes can leach from soil into groundwater. The
leachability of Cr (VI) increases as soil pH increases and most chromium released into

natural waters is particle associated (Smith et al., 1995).

The guideline values for drinking water are 0.05 mg/L (WHO, 2008) and 0.1 mg/L (SABS,
1999). Chromium has the potential to cause the following health effects from long-term
exposure at levels above MCL set by EPA: damage to the liver, kidney, circulatory
system, nerve tissues and skin irritation. Olivier et al. (2010) found the concentrations of
chromium in Siloam, Tshipise, Sagole and Mphephu springs water as 0.97, 0.70, 0.49
and 1.20 pg/L, respectively. This means that the chromium concentrations in the springs
in the study area may not cause negative health effects unless they accumulate above

the recommended safe levels.
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Cobalt (Co)

Cobalt is an element that occurs naturally in the environment in air, water, soil, rocks,
plants and animals. Co is widely dispersed in the environment and humans may be
exposed to it by breathing air, drinking water and eating food that contain cobalt (George,
2003). Body contact with soil or water that contain cobalt may also enhance exposure.
Exposure to cobalt may cause weight loss, dermatitis, and respiratory hypersensitivity.
International Agency for Research on Cancer (IARC) has listed cobalt and cobalt
compounds within group 2B (agents which are possibly carcinogenic to humans).
Previous study by Olivier et al. (2010) shows that the concentrations of cobalt in Siloam,
Tshipise, Sagole and Mphephu springs water were 0.05, 0.01, 0.01 and 0.00 pg/L,
respectively. Surface water and groundwater concentrations of stable cobalt are low
ranging from 1 to 10 ug/l (WHO, 2006a). This means that the cobalt concentrations in the
springs have no potential to cause adverse health problems, unless it accumulates over

a long period.

Copper (Cu)

Copper is a reddish metal that occurs naturally in rocks, soil, water, sediment and air.
Copper and its compounds are widely distributed in nature, and this element is found
frequently in surface water and in some ground waters (Alloway and Ayres, 1997). Copper
is an essential and beneficial element in human metabolism and is generally considered
non-toxic except at high doses (WHO, 2008) and the guideline value is 1 mg/L (WHO,
2008). The acute lethal dose for adults lies between 4 and 400 mg of copper (lI) ion per
kg of body weight, based on data from accidental ingestion and suicide cases (Agarwal
et al., 1990). Individuals ingesting large doses of copper end up with gastrointestinal
bleeding, haematuria, intravascular haemolysis, methaemoglobinaemia, hepatocellular
toxicity, acute renal failure and oliguria (Agarwal et al., 1990). At lower doses, copper ions
can cause symptoms typical of food poisoning (headache, nausea, vomiting and
diarrhea). Olivier et al. (2010) shows the concentrations of copper for all the springs

studied as 0.00 ug/L, which implies no negative potential health effects.
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Lead (Pb)

Lead is a metal found in natural deposits as ores containing other elements. It is generally
used in household plumbing materials. Lead released to groundwater, surface water and
land is usually in the form of elemental lead, lead oxides and hydroxides, and lead metal
oxyanion complexes (Smith et al., 1995). Most lead that is released to the environment is
retained in the soil. The primary processes influencing the fate of lead in soil include
adsorption, ion exchange, precipitation, and complexation with absorbed organic matter.
These processes limit the amount of lead that can be transported into the surface water
or groundwater. The relatively volatile organo-lead compound tetra-methyl lead may form
in anaerobic sediments as a result of alkylation by microorganisms (Smith et al., 1995).
The amount of dissolved lead in surface water and groundwater depends on pH and the
concentration of dissolved salts and the types of mineral surfaces present. The U.S
Environmental Protection Agency (EPA) has set the MCL of water at 0 mg/L because it
believes the level of protection would not cause health problems (USEPA, 2009).
Exposure at levels above the MCL has the potential to cause strokes, kidney disease and
cancer. The South Africa drinking water guideline values are 0.02 mg/L (SABS, 1999)
and 0.01 mg/L (WHO, 2008). Olivier et al. (2010) shows the concentrations of lead in
Siloam, Tshipise, Sagole and Mphephu springs water as 0.05, 0.08, 0.12 and 0.16 ug/L,
respectively. This implies that Pb has no potential to cause negative health effects in the

springs studied, unless it accumulates over a long period.

Manganese (Mn)

Manganese is a naturally occurring metal, important in the human diet. Mn is reactive
when pure and as a powder, will burn in oxygen; it reacts with water (its rust like iron) and
dissolves in dilute acids (Lenntech, 1998-2009). According to Johnson and Scherer
(2009), a high concentration of manganese does not appear to cause a health hazard.
However, manganese concentration greater than 0.05 mg/L can cause brown and black
stains on laundry, plumbing fixtures and sinks. The guideline values for drinking water are
0.05 mg/L (Kempster et al., 1997) and 0.1 mg/L (SABS, 1999). Olivier et al. (2010)
showed the concentrations of manganese in Siloam, Tshipise, Sagole and Mphephu
springs water were 0.75, 0.00, 0.20 and 0.00 ug/L, respectively, which are low with no

negative effects unless they accumulate over a long time.
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Mercury (HQg)

Mercury is a liquid metal found in natural deposits as ores containing other elements
(APEC, 2010). Mercury is a toxic element, with particularly damaging effects on the brain
and central nervous system. It serves no beneficial physiological function in man. The
main toxicological effects of mercury include neurological damage, paralysis, blindness,
and chromosome breakage (Alloway and Ayres, 1997). Mercury concentrations above
the guideline value can cause kidney damage in humans and animals. The maximum
acceptable concentration of mercury is set at 1 ug/L (WHO, 2008) which was adopted by
the EC in the drinking water directive, while the USEPA MCL has been set at 2 ug/L.
Surface water and groundwater are generally well below this level. Olivier et al. (2010)
found mercury concentrations at Siloam, Tshipise, Sagole and Mphephu as 0.53, 0.33,
0.00 and 0.23 ug/L, respectively. These are below the acceptable standards and cannot

cause negative health effects unless they accumulate over a long period.

Molybdenum (Mo)

Molybdenum is a silvery white metal which can be attacked slowly by acids. It is a valuable
alloying agent, but toxicity does occur at >100 ng/kg of body weight resulting in diarrhoea,
anaemia and elevated uric acid in the blood (Gray, 2008). It is an essential element in
plant nutrition. Some plants can have up to 500 ppm of the metal when they grow in
alkaline soil and the recommended daily intake of the mineral is 75 pg as a food
supplement (Lenntech, 1998-2009). Doses larger than 200 pg may cause kidney
problems and copper deficiencies. WHO (2008) guideline value is 70 ug/L, while the
National Health and Medical Research Council (NHMRC) (2004) of Australia set the
guideline value at 0.05 mg/L. Molybdenum concentrations were 2.23, 1.41, 1.06 and 0.91
Mg/L at Siloam, Tshipise, Sagole and Mphephu, respectively (Olivier et al., 2010). These
values are below the standards with minimal or no negative health effects.

Nickel (Ni)

Nickel is a silvery white, hard, malleable and ductile metal. It occurs in very low levels in
the environment, especially in drinking water (<10%) (Gray, 2008). It is generally used as
an ingredient in the steel and other metal products. It may be found in slate, sandstone,

clay minerals and basalt. It is a dietary requirement for many organisms. Nickel
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concentrations in plants are 1 pg/g (Gray, 2008) and concentrations of nickel higher than
50 pg/g can be toxic (EU, 1998). The human body contains about 10 mg of nickel (Gray,
2008). The guideline value for drinking water is 0.02 mg/L (WHO, 2003) and 0.15 mg/L
(SABS, 1999). Olivier et al. (2010) shows that nickel concentrations in Siloam, Tshipise,
Sagole and Mphephu springs water are 0.00, 37.19, 0.00 and 0.00 pg/L, respectively.
The concentration of Ni in Tshipise is above the recommended WHO (2003) standard for
drinking water but less than the SABS (1999) standard. It may not be detrimental to

human health unless it accumulates over a long time.

Selenium (Se)

Selenium is a non-metallic chemical element found in natural deposits as ores containing
other elements (Smith et al., 1995). The major use of selenium is as an alloying additive
in the metallurgical industry to improve the properties of copper, lead and steel. The toxic
effects of long-term selenium exposure in humans are manifested in nails, hair and liver.
In drinking water, health-based guidelines values for drinking water are 0.01 mg/L (WHO,
2003) and 0.02 mg/L (SABS, 1999). The use of selenium’s antioxidant and curative
properties as a dietary supplement has shown a positive effect on the following health
problems: AIDS, arthritis, asthma, cancer, cardiovascular diseases, reproduction, thyroid
and viral infections (George, 2003). Olivier et al. (2010) show that selenium
concentrations in Siloam, Tshipise, Sagole and Mphephu springs water are 0.72, 2.35,
0.20 and 0.00 ug/L, respectively. These concentrataions are lower than the compliance
standards and hence no negative health impacts are envisaged except for long term

exposure to cumulative values.

Zinc (Zn)

Zinc is a trace element that is essential for human health and is one of the most mobile
heavy metals in surface waters and groundwater because it is present as soluble
compounds at neutral and acidic pH values (Gray, 2008). When people absorb too little
zinc they can experience loss of appetite, decreased sense of taste and smell, slow
wound healing and skin sores. Zinc shortages can even cause birth defects. Very high
levels of zinc can damage the pancreas and disturb the protein metabolism, and cause

arteriosclerosis (Smith et al.,, 1995). The maximum allowable concentration and the

34 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

permissible concentration of zinc in drinking water are 10 and 5 mg/L respectively,
according to international organisation for standardisation (ISO, 1986). Olivier et al.
(2010) shows that zinc concentrations at Siloam, Tshipise, Sagole and Mphephu are 3.46,
2.48, 205 and 1.95 pg/L, respectively, compared to the WHO standard of 3000 ug/L
(WHO, 2003). This implies that Zn has no potential to cause negative health effect in the
springs studied, unless it accumulates over a long period

2.6 Chemistry of geothermal springs

Temperature plays a major role in the chemical composition of geothermal spring waters
and the depth at which the water is emanating from (Hartnady and Jones, 2007). The
temperature of groundwater provides insight into the subsurface geological processes
that generate and transport heat (Witcher, 2002). The classification of springs may also
influence usage of the spring, but generally they are classified by surface temperature
(Subtavewung et al., 2005) as follows; < 20°C (cold spring), 20 — 29°C (hypothermal/tepid
spring), 30 — 50°C (thermal/hot spring), above 50°C (Scalding/hyperthermia spring).

Different chemical reactions occur within geothermal waters, which are mostly associated
with the interactions between water and rocks in deep aquifers. Within the waters, many
other reactions occur, and these typically involve anions and/or metal cations/trace
elements (Hodder, 2005). As the rainwater falls in the recharge area, it first passes down
through leaves, soil and other debris on the surface. The living animals in the debris and
soil give off carbon dioxide, which is dissolved in the water and forms a weak carbonic
acid (equations. 2.1 and 2.2).
H2O + CO2 2 HoCO3. oo 2.1
H* @ag)+ HCO3 (ag) = H2CO3 (@g) ++ovvenveriiniiiiiii i, 2.2
This acidic water then moves further down in the earth, through the different layers of
chert, including the thick layers of novaculite. The novaculite and chert include the
skeletons and spicules of Radiolarians and graptolites, which are made of calcium. This
calcium, along with the rock, exists in a form called calcium carbonate (CaCOz3). As the
water passes through the chert formations, it dissolves some of the calcium carbonate
(Olivier et al., 2010). The carbonic acid in the water reacts with the calcium carbonate to
form soluble calcium bicarbonate (equations 2.3 and 2.4).
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H2CO3 + CaCO3 = Ca(HCO3)2 «.vuvneieieiiiiiieeeeee e 2.3
H* aq) + HCO3™ (ag) + Ca?* (ag) + CO3% (ag) = Ca(HCO3)2@q) «-.vvv-e..... 2.4
In this process, the carbonic acid is partially neutralised, and the solution gradually
becomes more alkaline. Calcium bicarbonate only exists as a solution. As this solution
moves deeper into the earth, it heats up and dissolves some silica from the surrounding
rock layers (Tarcan and Gemici, 2003). The underground heat helps to make the calcium
bicarbonate solution (water) more buoyant, and the broad cracks and faults across the
face of the geothermal spring provide this solution an escape route to the surface. When
the solution Ca (HCO3)2 reaches the surface, the dissolved carbon dioxide (COz) quickly
escapes as shown in equations 2.5 and 2.6:
2Ca(HCO3)2 = 2CaC03+ 2H20 +2C02 ceviviiiiiiieeieeen, 2.5
2Ca(HCO3)2 aq) = 2Ca?* (ag) + 2C03% (ag) + 2H20 () + 2CO2(g) ....... 2.6
It is important to note that calcium carbonate is formed from the release of carbon dioxide,
not from the change in temperature from rising to the surface (Tarcan and Gemici, 2003).
Calcium carbonate is actually more soluble in cold water. The water remains in the aquifer
for a sufficiently long time (hundreds to thousands of years) and the reactions are
sufficiently slow for them to be used to calculate the temperature of the water. In effect,
the ratios of the concentrations of the liberated cations (Ca?*, Na*, K*) are temperature
dependent. The solubility of silica is also temperature dependent, but this equilibrium is
attained rather more rapidly than the dissolution of other silicate minerals (egns. 2.7 and
2.8) (Tarcan and Gemici, 2003; Hodder, 2005).

2H4Si04 (aq) = 4H20 + 2Si02......civiiiiiiiiiieeeee 2.7
Dissolved silica Quartz siliceous sinter
Si(OH)4 (ag) + 4 OH (aq) = 4H20 () + 2SI02(L) vvvevvnieiiiiieiiieiennn. 2.8

These reactions (eqns. 2.7 and 2.8) can be used as a geothermometer too. Any difference
in temperatures obtained from the two geo-thermometers is related to the sampling of the
water relative to the deep aquifer: waters that have moved away from the aquifer are likely
to have lower temperatures derived from silica concentrations than temperatures derived
from concentrations of Na*, K* and Ca?*. As the water rises to the surface it cools, and
silica and other minerals are precipitated. Hence, it helps "cap" the aquifer, and prolong

the geothermal system's existence. Water that does reach the surface through faults and
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fractures will cool further and produce the sinter mounds and terraces that are typical
around geysers and hot springs (Tarcan and Gemici, 2003; Hodder, 2005).

Hydrogen sulphide and other gases, including hydrogen chloride are dissolved in
geothermal water that originates from the magma. Thus, chloride ion in geothermal
waters can be at high concentrations. Both hydrogen sulphide ions (HS) and chloride
ions (CI) can form complexes with trace elements, as shown in eqn. 2.9 below:

M2+ (@ag) + nX (aq) = M (X)nZ"(AQ) vvvvrneeeeineiieee e 2.9
Where, X~ are anions such as CI-, SO4%, HCO3%, HS- among others; M - trace metals.

Some of these trace elements may have been expelled from the magmas as gaseous
sulfides and halides; others may have entered the geothermal water through their
reactions with aquifer rocks (Hodder, 2005).

2.6.1 Water geothermometers
Water geothermometer is used for prediction of subsurface temperatures in the
exploration of geothermal resources. Geothermometer provides valuable insight of the
nature of geothermal system, taking into account mineral — solute reactions at equilibrium
(Karingithi, 2009). Various methods have been developed by using, for example, Na-K
ratio, K-Mg ratio, Na-Li ratio, Na-K-Ca-Mg, CH4/C2Hs ratio, concentrations of SiO2, COz,
H2S, H2 and CH4 among others. Each of these methods has their limitations and
strengths. The water types (Na-Cl/ Na-HCOs3) play a significant role is the selection of the
appropriate method. Hence, Na-K geothermometer was used to predict the reservoir
temperature of the geothermal springs and hot boreholes. The following rules were used
to constrain the data and informs the decision of the specific geothermometer method
used (Fournier, 1979; Giggenbach, 1991; Karingithi, 2009):

+ Use for waters indicating reservoir temperatures >100

+ Use if the waters contain low Ca; i.e. the value of (log (Ca'2/Na) + 2.06) is negative

+ Use for near neutral/slightly alkaline pH.
The response of the Sodium/Potassium (Na/K) ratio, decreasing with increasing fluid
temperature, is based on temperature dependent cation exchange reaction between

albite and K feldspar (Orthoclase):
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NaAlSiOz30s + Kt = KAISIzOs+ Nat ..., 2.10
Albite Orthoclase

The equilibrium constant, K for equation 2.10 is:

K(eq) = [KAISi308][Na+]

= INBAISIOBOB][K 4] ~*" " s 2.11

If activities of the solid reactants are assumed to be in unity and the activity of dissolved

species is almost equal to their molar concentrations, the equation will be reduced to:

2.7 Health risk assessment of trace metals

Health impact assessment can be defined as the estimation of the effects of a specified
action on the health of a defined population (Scott-Samuel, 1998, 2005). According to
USEPA (2001, 2004), human health risk assessment is the process to estimate the nature
and probability of adverse health effects in humans who may be exposed to chemicals in
contaminated environmental media, now or in the future. The risk assessment process is
made up of four basic steps: hazard identification, exposure assessment, toxicity (dose-

response) assessment, and risk characterisation (Figure 2.4).

Hazard Identification involves determining whether exposure to a stressor can cause an
increase in the incidence of specific adverse health effects (cancer, birth defects) (Asare-
Donkor et al., 2016). It is also used to determine whether the adverse health effect is likely
to occur in humans. In the case of chemical stressors such as trace metals (TM), the
process examines the available scientific data for a given chemical (or group of
chemicals) and develops a weight of evidence to characterise the link between the
negative effects and the chemical agent. Exposure to a stressor may generate many
different adverse effects in a human such as diseases, formation of tumors, reproductive
defects, death, among others (USEPA, 1992a, 2002, 2008). One of the major
components is evaluating the weight of evidence regarding a chemical potential to cause

adverse human health effects.
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Figure 2.4: Four step risk assessment process (USEPA, 2001).

Dose-Response is the resulting biological response in an organ or organism expressed
as a function of a series of doses. It further describes how the likelihood and severity of
adverse health effects (the responses) are related to the amount and condition of
exposure to an agent (the dose provided). Generally, an increase in dose, increases the
measured response. Therefore, at low doses there may be no response and at some
level of dose the responses begin to occur in a small fraction of the study population or
at a low probability rate. Here are some of the factors that shape the dose-response
relationship; agent (e.g. trace metal), the kind of response (e.g. cancer) and the
experimental subject (human or animal) (USEPA, 1991, 2001; Asare-Donkor et al., 2016).

Exposure assessment is the process of measuring or estimating the magnitude,
frequency, and duration of human exposure to an agent in the environment or estimating
future exposures for an agent that has not yet been released (USEPA, 1992a). An
exposure assessment includes some discussion of the size, nature, and types of human
populations exposed to the agent, as well as discussion of the uncertainties in the above
information (USEPA, 1992a, 2001). Exposure can be measured directly, but more
commonly is estimated indirectly through consideration of measured concentrations in
the environment, consideration of models of chemical transport and fate in the

environment and estimates of human intake over time. Exposure assessment considers

39 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

both the exposure pathway (ingestion, dermal and inhalation) and the exposure route
(means of entry of the agent into the body) (USEPA, 1992a; Chrostowki, 1994).

Risk characterisation is the integration of the information on the hazard exposure and
dose-response to provide an estimate of the likelihood that any identified adverse effect
will occur in the exposed people (Chrostowki, 1994). It conveys the risk assessor's
judgment as to the nature and presence or absence of risks, along with information about
how the risk was assessed, where assumptions and uncertainties still exist, and where
policy choices will need to be made. Risk characterisation takes place in both human

health risk assessments and ecological risk assessments (USEPA, 1999).

2.8 Stable isotopes of Carbon, Hydrogen and Oxygen

2.8.1 Stable Carbon Isotopes

Carbon has two stable isotopes, which are 1°C and 13C. Their abundances are 98.9% and
1.1%, respectively, so that the 13C/*2C ratio is about 0.011 (IAEA, 2001). Most carbon in
basalts is in the form of CO2, which has limited solubility in basaltic liquids. As a result,
basaltic magma begins to exsolve CO:2 before they erupt. Thus, virtually every basaltic
magma, including those that erupted at mid-ocean ridges, has lost some carbon, and sub-
areal basaltic magma have lost virtually all carbon (Staddon, 2004). Figure 2.5 presents
a broad survey of natural abundances of various compounds consisting of, at the low-13C
end bacterial methane (marsh-gas), and at the high end the bicarbonate fraction of
groundwater under special conditions. In the carbonic acid system variations, up to 30%o
are normally observed (IAEA, 2001). Wider variations occur in systems in which carbon
oxidation or reduction reactions take place, such as the CO: (carbonate) - CH4 (methane)
or the COz2 - (CH20)x (carbohydrate) systems (IAEA, 2001).

Isotopes of carbon and their interactions make an important contribution, often together
with the water chemistry. In nature equilibrium carbon isotope effects, occur specifically
between the phases CO:2 - H20 - H2COs - CaCOs. The values for the fractions involved
only depend on temperature and are obtained from laboratory experiments. The kinetic
fractionation of specific interest occurs during carbon dioxide assimilation, i.e. the COz

uptake by plants. The relatively large fractionation (up to about —18%eo) is comparable to
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the effect observed during absorption of CO2 by an alkaline solution (White, 2015). By
international agreement, Pee Dee Belemnite (PDB) was used as the primary carbon

reference (standard) material.

O3CNBS20/PDB = =1.08%0 .. eueveneeee e 2.13
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Figure 2.5: General view of 13C/*2C variations in natural compounds (IAEA, 2001).

Based on this comparison, in 1983, an International Atomic Energy Agency (IAEA)
panel adopted this new standard to define the new VPDB (Vienna PDB) scale as:
OLBCNBSL19/ VPDB = +1.95%0 +veeeeeieieeeeteeee et e e e 2.14

Soil CO2 is important in establishing the dissolved inorganic carbon content of
groundwater. After dissolution of this CO:2 the infiltrating rainwater can dissolve the soll

limestone (Figure 2.6):

CO2+ H20 + CaCO3 2 Ca?* + 2ZHCO3 ...uvviiiineiiieiieeiieeieeeeeeeeeene 2.15
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Because limestone generally is of marine origin (8'3C = +1%o), this process results in 33C
of the dissolved bicarbonate of about —11 to —12%. (in temperate climates) (IAEA, 2001).
In soil, the HCOs' first formed exchanges with the often-present excess of gaseous COz,
ultimately resulting in 83C (HCO3z") = 83C (soil CO2) + 3¢big = =25%0 + 9%o = —16%o (White,
2015). Consequently, 8'3C (HCOs3’) values in the range of =11 to =12%. are observed in
soil water as well as in fresh surface water such as rivers and lakes (IAEA, 2001; Staddon,
2004). In surface water, such as lakes 13C enrichment of dissolved inorganic carbon (DIC)
can be caused by isotope exchange with atmospheric CO2 (330 = -7.5%0), ultimately
resulting in values of 313C + Bgpig = =7.5%0 + 9%o = +1.5%o, identical to oceanic values
(IAEA, 2001). Consequently, freshwater carbonate minerals may have “marine” &'3C
values. In these cases, the marine character of the carbonate is to be determined by 5'20.
In addition to HCOg3", natural waters contain variable concentrations of CO2 with the effect
that the 5'3C value of DIC is lower than that of the bicarbonate fraction alone: in
groundwater (Seki et al., 2010; White, 2015), and in streams and river waters derived
from groundwater (Figure 2.6), the 33C (DIC) values are generally in the range of =11 to
-16%o0 (White, 2015).

atmosph.CO,
= 7.5%0

exchange

precipitation

plants / humus l

LELES LELGEERERERELEEEEEREEERERES

— 25%o s0il H,0
humus CO, dissolved CO,
— 25%0 — 25+ 1%o groundwater
» HCO3
: . —12+ 1%o
marine CaCO, . soil CaCO,
+ 1% » 14 1%0
erosion / sedimentation l
(o
groundwater
DIC
=11 to =16%oa

Figure 2.6: Schematic representation of the formation of dissolved inorganic carbon in
groundwater from soil carbonate and soil CO2 (White, 2015).

42 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

Plant carbon has a lower *3C content than the atmospheric CO2 from which it was formed.
The fractionation which occurs during CO2 uptake and photosynthesis depends on the
type of plant and the climatic and ecological conditions. The dominant modes of
photosynthesis give rise to strongly differing degrees of fractionation (IAEA, 2001; White,
2015). The Hatch-Slack photosynthetic pathway (C4) results in 3*3C figures between —10
to —15%0 and is primarily represented by certain grains and desert grasses (sugar reed,
corn) (Scholl et al., 2002). Generally, in temperate climates, plants employ the Calvin
mechanism (C3), producing 5*3C values in the range of =26 + 3% (Scholl et al., 2002). A
third type of metabolism, Crassulacean Acid Metabolism (CAM) produces a large spread
of 313C values around —17%o. (Deines, 1980). The CO: content of the soil atmosphere can
be in orders of magnitudes larger than that of the free atmosphere. The additional CO: is
formed in the soil by the decay of plant remains and root respiration, and consequently
has &'3C values centring around -25%. in temperate climates where Calvin plants
dominate (Deines, 1980).

2.7.2 Stable Oxygen Isotopes

Oxygen has three stable isotopes, €0, 1O and *20, with abundances of 99.76, 0.035
and 0.2%, respectively (IAEA, 2001; Mook, 2006). The observation of 17O concentrations
provides little information on the hydrological cycle in the strict sense above, which can
be gained from the more abundant and, consequently, most accurately measurable 2O
variations. Therefore, the focus of attention here is on the 0/*¢Q ratio (= 0.0020). Values
of 8180 show natural variations within a range of almost 100%. (Mook, 2006). 180 is often
enriched in (saline) lakes subjected to a high degree of evaporation, while high-altitude
and cold climate precipitation, especially in the Antarctic, is low in 80O (Figure 2.7) (White,
2015). Generally, in the hydrological cycle in temperate climates, 5 does not exceed
30%o (Mook, 2006; White, 2015).

Originally *0O/'%0 of an arbitrary water sample was (indirectly, via a local laboratory
reference sample) compared to that of average seawater, the Standard Mean Ocean
Water (SMOW). This SMOW in reality never existed. Measurements on water samples

from all oceans by IAEA (2001) were averaged and referred to a truly existing reference
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sample, NBS1, that time available at the US National Bureau of Standards (NBS). In this
way the isotope water standard, SMOW, became indirectly defined by Craig (1961) as:

O BONBSL I SMOW = =7 400. - v e eeeee e e e e e e, 2.16

The IAEA Section of Isotope Hydrology, in Vienna, Austria and the US National Institute
of Standards and Technology (NIST, the former NBS) now have available for distribution
batches of well-preserved standard mean ocean water for use as a standard for 20 as
well as for 2H. This standard material, VSMOW, prepared by Craig (1961) to equal the
former SMOW as closely as possible both for 80 and &°H, had been decided by an
IAEA panel in 1976 to replace the original SMOW in fixing the zero point of the 580 scale.
All water samples are to be referred to this standard. From an extensive laboratory inter-
comparison, it became clear that the difference between the early SMOW and the present
VSMOW is very small (IAEA, 1977), probably:

O18OSMOW / VSMOW = F0.05%00. v v e e e et e e e e e e 2.17

At present two standard materials are available for reporting 380 values, one for water
samples, and one for carbonates. This situation arises from the practical fact that neither
the isotope measurements on water nor those on carbonates are performed on the
original material itself, but are made on gaseous CO:2 reacted with or derived from the
sample. The laboratory analysis of 120/160 in water is performed by equilibrating a water
sample with CO2 of known isotopic composition at 25°C, followed by mass spectrometric
analysis of this equilibrated CO2 (Mook and de Vries, 2001; White, 2015).

The transformation of atmospheric water vapour to precipitation depends on so many
climatological and local factors, thus the 80 variations in precipitation over the globe
are very large. Generally, the more negative 520, the further the rain is removed from
the main source of the vapour in equatorial regions. In the Arctic and Antarctic, 580 of

ice can be as low as —50%o.
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Figure 2.7: Variations of *80/¢QO in natural compounds (IAEA, 2001).

The following effects cause regional and temporal variations on 580 of precipitation
(IAEA, 2001; Mook, 2006):
a) Latitudinal effect, with lower 580 values at increasing latitude.
b) Continental effect, with more negative 30 values for precipitation the more
inland.
c) Altitude effect, with decreasing 80 in precipitation at higher altitude.
d) Seasonal effect (in regions with temperate climate), with more negative 320

values during winter.
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e) Amount effect, with more negative 580 values in rain during heavy storms.

2.7.3 Stable hydrogen isotopes

Hydrogen consists of two stable isotopes, *H and ?H (D or Deuterium), with an abundance
of about 99.985 and 0.015% and an isotope ratio 2H/*H = 0.00015 (IAEA, 2001; Mook,
2006). Hydrogen, which is primarily present as water, but also as Hz, H2S and CHa4, can
be lost from magmas during degassing (Mook and de Vries, 2001; Mook, 2006). However,
basaltic larva which erupts beneath a kilometer or more of ocean retain most of their
dissolved water. Thus, mid-ocean ridge basalts and basaltic larva which erupt on
seamounts are important sources of information of the abundance and isotopic
composition of hydrogen in the mantle (Mook and de Vries, 2001; White, 2015). This
isotope ratio has a natural variation of about 250%., higher than the 3*3C and &80
variations, because of the relatively large mass differences between the isotopes. As with
180, high °H, concentrations are observed in strongly evaporated surface waters, while
low ?H contents are found in polar ice (Figure 2.8) (IAEA, 2001).
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Figure 2.8: Variations of 2H/*H in natural compounds (IAEA, 2001).
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VSMOW is the standard for 2H/*H as it is for 180/'%0 ratios. The IAEA (2001) reported
values for the absolute ?H/*H ratio of VSMOW and standard light Antarctic precipitation
(SLAP) are reported to be (155.76 + 0.07) x 10~ % and (89.02 + 0.05) x 10~6; (155.75 +
0.08) x 106 and (89.12 + 0.07) x 10-6; and (155.60 + 0.12) x 10~6 and (88.88 + 0.18) x
10, respectively (White, 2015). The average 5°H value of the secondary standard SLAP
on the VSMOW scale consequently is —428.2 + 0.1%.. Based on these data the 3?H value

has been defined as:
OZHSLAP 1 VSMOW = =428.0%00 « . nve e e e e 2.17

No significant difference in 8°H has been detected between the original SMOW standard
and VSMOW (IAEA, 2001). Henceforth, all 3%H values will be reported relative to
VSMOW. The relationship found between the °H and &0 values of precipitation from

various parts of the world is given in equation 2.17 (Craig, 1961; Dansgaard, 1964).
OZH = 8 0180 + 10%0 «..eveneeeenete e e e 2.18

This relation, shown in Figure 2.9, has become known as the Global Meteoric Water Line
(GMWL) and is characterised by a slope of 8 and a certain intercept with the ?H axis
(referring to the 3?H value at 5'80 = 0%o). The general equation of the meteoric water line
(MWL) is:

O%H = S X O 80 F A oot 2.19

Where the slope (s = 8), as explained by the ratio between the equilibrium isotope
fractions of hydrogen and oxygen for the rain condensation process, d is referred to as
the deuterium excess (d-excess), the intercept of the line with the 8°H axis. In several
regions of the world, as well as during certain periods of the year and even certain storms,
the 3°H value is different from 10%., depending on the humidity and temperature
conditions in the evaporation region (IAEA, 2001; Mook and de Vries, 2001). The isotopic
composition of water vapour over sea water with 8°H = 380 = 0%, vs VSMOW s
somewhat lighter than would follow from isotopic equilibrium with the water: the
evaporation is a non-equilibrium (partly kinetic) process. However, from the observed
vapour composition onward the vapour and precipitation remain in isotopic equilibrium,

because the formation of precipitation is likely to occur from saturated vapour (i.e. vapour

47 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

o
- A
University of Venda

in physical equilibrium with water). Consequently, the 880 and &°H values both move
along the meteoric water line (IAEA, 2001; Mook and de Vries, 2001).
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Figure 2.9: Relation between 5'80 and &2H for evaporating surface water (IAEA, 2001).

2.8 Radioactive isotopes of Carbon and Hydrogen

2.8.1 Radioactive carbon isotope

The natural occurrence of the radioactive carbon isotope, *C or radiocarbon, was first
recognised by (IAEA, 2001). It is naturally formed in the transitional region between the
stratosphere and troposphere about 12 km above the earth’s surface through the nuclear

reaction:
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BN +N o MO+ P o 2.20
Where N - atmospheric nitrogen, n — thermal neutron, p — proton.

The thermal neutrons required are produced by reactions between very high-energy
primary cosmic ray protons and molecules of the atmosphere. The 4C thus formed very
soon oxidises to 4CO, and ultimately to *CO2 which mixes with the inactive atmospheric
CO:2 (Figure 2.10) (White, 2015). Through exchanges with oceanic dissolved carbon
(primarily bicarbonate), most *CO2 molecules enter the oceans and living marine
organisms. Some are also assimilated by land plants, so that all living organisms,
vegetables as well as animals, contain *C in concentrations about equal to those of

atmospheric CO2. *C decays according to:
TAC o AN 4 B e 2.21

With a maximum 3-energy of 156 keV and a half-life of 5730 + 40 years (Godwin, 1962).
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Figure 2.10: Origin and distribution of 4C in nature (White, 2015).
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The production and distribution of 14C in nature occur through a series of chemical and
biological processes which have become stationary throughout much of geologic time.
Therefore, the concentration of 14C in the atmosphere, oceans and biosphere reached a
steady-state value which has been almost constant during a geological period which is
long, compared to the life span of a 1*C nucleus (Staddon, 2004; Ehleringer et al., 2005).
This natural concentration, *C/C, is of the order of 10-12, which is equivalent to a specific

activity of about 0.25 Bg/gC (disintegrations per second per gram of carbon).

Through the processes of erosion and re-sedimentation, fossil carbonate is generally part
of terrestrial soils. Here it may be dissolved by the action of soil-CO2, which is contained
by the infiltrating rain water. In this way, the dissolved inorganic carbon in groundwater
also contains 4C (IAEA, 2001). The longer the carbonate in groundwater, thus without
14C (**a = 0%) — generally, but not always — the bicarbonate resulting from the reaction
(egn. 2.14) will have a **C content that is one half that of the CO2 (**a = 50%).

Isotopic exchange with soil CO2 or atmospheric CO2 leads to higher *C concentrations
of the inorganic carbon fraction of recent groundwater, in combination with respectively
decreased or increased '25. This increases the level of *C in atmospheric CO2 since
1963, and can lead to *C contents in soil organic matter and soil CO2, which even the
natural atmospheric value (IAEA, 1977; Staddon, 2004).

2.8.2 Radioactive hydrogen isotope
The radioactive isotope of hydrogen, 3H (tritium or T), originates from a nuclear reaction

between atmospheric nitrogen and thermal neutrons (IAEA, 2001):
BN+Nn>2CH+3H e 2.22

The 3H thus formed enters the hydrologic cycle after oxidation to *H3HO (Figure 2.11).
According to a recent re-evaluation (IAEA, 2001), a preferable value is 4500 + 8 days

(approximately 12.32 years).

Owing to the nuclear reaction in eqn. 2.20 has a lower probability than the reaction in egn.
2.22, the residence time of 3H in the atmosphere is much smaller than that of 14C, and the
natural 3H concentration in the air is much smaller than that of 14C. Therefore, natural H

abundances are either presented as specific activities in Bqg per litre of water or in Tritium
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Units (TU), the latter is equivalent to a concentration of 3H/'H = 10718 (1 TU = 3.19 pCi/L =
0.118 Bg/L) (White, 2015).
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Figure 2.11: Origin and distribution of 3H in nature (White, 2015).

Under undisturbed natural conditions the 3H concentration in precipitation is probably
about 5 TU, which is equivalent to a specific activity of about 0.6 Bg/L. A large part of the
3H (as well as **C) produced by the nuclear explosions is injected into the stratosphere
and returns to the troposphere each year during spring and early summer (Mook, 2006).
This causes seasonal variation in both *H and '*C, more pronounced in the former,
because the residence time of H20 to which 3H is coupled with the atmosphere is very
small (in the order of weeks). The probability of contamination of young groundwater by
bomb 3H prevents the water to be simply dated by measuring the degree of *H decay.
Nevertheless, H data can often be used to determine dates ante quem or post quem
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(Mook, 2006). For instance, water with 3H < 5 TU must have a mean residence time of
more than 40 years; water having *H > 20 TU must date from after 1961 (IAEA, 1977).

2.9 Groundwater Dating

Dating groundwater determines the age of groundwater; that is, the time elapsed since
the water became groundwater, in other words, from the time it infiltrates the soil as
precipitation or any other type of surface water (rivers, lakes) (Mook, 2006). Numerous
methods exist for age dating groundwater, including chlorine-36 (3¢Cl), krypton-85 (8°Kr),
carbon-14 (**C), chlorofluorocarbon (CFC), tritium (3H) among others (Fontes, 1992). For
this study, carbon-14 (**C) and tritium (3H) are the proposed methods and therefore
discussed below. Although, the main challenge is the unknown isotopic values at the
initial time of infiltration for *H and “C, the combination of **C and 3H in groundwater will
simply measure the age of groundwater, i.e. the period of time elapsed since the
infiltration of the water. Hence, *C and 3H together certainly offer the possibility to set
limits to absolute ages rather than the apparent ages, especially in combination with

hydrogeological and hydrochemical evidence.

2.9.1 Radiocarbon (**C)

Radiocarbon dating of groundwater gives indication to when the water was taken out of
contact with the atmosphere; that is, when it went underground. However, there are
uncertainties regarding the calculation of the percentage of carbonate species that
originated from living plants in the aquifer outcrop and the atmosphere, as opposed to
that added by ancient carbonaceous deposits in the aquifer matrix (Mook, 2006; Moran,
2007). For this reason, radiocarbon dating of groundwater is most useful when repeated
sampling occurs. In this case, obtaining absolute ages with their attendant uncertainties
are not the primary numbers used in site interpretations (Fontes, 1992). The uncorrected
apparent ages are the primary numbers; they are used to compare with other apparent
ages in the study. This largely obviates the correction uncertainty. In all cases, the most
useful data comes from these comparisons and not from absolute ages. Hence, the
uncorrected apparent ages can be interpreted as maximum ages; that is, the real age of
the groundwater is equal to or less than the apparent age. By extracting the carbonates

of the water for radiocarbon dating, the measurements can provide information on the

52 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

recharge of underground deposits as well as flow directions and rates. This is valid for
samples from 10 years old to 40,000 years old (Mook, 2006).

The basic radiocarbon age determination, calculation is as follows:

t =- 8035 In (3*Cfinal / DM Cinitial) «vvvvvvevrereriererernarnannn. 2.23
Where, t = the radiocarbon age of the sample; 8035 = the decay constant of radiocarbon,
i.e., the half-life divided by In 2. A half-life of 5568 years for carbon 14 is used, as per
international convention; In = the natural logarithm; &%“Cina = the measured net
radiocarbon content of the sample; 8'“Cinitial = the net radiocarbon content of the modern

standard.

The results of radiocarbon dating of ground water are presented as three items:

+ The “apparent age” gives the simple measurement age of the groundwater, from
the above formula, before the carbon dilution correction would be applied. The
apparent age is used as the reference value in sequential sampling studies
because the carbon dilution correction is in only one direction, making the age
younger, the apparent or reference age should be taken as a maximum age of the
groundwater sample.

+ The carbon-13 value is used for the estimation of the carbon dilution factor, leading
to a corrected age or “best estimate age.”

+ The “best estimate age” is the age obtained after the carbon dilution correction. It
should not be used for further calculations or quantitative interpretations since the
veracity of the carbon dilution correction cannot be verified. The best estimate age
is only intended to present easily visualised results. The apparent age is the best
reference and is used for all comparative studies (Mook, 2006; Moran, 2007).

2.9.2 Tritium (3H)

Tritium concentrations are measured in tritium units (TU) where 1 TU is defined as the
presence of one tritium in 10'® atoms of hydrogen (H) (Mook, 2006). In the earth, small
amounts of natural tritium are produced by alpha decay of lithium-7 (Mook, 2006). Natural
atmospheric tritium is also generated by secondary neutron cosmic ray bombardment of
nitrogen, which then decays to carbon-12 and tritium (eqn. 21). Tritium atoms then

combine with oxygen, forming water that subsequently falls as precipitation. Prior to
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atmospheric nuclear bomb testing in the 1950s, tritium natural average concentrations
ranged from approximately 2 to 8 TU. Approximately 1.13 x 10° TU were added in the
northern hemisphere from atmospheric nuclear bomb testing with the largest tritium
concentrations peaking in 1963 (Mook and de Vries, 2001). Since the cessation of
atmospheric nuclear tests, tritium concentrations have dropped to between 12 and 15 TU,
although small contributions from nuclear power plants occur (Mook, 2006). This is
because most tritium is disseminated in the environment as water, it enters the hydrologic
cycle as precipitation and eventually becomes concentrated at levels detectable in

groundwater (Moran, 2007).

Groundwater tritium concentrations reflect atmospheric tritium levels when the water was
last in contact with the atmosphere, tritium can be used to date groundwater recharge.
Given that TU values vary both spatially and temporally, it is important to establish the
closest precipitation measurement point to provide a reference to estimate groundwater
recharge and travel times (Mook, 2006). Groundwater age estimation using tritium only
provides semi-quantitative, “ball park” values:

+ <0.8 TU indicates sub modern water (prior to 1950s)

+ 0.8 to 4 TU indicates a mix of sub modern and modern water

+ 5to 15 TU indicates modern water (<5 to 10 years)

+ 15 to 30 TU indicates some bomb tritium (Clark and Fritz, 1997)

In the period of three half-lives (1963 to 2000), tritium concentrations have been reduced
by a factor of 8 (Mook, 2006; Moran, 2007). With no further atmospheric nuclear weapons
testing, tritium will continue to drop to near natural background levels. Therefore, usage
of tritium for the age dating groundwater recharge will soon be obsolete (Moran, 2007).
Several studies such as IAEA, 2011; Abiye, 2013; Labasque et al., 2014; Visser et al.,
2014, 2016 and Duvert et al., 2016 still find the relevance/usefulness in the use of titium
particularly for deep groundwater despite its limitation. It is however advisable to use

tritium together with any other dating method for better result.

2.9.3 Tritium-Helium-3 (®He) Method
Tritium decays to *He by beta particle emission and knowing this decay rate allows for a

more accurate shallow groundwater recharge age. T/°He ratios are useful for
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groundwater ages ranging from several months to about 30 years (but no further out than
about 50 years) (Mook, 2006). T/3He ratios have an accuracy of one to three years (Clark
and Fritz, 1997). Groundwater ages can be estimated using the following equation:
Groundwater Age (in years) = —17.8In (1+ 3Hewuit/>H) ......ccovvviviineennn.n. 2.24
Where:
+ SHewit = component of 3He from the decay of tritium corrected for other 3He sources
such as the Earth’s atmosphere, small contributions from spontaneous fission of
lithium-6, and from uranium and thorium decay.

4 3H = tritium concentration in TU.

3He is also present within the mantle, in the ratio of 200 to 300 parts of 3He to a million
parts of “He, ratios of 3He/*He more than atmospheric concentrations are indicative of a
contribution of *He from the mantle (Moran, 2007). This commonly occurs in geothermal
areas and crystalline crustal sources dominated by “He, which is produced by the decay
of radioactive elements in the crust and mantle (Mook, 2006). Therefore, in terrains other
than alluvial terrain, terrigenic-produced helium may give anomalous results (Moran,
2007).

2.10 Reviews on applications of isotopic compositions in ecosystem

Craig (1963) presented evidence from many geothermal areas that show that thermal
waters undergo a progressive 0O-enrichment with respect to the GMWL, as a result of
water-rock oxygen exchange, and that 8D value remain relatively constant throughout
this process. Qin et al. (2005) showed that the stable isotopic compositions of the Xi'an
geothermal waters are of meteoric origin. Comparison of the 5°H values of geothermal

waters with those of cold groundwaters shows that:

+ Deuterium is about 10-20%. more depleted in geothermal waters than cold ground
water, showing distinct differences in the recharge area. The geothermal waters
are recharged from a higher elevation in the Qinling Mountains; and

+ Both the geothermal and shallow waters show an oxygen shift with similar 8°H
values, suggesting a common source and area of recharge, but also that the
waters have travelled for different distances (Qin et al., 2005).
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A significant oxygen isotope shift, as compared to cold groundwater, could be a result of
several processes, including oxygen-18 exchange between water and calcite or silicate
minerals, or cooling of much deeper geothermal waters that have already undergone
strong 0 exchange at higher temperatures (Qin et al., 2005). This may reflect the
hydraulic isolation between the shallow and deep geothermal aquifers caused by the
presence of aquitards (Tao, 1995). Water in deeper aquifers probably have longer
residence times, higher temperatures and lower flow rates than shallow groundwaters. In
addition, the stable isotope values for geothermal waters are different from those of the
karstic groundwaters, indicating that the geothermal system is not recharged by water
from the surrounding mountain (Qin et al., 2005). Giggenbach (1992) showed a positive
shift in both 80 and 3D with respect to the local meteoric composition in several thermal

areas, ascribed to mixing of local meteoric and andesitic (magmatic) waters.

Abiye et al. (2011) outlined that environmental isotopes of oxygen and hydrogen such as
00, d%H and 3H have been widely used to gain some insight into the subsurface flow
and recharge condition in the complex hydrogeological setting of the Johannesburg area.
Their study’s objective was to spatially characterise the impact of mining operation on
groundwater quality which targeted to follow its hydrogeochemical footprint in different
aquifer systems in the Johannesburg-Pretoria area. They concluded that environmental
isotope signals for the acid mine decant showed an average value of -5.6%. for 580, -
22.0%o for 8°H, and 1.8 T.U. for 2H, which implies that the water is discharged from deep
circulating groundwater from wider hydrogeological basin or mixing of different water

recharged at different times/seasons.

Another study in the Lake Nyos catchment Northwest Cameroon was carried out
(Kamtchueng et al., 2015). This research was aimed at using multi-environmental tracers
(isotopes of oxygen and deuterium, tritium, sulphur fluoride (SF), and chlorine (Cl)) to
determine the origin, apparent age and recharge mechanism of shallow groundwater in
the Lake Nyos catchment. The equilibration method for oxygen-18 and the chromium
reduction method for hydrogen was used to analyse isotope ratios for the samples.

A comprehensive study by Pang et al. (2006) on the isotopic composition (?H, 180, 3C

and 3H) of geothermal water and local groundwater in East Asia and Pacific region such
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as China, India, Indonesia, Korea, Malaysia, Pakistan, Philippines and Thailand showed
the following different types of geothermal water:

+ Mixing of meteoric and Andesitic magmatic waters;
+ Mixing of meteoric with sea water;
+ Meteoric water heated by deep circulation;

+ Mixing of a hotter and a colder component of meteoric water during Accent.

The differences in isotopic compositions of geothermal water and local groundwater show
that although waters are of meteoric origin, the recharge area of the geothermal water
can be different from that of the local groundwater (Pang et al., 2006). In case of Mae
Hong Son area in Thailand, the recharge area of the geothermal water is estimated to be
200 m higher than that of the local groundwater. Hence, this implies that there are different

recharge sources and circulation pathways.

Fry (2006) showed that the assessment of isotopic compositions in the biosphere allows
characterisation and quantification of the bio-geochemical cycles and exploration of the
food webs. Isotopic compositions of animals and plants are, however, also affected by
the isotopic compositions of the nutrients and organic compounds forming the base of
their food web (Gustafson et al., 2007). Isotopic signatures reflect the extent and source
of the nutrient contributions, pathways, marine or freshwater origins or through different
sources of nutrient pollution (Gustafson et al., 2007). Consequently, isotopic compositions
of biological communities can vary with space and time. Most recently, the use of stable
hydrogen isotope analyses (6D) to link organisms to broad geographic origin in North
America was based on large scale isotopic contours of growing-season average oD value
in precipitation. This was extremely useful in tracking the migration and movement of a

wide number of animals from insects to birds and mammals (Hobson, 1999).

The stable isotope composition of marine food webs tends to be more enriched with
several elements compared with terrestrial Cs or freshwater biomes. Deuterium and 80
are other stable isotopes that are typically more enriched in marine versus terrestrial
systems (Schaffner and Swart 1991; Hobson, 1999) but their use in tracing sources of
animal nutrition has been relatively limited due to analytical considerations. In terrestrial

systems, the most important isotopic differentiation used to trace animal diets and origins
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is that related to stable carbon isotopic fractionation associated with plant photosynthetic
pathways responsible for distinct isotopic differences between Cs and Ca, or
Crassulacean acid metabolism (CAM) plants (Hobson, 1999). Within both terrestrial and
marine biomes, the occurrence of point source pollutants or other anthropogenic sources
of elements in food webs with distinct isotopic signatures offers another potential means
of tracing feeding origin of organisms (Macko and Ostrom, 1994).

Studies by Merwe van der et al. (1990) and Vogel et al. (1990) aimed to develop a
technique to fingerprint the source of ivory based on the expected differences among
populations in their relative dependence on Ca grasses, their use of arid regions, and their
occurrence in areas of differing surficial geology. In contrast to grazers of C4 grasses,
woodland elephants consume primarily Csz plants and have more negative d3C
signatures. Those elephants feeding in dense tropical forests where plant-respired CO2
can be recycled back into plants under the canopy (Merwe van der and Medina, 1989)

showed even more negative d*3C values (Merwe van der et al., 1990).
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CHAPTER THREE

METHODOLOGY
3.1 Preamble

This chapter presents the methods used in this research. It covers methods used during
field sampling, sample preparation techniques, analytical methods, and methods used for
data analysis and interpretation. This is a quantitative study which shows the relationship
between the isotopic compositions of geothermal spring water, soil and vegetation. The
study also investigates the trace metals availability in geothermal water, soil and
vegetation and their potential health risks on the community members. The rainwater was
sampled for a period of 12 months, which was used to generate the local meteoric line of
the area. Data were collected in standard procedures and measured numerically for

appropriate statistical analyses and interpretation.

3.2 Sampling

Sampling was carried out for a period of 12 months to accommodate two major seasons
in the study areas. It was done once a month (thrice per season), specifically winter (dry)
and summer (wet) seasons, to establish the seasonal effect on the parameters (Yahaya
et al., 2009). The geothermal spring water, rainwater, boreholes, surrounding soils and
vegetation were sampled following the standard procedures and ensuring appropriate
guality control. The geothermal spring waters were sampled for both physical and
geochemical analyses which also included isotopic analyses. The rainwater samples
were collected on a monthly basis for one hydrological year. At Siloam, the geothermal
spring was sampled for a season because it dried up even till to date. In addition, four
boreholes were sampled at Siloam (two of which were hot boreholes and others were
tepid boreholes). Also, community tapwater was sampled from Siloam and Tshipise,
which serves as control. The surrounding soil was sampled at depths of 10 cm, 30 cm
and 50 cm for isotopic and trace metals analyses except for Siloam and Mphephu, where
two points (10 and 30 cm) were used due to the rocky soil. Three surrounding plants were
sampled at the study sites which included: Amarula tree (Sclerocarya birrea), Guava tree
(Psidium guajava) and Mango tree (Mangifera indica) at Siloam; Acacia tree (Acacia
robusta), Fig tree (Ficus sycomorus) and Amarula tree (Sclerocarya birrea) at Mphephu;
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Amarula tree (Sclerocarya birrea), Lowveld mangosteen (Garcinia livingstonei) and
Leadwood tree (Combretum imberbe) at Sagole; Sausage tree (Kigelia Africana),
Amarula tree (Sclerocarya birrea) and Acacia tree (Acacia robusta) at Tshipise (Figure

3.1). Amarula is available in all the four study sites within the Soutpansberg region.

Siloam Mphephu

P. guajava F. sycomorus
M. indica

S. birrea

Tshipise

K. africana

Figure 3.1: Selected indigenous plants within Soutpansberg region.

From each tree, three different parts were sampled: inner core (C), barks (B) and leaves
(L). The root part of these plants was not sampled because permission was not given by
the authority, hence, core (inner part) was sampled after getting the permission. Table
3.1 shows the number of samples collected for the study. Quality assurance/quality
control (QA/QC) of field samples is incorporated into geothermal spring water, soil and
vegetation sampling investigations to enhance sample integrity, increase the confidence
of analytical data, and to prevent reporting values caused by contamination. Field blanks
and splits were ensured for water samples, as well as rinse blanks and splits for soil

samples and extract splits for the plant samples.
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Table 3.1: Summary of samples and geographic coordinates of the sites

Study sites Coordinates Latitude (m) Type of samples No of samples per
trip season Total sample

Siloam 22° 52’ 58.80" S 835 Geothermal water 3 06 06

30°10°' 59.99"E Surface soil (3 points) 3 06 06

Sclerocarya birrea (C, B, L) 1 03 03

Psidium guajava (C, B, L) 1 03 03

Mangifera indica (C, B, L) 1 03 03

Mphephu  22° 54’ 26.28" S 890 Geothermal water 3 06 12

30° 10’ 35.58" E Surface soil 3 06 12

Acacia robusta (C, B, L) 3 06 12

Ficus sycomorus (C, B, L) 3 06 12

Sclerocarya birrea (C, B, L) 3 06 12

Sagole 22°,31'49.44" S 450 Geothermal water 3 06 12

30°,39'07.13" E Surface soil 3 06 12

Sclerocarya birrea (C, B, L) 3 06 12

Garcinia livingstonei (C, B, L) 3 06 12

Combretum imberbe (C, B, L) 3 06 12

Tshipise 22° 36’ 31.32" S 520 Geothermal water 3 06 12

30° 10’ 20.71" E Surface soil 3 06 12

Kigelia Africana (C, B, L) 3 06 12

Sclerocarya birrea (C, B, L) 3 06 12

Acacia robusta (C, B, L) 3 06 12

UNIVEN 22° 58 40.12" S Rainwater 1 12 12
30°27° 04.25" E

Total 123 213

samples

Note C- core (inner part of the tree), B- bark and L- leaves

3.2.1. Water sampling
Geothermal spring water samples were collected from Mphephu, Sagole, Siloam and
Tshipise springs, respectively, according to Mook and de Vries (2001). Water samples

for stable isotope analysis were collected in glass bottles with poly-seal caps (caps with
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conical plastic insert). In order to minimise the level evaporation and ion exchange as well
as altering the sample’s isotopic composition, oil was added to the samples. The glass

bottles were rinsed properly with the spring water to avoid cross contamination.

Geothermal spring water samples for chemical analysis were obtained through random
sampling, which involved taking water from every part of the spring with a plastic cup
(Figure 3.2) (Harvey, 2000). The water samples were collected in 2 L plastic containers
before transporting them to the laboratory for sample pre-treatment. The geothermal
water samples were allowed to cool before pre-treatment and preservation in the

laboratory.

The water sample codes are SGW and SGS; TSW and TSS; MPW and MPS in winter
and summer for Sagole, Tshipise and Mphephu geothermal springs, respectively.
Whereas at Siloam village, there is SAW — geothermal springs, SH1 and SH2 for thermal
boreholes, BH1 and BH2 for tepid boreholes and SCC — community treated tap water.

Also, TTP represents treated water from municipality at Tshipise.

Figure 3.2: Sampling the geothermal springs at Mphephu (A) and Sagole (B).

Rainwater samples were collected from May 2016 to April 2017 at the University of
Venda, Thohoyandou (event based) (Table 3.2). MEO1 to MEO4 and ME12 were collected
from May to August 2016 and April 2017 (winter/dry) while MEO5 to ME11 were collected
from September 2016 to March 2017 (summer/wet). The samples were collected by
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attaching a funnel to a high-density polyethylene bottle and kept in an open place for
direct collection of rainwater and immediately after the rain the bottle was unscrewed from

the funnel and sealed with a plastic cone cap (Muhammad and Sadiq, 2014).

Table 3.2: Rainwater sample code and month collected

Sample Code Month collected Date Year
MEO1 May 26, 27 2016
MEO2 June 22,23 2016
MEOQO3 July 07,10 2016
MEO4 August 16,17, 27 2016
MEOS5 September 10, 11 2016
MEO6 October 22,24 2016
MEO7 November 13,14 2016
MEO8 December 05, 14 2016
MEQO9 January 28 2017
ME10 February 17 2017
ME11 March 03 2017
ME12 April 06, 07 2017

3.2.2 Soil sampling
Soil samples for chemical analysis were taken from the topsoil of depth 0-15 cm with an
auger (Figure 3.3) and were put in a polypropylene sampling bag (Pleysier, 1995). All soil

samples were then transported to the laboratory before sample pre-treatment.

Soil samples for isotopic analyses were collected from different depths simultaneously
(10, 30 and 50 cm below the soil surface), by inserting a soil corer horizontally after
digging open face soll pit to avoid any potential evaporation occurring where the soil was
exposed. The soils were rapidly sealed in the glass vails (Martin-Gomez et al., 2015) and

the samples were placed on dry ice in the field before transporting them to the laboratory.
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The soil sample codes are TSS, SGS, MPS and SMS for Tshipise, Sagole, Mphephu and
Siloam, respectively. Although, seasonal variations of the composition were observed;

‘W’ stands for winter and ‘S’ stands for summer.

Figure 3.3: Sampling the surrounding soil of the geothermal spring at Tshipise.

3.2.3 Vegetation sampling

The simple random sampling procedure was adopted for plant sampling (Pleysier, 1995).
The inner part of the tree (core) was taken from different species in the study areas using
an increment borer (Goldsmith et al., 2011). Core samples give a true reflection of stored
water from other sources or time period (Goldsmith et al., 2011). The samples were
placed into an airtight plastic bag and conveyed to the laboratory. The leaves and bark
were also sampled and placed in a tight plastic bag.

Vegetation sampling (core, leaves and barks) for chemical analyses were taken from the
surrounding of geothermal spring sites in the study areas. The barks and leaves of the
plants were sampled owing to their ability to accumulate trace metals from the soil (Pyle
et al., 1996 and Robinson et al., 2008). The leaf samples were hand picked (Figure 3.4),
and a representative sample was achieved by taking several sample units randomly and
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combining them to form a composite sample. The bark samples were collected using a
knife and core samples were collected using an increment borer. All plant samples were
stored in polypropylene bags and transported to the laboratory before sample

pretreatment.

Figure 3.4: Sampling the surrounding vegetation (A — Mango and B — Guava trees) of the

geothermal springs at Siloam.

3.3 Sample Pre-treatment

3.3.1 Water samples

Rain and geothermal wate and borehole samples were preserved by adding mineral oil
which serves as a barrier against evaporation. Mineral oil density is less than water, so
the water sinks below the protective oil layer (Scholl et al., 2002). The samples were kept

in the refrigerator until extraction and analyses.

The water samples were not filtered, but they were acidified with (1:1) HNOs to pH <2
(normally, 2 ml of (1:1) acid per liter of water sample) (USEPA, 2004b). Preservation can
be done at the point of collection, however, to avoid hazards of strong acids in the field,
transport restrictions, and possible contamination, samples were transported to the
laboratory after collection and were preserved using acid upon receipt in the laboratory.

After, acidification, the samples were mixed, held for 16 hours, and then verified to have
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a pH < 2 just prior to withdrawing an aliquot for processing or direct analysis. All water
samples (rainwater, geothermal water and borehole) were kept at 4°C in the refrigerator

at University of Venda (univen) until further analyses.

3.3.2 Soil and Vegetation samples

The samples (soils and vegetation) were held in airtight plastic container and were air
dried in oven. The samples were ground to powder, then packed ready for analysis
(Goldsmith et al., 2011). All the samples were kept in cupboard at room temperature at

univen awaiting further analyses.

The pre-treatment of soil samples was carried out according to SR I1ISO 11466:1999. The
soil samples were air-dried by breaking down aggregates, spreading the soil on a
polythene sheet at 25°C. The dried soil samples were ground and sieved through 100 um

sieves, then kept in sealed plastic bags (Figure 3.5) until analyses were conducted.

Figure 3.5: Packed soil and vegetation samples ready for analysis.

The pre-treatment of plant samples (core, barks and leaves) was carried out according to
SRISO 11466:1999. The core, bark and leaf samples were intensely rinsed with tap water

66 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



3

O

S University of Venda
()t

and ultrapure water, to eliminate soil and dust from the core, barks and leaves. Then, the
samples were oven dried at 40°C, ground and then sieved through the 100 pm sieve. The

samples were kept in sealed plastic bags until analyses were conducted.

3.4 Experimental Analyses

3.4.1 Digestion process

The water samples were not digested because they were acidified during the sample pre-
treatment as recommended by USEPA (2004b). Samples were further diluted depending
on the analyses to be carried out. For ICP-OES analysis (Major cations), there was no

further dilution while there was 10 times dilution for ICP-MS analysis (15 trace elements).

The soil samples were digested using a microwave digestion system (SR 1SO 11466:
1999) (Figure 3.6). Approximately 1.0 g of pre-treated samples were digested with 9 mL
HNOs and 1 mL H202. The solutions were allowed to stay overnight at room temperature
and then, placed in the microwave for 30 minutes, followed by cooling. The solutions were
diluted to 50 mL with distilled water.

Figure 3.6: Microwave digester (A) and extracts after digestion process (B) at Agricultural

Research Council (ARC) laboratory.
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The vegetation samples (core, bark and leaves) were digested using Hot Block Method
(NIOSH, 2003) (Figure 3.7). A total of 0.5 g ground samples was weighed and 14 mL of
16 M HNOs added. The solution was allowed to stay overnight at room temperature and
then, was placed on the block digestion system at initial temperature of 80°C for 30
minutes, which was then increased at intervals of 10°C up to 120°C (Figure 3.7). Three
to four drops of H202 were added and shaken for a few minutes, then allowed to cool for
20 minutes. Then, the solution was made up to 100 mL with de-ionised water and filtered

with 15 mm size filter paper for ICP-MS analysis.

Figure 3.7: Block digestion set up (A) and the extracts (B) at the Agricultural Research
Council (ARC) laboratory.

3.4.2 Saturated soil paste extraction

The saturated soil paste analysis was carried out according to Garltey (2011). The weight
of the empty dish was noted and approximately 250 g of dried, sieved soil sample was
added. Distilled water was added to the solil in the dish while stirring with a spatula. After
thorough mixing, the samples were allowed to stand for 2 hours and checked for
saturation (when the total voids were filled up with water) as recommended by Garltey

68 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



3

O

S University of Venda
()t

(2011). The saturated paste was transferred to a Buchner funnel with a 9-cm filter paper.
A vacuum was applied, and the saturated paste extract was collected in a 250-mL vacuum
flask (Figure 3.8). The extracts were analysed for pH, EC and TDS.

Figure 3.8: Water soluble extraction set up for soils at Agricultural Research Council
(ARC) laboratory.

3.4.3 Temperature, pH, EC and TDS analyses
The measurements of the pH, temperature, EC and TDS of the water samples were
carried out using Multimeter (Multi 340i/SET, USA) at the laboratory. The temperature,

EC and TDS of the geothermal spring water were measured in situ (Figure 3.9).

The water extracts obtained from the soil samples were analysed for the pH, EC and TDS
following Garltey (2011) procedure. The extracts from soil were further filtered using a
0.45 ym membrane type filter. After calibration of the instrument, the saturated paste
extract from the soil samples were analysed for pH, EC and TDS using a Mantech tritrasip
autotitrator. All the samples were measured in triplicate and the mean values were

estimated per season.
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Figure 3.9: Measuring the physical parameters at Tshipise geothermal spring.

3.4.4 Major anions, cations and trace metals concentrations analyses

Water samples (non-acidified) were filtered with a 0.45 pm filter paper before taking a
subsample for major cation and anion analyses. The EC value obtained was an indicator
for indicating if further dilution was necessary. An EC value above 500 uS/cm requires 5
times dilution and above 1000 uS/cm requires 10 times dilution. The subsamples were
poured into the auto sampler vials and analysed using IC (Dionex Model DX 500) (Figure
3.10) (USEPA, 1993). The measurements were carried out in triplicate and averaged to

obtain a mean value to ensure quality measure.

The geothermal springs and boreholes samples (acidified) were analysed for trace metals
using ICP-MS with a dilution factor of 10 (Figure 3.11) (USEPA, 2004b). The mass
spectrometry for lowest, medium and highest mass numbers were obtained. All the
measurements were carried out in triplicate and then averaged to obtain a mean value.
The digested samples of the soils and vegetation were analysed for trace metals using
ICP-MS after the background check up of the equipment (calibration) (USEPA, 2004b).
All the measurements were carried out in triplicate to obtain a mean value for quality

control.
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Figure 3.10: lon chromatography (IC) for major anions and cations analyses at

Agricultural Research Council (ARC) laboratory.

Figure 3.11: Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) for trace metals
analyses at ARC laboratory.

71 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

3.4.5 Estimation of reservoir temperature
The following empirical formulae were used to calculate the reservoir temperature

(water geothermometers) of the geothermal system;

933

T (°C) =————57—-273.15 (Arnorsson et al., 1983)
0.993+log (?)
orn _ 1217 _ .
T (°C) = Tas0r100 5 s 273.15 (Fournier, 1979)
1390 .
T (°C) = —273.15 (Giggenbach, 1988)

1.75+log (%)

The mean data for Na and K were extracted from the results obtained from the major
cations in section 3.4.4 to estimate the reservoir temperature of the geothermal springs

and thermal boreholes.

3.4.6 Stable Isotopic analyses

Stable isotope analyses of the samples (rainwater, geothermal spring water and other
boreholes water) were performed using a Thermo Delta V mass spectrometer connected
to a Gasbench at Environmental Isotope Group (EIG) iThemba Laboratories Gauteng,
Johannesburg, South Africa (Figure 3.12). The water samples were equilibrated along
with Platinum catalyst (Pt) in preparation for measurement (Dolnikowski, 1995). The
standard side of the dual inlet system was connected to a tank of reference hydrogen
(6D) and reference carbon dioxide (COz2). The equilibration time of the water samples with
hydrogen gas was 40 minutes; whereas carbon dioxide gas was equilibrated with water
samples in about twenty hours (20 hrs). Laboratory standards, calibrated against

international reference materials, were analysed with each batch of the samples.

Conventionally, the isotope ratios of H/*H and 80/'®0 in the water samples were
expressed as per mil (%o) deviation relative to the Standard Mean Ocean Water (SMOW)

as follows:

5 (%o) = —empLe™Romow o 4 000 111, 3.1

smow

where R represents the ratio of heavy to light isotopes (D/H or *0/'%0) in the sample and

standard, respectively. The oxygen and hydrogen isotopic ratios were henceforth
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expressed individually as 6'80 and 3D, respectively, or collectively as & values. Total
analytical precisions were estimated at 0.2 %o for 50 and 0.8%. for dD. Deuterium

excess (d-excess) was calculated from the following equation (Dansgaard, 1964):
d=0D —8XDBM00 ..o, 3.2

For 5'3C analyses of solid samples (soils and vegetation), approximately 40 - 60 mg of
powdered samples were weighed and 60% of vanadium Penta-oxide (V20s) was added.
The sample was packed in the tin capsules (8 x 5 mm) pressed standard weight in the
tray (Figure 3.13). The prepared samples were combusted in an elemental analyser and
the CO2zpeak was injected into a continuous flow isotope ratio mass spectrometer (IRMS)
(Gustafson et al., 2007). For all methods, isotope ratios are expressed in per mil (%o) as
in equation 3.1. Three calibration standards were used to adjust the delta values relative
to V-SMOW and PeeDee Limestone.

Figure 3.12: Running the samples on the Liquid Water Isotope Analyzer (LWIA-45-EP)
for 8D and &'80 composition at iThemba laboratory.
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Figure 3.13: Sample preparation of the soil and vegetation at iThemba laboratory.

3.4.6 Pyrolysis of the solid samples

Approximately 0.3 mg of the solid samples (soils, vegetation) were weighed in silver
capsules (4 x 6 mm) and mixed with 60% V20s. The solid samples were dropped with the
auto sampler into the reaction tube (Figure 3.14). The samples were pyrolysed in the
presence of reactive carbon and the gaseous pyrolysis products which are separated on
a gas chromatography column. The column separates the major species H2 and CO (CO:2
is not produced at temperatures above 1300°C) (Koziet, 1997). The pyrolysis products
were transported by the carrier gas and separated in the GC-column into distinct Hz and
CO peaks. The infrastructure, made of a ConFloll interface with open split, 2 different
reference gases, and He dilution, was applied to transfer the products into a delta plus an
XL mass spectrometer. The pressure in the ion source is 2 x 10 mbar. The ion currents
of masses m/z 2 and 3 to measure hydrogen isotopes and m/z 28 to 30 for the
determination of oxygen isotopes were recorded by the ISODAT software and the results

were calculated relative to H2 and CO reference gases, respectively. Results of cellulose
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Figure 3.14: Schematic diagram of the HTP-reactor; HTP-Elemental Analyzer, ConFlo IlI-
Split and IRMS at iThemba laboratory.

3.4.7 Tritium analysis (3H)

The samples were distilled and subsequently enriched by electrolysis (Figure 3.15). The
electrolysis cells consist of two concentric metal tubes, which are insulated from each
other. 500 ml of the water sample, having first been distilled and containing sodium
hydroxide, was introduced into the cell. A direct current of some 10-20 ampere was then
passed through the cell, which was cooled because of the heat generation. After five
days, the electrolyte volume was reduced to about 20 ml. The volume reduction of about
25 times produced a corresponding tritium enrichment factor of about 20. Samples of
standard known tritium concentration (spikes) were run in one cell of each batch to check
on the enrichment attained. Tritium concentrations were expressed as absolute
concentrations, using tritium units (TU) and, no reference standard is required (Mekiso,
2011). For liquid scintillation counting samples were prepared by directly distilling the

enriched water sample from the highly concentrated electrolyte. 10 ml of the distilled
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water sample was mixed with 11 ml of Ultima Gold and placed in a vial in the analyser
and counted for 2 to 3 cycles of 4 hours. Detection limit was 0.2 TU for enriched samples.

Figure 3.15: Distillation (A) and electrolytic processes (B) of the water samples for

enrichment prior to analyses at iThemba laboratory.

3.4.8 Radiocarbon analysis (*C)

CO:2 was generated by acidification of the field precipitates with phosphoric acid (HzPOa)
(Figure 3.16). The CO2 sample gas was transferred from the production/purification line
into a 1-liter Pyrex flask, the pressure (610 mm Hg max.) was measured with a
manometer and this measuring volume isolated. 10 ml of Carbosorb was pipetted into a
standard 20 ml low-K glass counting vial that was attached to the system through a
vacuum-tight, flexible connection. The air was removed by opening the vial briefly to
roughing vacuum. The CO: sample was then transferred quantitatively from the
measuring volume by freezing with liquid N2 into a small trap which forms part of a low-
volume (~60 ml) section of the system. The trap was pumped to high vacuum to remove
residual non-condensable gas. The small volume section was isolated, the tap to the vial
opened and the CO:2 allowed to sublimate whilst the vial was shaken by hand. The rate

of CO2 absorption usually balances its release from the trap through ambient (~25 °C)
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warming, at pressures around 300-400 Torr. The rate was controlled when needed by
slightly heating the trap or briefly cooling it with liquid N2 (Enzenberger, 2015).

Uncooled, the rate of absorption under these conditions causes the temperature of the
Carbosorb in the vial to rise to 70 °C. This does not seem to have any deleterious effect
on the counting characteristics. However, the NH4 released by the Carbosorb forms a gas
“blanket” over its surface, through which the CO2 must diffuse, the absorption rate
dropping to near-zero at an equilibrium pressure of about 150 Torr. When the vial was
kept cool in a water bath, the equilibrium pressure reduced to some 40 Torr, implying
more complete CO2 absorption, due to lower NHa4 pressures above the Carbosorb
surface. The counting vial was removed from the vacuum system and 10 ml
Permafluor®E+ was added. The vial was capped tightly, and the cocktail shaken well
before counting. Because of a considerable overlap between the 3 pulse height spectrum
of C and the a spectrum of 222Rn, samples for radiocarbon analysis needed to be stored
for about three weeks to allow ???Rn (t12 = 3.85 days) to decay to below significant levels.
The prepared sample cocktails were therefore placed immediately in the cooled and
darkened sample changing chamber of a Hewlett Packard TriCarb liquid scintillation
spectrometer. After the 2??Rn intensity had sufficiently declined, samples were counted
four times at four hours duration of each count. The results were expressed in percent

modern carbon (pMC).
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Figure 3.16:1“C extraction set-up (A) and the liquid scintillation analyser (B) at iThemba

laboratory.

3.5 Potential Health risk assessment of trace metals

3.5.1 Assessment of potential health risk from geothermal springs

Common exposure pathways for water are the dermal absorption and ingestion routes
(USEPA, 1989; Asare-Donker et al., 2016). Hence, exposure dose to assess the human
health risk was calculated using the following equations as adapted from the US EPA risk
assessment guidance for Superfund (RAGS) methodology (USEPA, 1989; Asare-Donker
et al., 2016).

CwaterX IR X EF X ED
BW X AT

...................................... 3.3

EXpingestion =

_(Cwater XSAXKPXET XEF XED X CF)

EXpdermal = W R AT e 3.4

where, EXpingestion: €xposure dose through ingestion of water (mg/kg/day); EXpdermal:
exposure dose through dermal absorption (mg/kg/day); Cwater: average concentration of

the estimated trace metals in water (ug/L); Kp: dermal permeability coefficient in water,
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(cm/h), 0.001 for Cu, Mn, Fe and Cd, 0.0006 for Zn; 0.002 for Cr and 0.004 for Pb. Table
3.3 shows the different exposure parameters for health risk in children and adults.

Table 3.3: Exposure parameters used for the potential health risk assessment through

different exposure pathways for water

Parameter Unit Child Adult
Body weight (BW) Kg 15 70
Exposure frequency (EF) days/year 365 365
Exposure duration (ED) Years 6 70
Ingestion rate (IR) L/day 1.8 2.2
Skin surface area (SA) cm? 6,600 18,000
Dermal Absorption factor

None 0.001 0.1
(ABS)
Particulate emission factor

m3/kg 1.3 x 10° 1.3 x 10°
(PEF)
Exposure time (ET) hrs/day 1 0.58
Averaging Time (AT) Days 365x6 365x 70
Conversation factor (CF) L/cm?3 0.001 0.001

Source: Asare-Donkor et al., 2016; USEPA, 2009, WHO, 2006

Potential non-carcinogenic risks due to exposure of trace metals were determined by
comparing the calculated contaminant exposures from each exposure route (ingestion
and dermal) with the reference dose (RfD) (Table 3.5) using eqgn. 3.5 to generate hazard
guotient (HQ) toxicity potential of an individual via the two pathways using egn. 3.6

(hazard index).

) _ Expingjdem
HQing/dem = R v 3.5
HI = Z?:l HQing/dem .......................................................... 3.6

Chronic daily intake (CDI) of trace metals through ingestion was calculated using egn.
3.7;
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CDI = Cwater X % ............................................................. 3.7

Where Cwater, IR and BW represent the concentrations of the trace metals in water,
average daily intake of water and body weight, respectively. Carcinogenic risk (CR)

through ingestion pathway was estimated using eqn. 3.8.

Where exP is the carcinogenic slope factor presented in Table 3.5.

3.5.2 Assessment of health risk from surrounding soil

The mean trace metals concentrations were used to estimate intake at the different
pathways using standard USEPA’s exposure equations (USEPA, 1989; 2004a). Children
and adults could be exposed to contaminants from soil via three different pathways that
include oral intake (EXpingestion), inhalation intake (EXpinhaiation) and through skin exposure
(Expderma) (USEPA, 2004a). Based on this fact noncancer risk assessment in this study
was estimated. For intake estimation via each exposure pathway, the following equations

were used;

CXIngR X EF XED
BW X AT

X10C 3.9

EXpPingestion =

where, C — concentration of a contaminant in soil (mg/kg), IngR — ingestion rate of soil
(mg/day), EF — exposure frequency (days/year), ED — exposure duration (years), BW —
average body weight (kg), AT — average time (days) = ED*365.

_CXInhR XEF XED

EXpinhalation = PEF X BW K AT " tr i trrrrere s 3.10

where, InhR — inhalation rate (m®/day), PEF — particle emission factor (m3/kg)

CXSAXSAF X ABSXEF XED
BW X AT

X106 3.11

EXpdermal =

where, SA — surface area of the skin that contacts the soil (cm?), SAF - skin adherence
factor for soil (mg/cm?), ABS — dermal absorption factor (chemical specific) = 0.001 (for
all metals). After the three exposure pathways were calculated, hazard quotient (HQ) and
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hazard index (HI) based on cancer/non-cancer toxic risk were calculated as follows

(USEPA, 2004a):

Exp

HQ = % ............................................................. 3.12

HlexP = Y HQEXP «.eneneieee e 3.13
where, exP are Cancer Slope Factors for different exposure pathways, respectively.
Reference dose (RfD) (mg/kg/day) is an estimated value of the daily exposure, maximum
permissible risk, to the human population, including sensitive subgroups (children) during
a lifetime. Tables 3.4 and 3.5 show the exposure parameters, reference doses and cancer
slope factors used for the health risk assessment for standard residential exposure

scenario through different exposure pathways.

Table 3.4: Exposure parameters used for the health risk assessment through different

exposure pathways for soil

Parameter Unit Child Adult
Body weight (BW) Kg 15 70
Exposure frequency (EF) days/year 350 350
Exposure duration (ED) years 6 30
Ingestion rate (IR) mg/day 200 100
Inhalation rate (IRair) m3/day 10 20
Skin surface area (SA) cm? 2100 5800
Soil adherence factor (SAF) mg/cm? 0.2 0.07
Dermal Absorption factor (ABS) none 0.001 0.1
Particulate emission factor
(PEF) m3/kg 1.3 x10° 1.3 x10°
Average time (AT)
For carcinogens days 365 x 70 365 x 70
For non-carcinogens 365 x ED 365 x ED

Source: Department of Environmental Affairs (DEA), 2010
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Table 3.5: Reference doses (RfD) in (mg/kg/day) and Cancer Slope Factors (exP) for
the different heavy metals

Heavy

Metal RfDingestion RfDdermai RfDinhaiation  €XPingestion  €XPdermai  €XPinhalation
As 3.00E-04 3.00E-04 3.00E-04 1.50E+00 1.50E+00 1.50E+00
Ba 2.00E-01 - 2.00E-01 - - -

Be 2.00E-04 - 2.00E-04 - - -

Cd 1.00E-03 1.00E-03 5.70E-05 6.30E+00 - 6.30E+00
Cr 3.00E-03 3.00E-03 3.00E-05 5.00E-01 - 4.10E+01
Co 2.00E-02 5.70E-06 5.70E-06 - - 9.80E+00
Cu 3.70E-02  2.40E-02 3.70E-02 - - -

Hg 3.00E-04 3.00E-04 8.60E-05 - - -

Mn 2.40E-02 1.43E-03 2.40E-02 - - -

Ni 2.00E-02 5.60E-03 2.00E-02 - - -

Pb 3.50E-03 5.25E-04 3.50E-03 8.50E-03 - 4.20E-02
Sh 4.00E-04 - 4.00E-04 - - -

Se 5.00E-03 - 5.00E-03 - - -

\Y 5.04E-03 - 5.04E-03 - - -

Zn 3.00E-01 7.50E-02 3.00E-01 - - -

Source: DEA, 2010; USEPA, 1989 and 2004a

3.6 Data analyses

During the course of this research, many numerical data were generated, which were
interpreted so as to achieve the research objectives (Saunders et al.,, 2012). Data
presentations were made using tables and graphs. The differences and trends; and
correlation among the data were carried out statistically using ANOVA, correlation and
regression analyses. Multivariate statistics such as principal component analysis (PCA)
[factor analysis (FA) and hierarchical agglomerative analysis (HAA) were performed using

Xlstat statistical software (Shan et al., 2012). The PCA was used to establish major
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variation and relationships among the different trace metals and hydrochemical
parameters. Pearson’s correlation coefficient was used to test the relationship between
hydrochemical parameters and trace metals concentrations at a= 0.05 level of

significance; and the control was used to ensure the validity of data obtained.

The carbon-14 results were corrected using NETPATH, which is inverse modelling that
involves inverse geochemical modelling to assess the possible reaction and mixing
processes that govern the geochemical evolution of groundwater. Radiocarbon age is
corrected/adjusted from a more complete evaluation of the geochemical reactions (Figure
3.17)

A, (Model) A,q (calc)

I
S N i |
Reaction Model \%I;:\:E:jl#:::j

A + Reactants — B + Products
Ao il And

5730 A
at (years) = = It
S

Figure 3.17: Conceptualisation of the generalised approach to radiocarbon dating of
dissolved inorganic carbon (DIC) in NETPATH (El-kadi et al., 2010).

3.7 Ethical considerations

This research work involves the collection of samples from geothermal springs, soils and
vegetation; where some of them are found in resort centers (Mphephu, Sagole and
Tshipise) and the other is a private property (Siloam). Hence, there was need for
permission to access the study sites for sampling. It was carried out through writing and
meeting the management of the resorts and the owner of the property formally to access
the sites for sampling. Some of the request letters are attached in the appendix. In
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addition, the researcher maintained accuracy throughout the period and stages of this
research. Also, the study does not require ethical clearance for the health component
because the study focuses on the potential health risks from calculations without dealing

directly with human subjects.

3.8 Summary

This chapter presented the different methods that were employed from field work to
laboratory analyses and data analyses. This research was carried out by ensuring high
guality and highest level of integrity, objectivity, discipline and trustworthiness. In addition,
appropriate personal protective equipment was worn during the field work and in the
laboratory.
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CHAPTER FOUR

PHYSICOCHEMICAL, GEOCHEMICAL AND STABLE ISOTOPIC
COMPOSITIONS (8D and &'80) OF GEOTHERMAL SPRINGS, RAIN

AND BOREHOLES WATER

4.1 Preamble

The objective of this chapter is to determine the physicochemical and geochemical
parameters and the stable isotopic compositions for selected geothermal springs and
boreholes within the study areas. In addition, the isotopic compositions of the rainwater
were determined to generate the local meteoric line, which is a useful tool for indicating
the source and water pathway within the locality (specific objective 1). This chapter
elucidates on the relationship of the physicochemical and geochemical parameters, and
the stable isotopic compositions of the geothermal springs, rainwater and boreholes to
better understand the geothermal system and its geochemical processes. This chapter is
based on the hypothesis 1 which states that “studied geothermal springs and boreholes
in the Soutpansberg region have similar physicochemical, geochemical and isotopic
characteristics”.

4.2 Thermal characteristics of the geothermal springs and boreholes

The water temperature of springs in the study area ranges between 41.3°C and 68.9°C
(Figure 4.1). Based on the above classification; Mphephu and Sagole springs, Siloam
(SH1 and SH2) boreholes are thermal (hot) water with temperatures ranging between
41°C to 49°C. Siloam and Tshipise geothermal springs can be classified as scalding
(hyperthermal) with temperature ranging between 53°C and 69°C. Figure 4.1 shows
clearly the variations in the thermal property of the geothermal springs. Figure 4.1
indicates that there is no spatial correlation between the location of springs and their
geothermal characteristics. Siloam, for instance, has a temperature of 67.7°C, while
Mphephu, about 5 km away, has a temperature range of 41-43°C. The same applies to

Tshipise and Sagole geothermal springs. This finding supports the literatures that
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geothermal springs in close proximity to each other does not have same geothermal
characteristics (Olivier et al., 2010; Durowoju et al., 2015).
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Figure 4.1: Mean temperatures of geothermal springs and boreholes within

Soutpansberg during winter and summer.

These changes can be attributed to seasonal variation which leads to the fluctuation of
the thermal property of the springs. During summer, there is high rainfall and more
underground water (coupled with high flow rate), which is heated as a result of the
geothermal gradient of 2°C - 3°C per 100 m (Press and Siever, 1986). This implies that
geothermal spring water with high temperature emanates from a deeper source (1.6 to
2.8 km from the source in the studied geothermal springs and boreholes). From the
calculated gradient, it was observed the geothermal springs were from deep sources.
This results in high temperature in summer compared to winter. In all the sites, there is
approximately 1°C difference in the thermal property of the geothermal spring in summer
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compared to winter. These high temperatures in summer result in more transfer of
moisture (evaporation and evapotranspiration) to the atmosphere until it reaches the dew

point, hence there is potential to rain more intensely during this period.

The temperatures of the non-geothermal springs (BH1, BH2, SCC and TTP) were below
25°C (considered as tepid) and hence, not presented in Figure 4.1. The geothermal spring
waters with lower temperatures are Na-CI-HCOs type waters while the Na-Cl type waters
are encountered in high temperature springs (Du et al., 2008). Studies have shown that
high water temperature increases vasodilatation in the veins of the skin, thereby
accelerating the metabolic processes in the cells of the skin. This, however, improves
capillary dilatation and blood circulation, oxygen supply is increased, and the metabolic
processes are intensified in the skin and subcutaneous cells (Bjornsson, 2000; Skapare,
2001; Skapare et al. 2005). Hence, this is one of the therapeutic purposes of geothermal

waters.

4.3 Hydrochemistry of the studied geothermal springs and boreholes

4.3.1 Physicochemical compositions of the groundwaters

Hydrochemical parameters of the geothermal springs, hot and tepid boreholes were used
to understand the geochemical processes governing their formation; prediction of sub-
surface temperature using chemical geo-thermometers; and assess suitability of the
waters for domestic and irrigation purposes. Table 4.1 shows the results of the
hydrochemical composition of the geothermal spring water, geothermal boreholes and
non-geothermal spring water (tepid boreholes). The hydrochemical compositions of
groundwater were not uniform but varied over a wide range. This implies that the
groundwater compositions were heterogeneous in nature. This could be attributed to the

underlying geology of the study areas (Olivier et al., 2011).
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Table 4.1: Statistical summary of Hydrochemical parameters of geothermal springs and boreholes within Soutpansberg

SAGOLE TSHIPISE MPHEPHU SILOAM
Parameters SGW SGS TSW TSS TTP MPW MPS SAW SH1 SH2 BH1 BH2 ScC
Temp (°C) 42.4+1.45 44.8+2.12 54.6+2.26 55.4+2.21 22.5+0.00 41.3+1.23 42.7+1.01 67.7£1.68 45.2+0.00 48.4+0.00 22.4+0.00 21.4+0.00 20.1+0.00
pH 8.82+0.95 7.98+0.22 8.46+0.22 8.47+0.21 8.17+0.00 8.05+0.02 8.15+0.07 9.39+0.06 8.86+0.01 9.19+0.00 8.17+0.01 8.10+0.01 7.17+0.02
SAR 33.88+546 19.20+15.48 25.75¥0.98 25.45%1.29 0.82+0.01 2.07+0.06 2.18+0.06 7.39£0.04 17.25+0.02 19.04+0.01 4.65+0.01 10.75+0.01 0.28+0.01
EC (uS/cm) 330+0.00 347.33+£16.17 746.67x5.77  745+7.07 290+0.02 335+7.07 365+21.21 340+2.07 630+0.01 330+0.00 690+0.01 730+0.01 90+0.02
TDS (mg/L) 133.13+1.85 196.70+122.43 377.48+5.36 390.61+7.63 82.99+0.01 124.38+1.41 120.84+1.19 215.184+9.25 305+0.01 130.12+0.1 296.45+0.1 423.07+0.1 10.78+0.10
Alkalinity
(mg/L) 10.50+4.24 6.50+5.89 11.12+0.54 10.75+0.35 11.50+0.00 12.50+0.00 6.00+8.49  107.52+1.36 10+0.02 12+0.02 25.50+0.01 17.50+0.01 2+0.02
Na (mg/L) 64.20+£1.84 57.13£11.98 157.67+4.51 154.50+4.95 18.30+0.01 42.50+1.27 42.35+1.06 78.77+7.54 118+0.00 62.70+0.01 124+0.03 170+0.01 1.69+0.01
K (mg/L) 1.98+0.01 2.04+0.05 4.55+0.06 4.84+0.05 2.08+0.00 2.06+0.04 2.11+0.01 2.61+0.06 2.73+0.02 2.21+0.1 5.15+0.01 4.67+0.02 1.06+0.01
Ca (mg/L) 0.29+0.11 4.27+6.61 2.84+0.07 2.79+0.10 18.90+0.00 12.20+0.00 11.90+0.28 5.69+0.05 3.53+0.00 0.81+0.01 27.80+0.02 12.80+0.01 0.76+0.01
Mg (mg/L) 0.00£0.00 3.4746.00 0.00£0.00 0.00£0.00 11.50+0.01 10.50+0.00 10.35+0.07  1.04+0.08 0.00+0.00 0.00£0.00 15.80+0.01 3.72+0.01 1.17+0.2
F (mg/L) 0.77+0.15 2.60+£1.71 5.01+0.63 5.98+0.08 0.15+0.01 2.69+0.01 4.16+2.48 6.51+0.08 4.55+0.01 4.95+0.01 4.02+0.01 3.92+0.01 0.00+0.00
NOs (mg/L) 0.99+0.36 1.71+0.85 2.13+£1.80 5.85+1.48 0.35+0.00 3.02+0.40 6.25+3.23 0.60+0.03  0.17+0.01 1.31+0.01 3.22+0.01 83.95+0.01 0.64+0.01
Cl (mg/L) 41.34+0.30 81.15+75.10 151.86+0.28 156.67+0.02 20.20+0.02 33.90+0.06 98.82+86.34 24.11+0.77 153.3+0.00 38.90+0.01 80.14+0.1 103.23+0.0 3.73+0.01
S04 (mg/L) 16.95+0.54 27.89+27.23 45.81+2.15 51.78+0.42  4.11+00 9.21+0.03  21.14+18.31 8.99+0.06 16.45+0.01 10.55+0.01 17.56+0.01  25.88 0.48+0.01
PO. (mg/L) 0.92+0.82 13.09+21.49 1.38+£1.22 2.14+1.46 0.43+0.00 1.28+0.74 22.6+30.96 0.42+0.06  1.15+0.02 1.52+0.01 3.29%#0.02 4.59+0.01 0.17+0.01
COs3 (mg/L) 1.50+2.12 0.00+0.00 0.58+0.50 0.60+0.42 0.00+0.00 0.00+0.00 0.00+0.00 16.13+0.41 1.80+0.01 2.40+0.01 0.00+0.00 2.70+0.00 0.00+0.00
HCO3(mg/L) 9.76+0.86 7.93+£7.19 12.38+0.37 11.90+0.43 14.03+0.01 15.25+0.00 7.32+10.35 98.75+2.08 8.54+0.02 9.76+0.02 31.11+0.00 15.86+0.00 2.44+0.00

SGW-Sagole (Winter), SGS-Sagole (Summer), TSW-Tshipise (Winter), TSS-Tshipise (Summer), MPW-Mphephu (Winter), MPS-Mphephu (Summer), SAW-Siloam
(geothermal spring), SH1- Siloam (Hot borehole), SH2- Siloam (Hot borehole), BH1- Siloam (tepid borehole), BH2-Siloam (tepid borehole), SCC-Siloam (Community

tap water), TTP — Tshipise (Tshipise tap water).
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Results showed that geothermal springs were more mineralised than geothermal
boreholes and non-geothermal water (tepid boreholes). This could be attributed to the
rock-water interaction at the deeper aquifer leading to more mineralisation (Todd, 1980;
Durowoju et al., 2016b). Interestingly, Siloam hot and tepid boreholes show similar
variations in hydrochemical parameters with geothermal springs and this could be
attributed to underlying geolology or aquifer connectivity. Non-geothermal water (SCC
and TTP) falls within domestic water quality (DWAF, 1996; WHO, 2000) values for pH,
sodium adsorption ration (SAR), electrical conductivity (EC) and total dissolved solids
(TDS).

Generally, the measured pH values range from 7.17 to 9.39 which implies that the waters
are alkaline in nature. Most of the groundwater pH falls within recommended South
African National Guidelines for Domestic Water Quality (DWAF, 1996; SANS, 2015)
values of 7-9 except for Siloam geothermal spring water (SAW) and Siloam hot borehole
(SH2) having pHs of 9.39 and 9.19, respectively. The TDS values were generally less
than 450 mg/l ranging from 10.8 to 423 mg/l for all the samples with a slight difference
across seasons. Hence, the TDS values fall within the South African Guidelines for
Domestic Water Quality (DWAF, 1996; SANS, 2015) value of 450 mg/L. Although,
previous studies showed that the TDS value for Tshipise geothermal spring was higher
than 450 mg/L (Olivier et al., 2011; Durowoju et al., 2018), this study recorded a lower
value. This could be as a result of the decrease in water temperature of the spring in this
present study (decreased from 58°C to 55.6°C).

The dominant ionic compositions found in the site waters are sodium (Na*), bicarbonate
(HCOx3), sulphate (SO4%) and chloride (CI) (Table 4.1). The concentration of sodium
(Na*), chloride (CI) and sulphate (SO4%) were highest in Tshipise (TSW and TSS) and
Siloam (SH1, BH1 and BH2). At Siloam village, BH1 and BH2 (tepid water) were found
to have higher Na* concentrations than SAW (geothermal spring); though, Na*
concentrations in Siloam were generally high except for the community tap water (SCC)
that is already treated from the municipality.

The high Na* concentrations probably originate from the dissolution of sodium-rich
plagioclase feldspars (albite) in the sandstone and shale. The general order of dominant
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cations is Na* > Ca?* > K* > Mg?* and the sequence of the abundance of the anions are
in this order: CI- > SO4> > HCOs > F > NO3z™ > PO4*. These uneven distributions of the
hydrochemical parameters play a vital role in understanding the processes governing the
system as well as the suitable benefits of these springs, considering the fact that these
geothermal springs are in the rural communities, where the community members see the
springs as a viable source of water and they use it for various purposes including drinking,

domestic, irrigation among others.

4.3.2 Water types

In order to understand the geochemical evolution of groundwater in the study areas, the
samples were plotted on a Piper’s diagram (Piper, 1944) and Durov’s diagram (Durov,
1948) using Geochemist’s Workbench version 11.0.7 (GWB 11) software. Piper diagram
is a multifaceted plot wherein milliequivalents percentage concentrations of major cations
(Ca?*, Mg?*, Na* and K*) and anions (HCOs, SO4%, and CI') were plotted in two triangular
fields, which were then projected further into the central diamond field (Ravikumar et al.,
2015). In contrast, Durov diagram is a composite plot consisting of two ternary diagrams
where the milliequivalents percentages of the cations of interest were plotted against
those of anions of interest; sides form a central rectangular, binary plot of the total cation
against total anion concentrations (Ravikumar et al., 2015). Both diagrams were used in
this study to understand hydrochemical processes involved along with the water type of
the geothermal spring/ground water. Durov’s plot was used to validate the water types

and the process of formation.

The Piper’s diagram revealed that most of the geothermal spring water and boreholes
(80%) falls in Na-Cl water type except for Siloam geothermal spring (SAW - WT29 and
WT30) which falls under Na-HCOs water type, and TTP (Tshipise tap water) and SCC
(Siloam community tap water) fall under Ca-Mg-Cl (Figure 4.2). The findings of this study
are in line with the recent findings by Durowoju et al. (2018) but differs from Olivier et al.
(2011), which report NaHCOs and Na-Ca-HCOs water types for Sagole and Mphephu
springs, respectively. This could be as a result of convergence outcomes obtained from

both Piper plot and Durov plot, which corroborate each other and validate the present
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findings. Also, small sample size collected (sampled in 2004 and 2010) by Olivier et al.
(2011) as well as source rock interaction could be responsible for the difference obtained.

Na-Cl water type is dominated by Na* and ClI-, derived from Na-ClI brines in winter and
summer linked to the underlying geology emanating from gneissic rocks. Na-Cl and Na-
HCOs water types showed a typical marine and deeper ancient groundwater influenced
by ion exchange. The Na-HCOs water type from Siloam geothermal spring showed that
the spring emanates from basaltic rocks. It is the most evolved of the waters and it derives
its Na* from cation exchange of Ca?* for Na* and K* as well as dissolution of rock mineral
(plagioclase) (Lipfert et al., 2004). TTP and SCC with Ca-Mg-Cl water type demonstrate
the dominance of alkaline earths over alkali (Ca+Mg > Na+K) and strong acidic anions

over weak acidic anions (Cl+SO4 > HCO3).
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Figure 4.2: Piper diagram of geothermal springs and boreholes within the Soutpansberg

region.
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Durov’s diagram corroborates with the finding from the Piper’s diagram (Figure 4.3). Most
of the geothermal spring/groundwater has Cl- and Na* dominating and the water could
result from the reverse ion exchange of Na-Cl waters. Hence making the water type Na-
Cl as observed in the Piper diagram. As observed from Piper's diagram, Siloam
geothermal spring (SAW) has Na-HCOs3 water type which is formed as a result of the
reverse ion exchange of Na-Cl waters, making Cl-a dominant anion and Na* a dominant
cation making the water Na-HCO3s (Durov’s diagram). Na-HCOs could be formed as a
result of ion exchange of CaCOs (carbonated rock) within the aquifier. The TTP and SCC
have no dominant anion and cation which indicates that the water exhibits simple
dissolution or mixing compared to the geothermal spring water and other boreholes.
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Figure 4.3: Durov diagram of geothermal springs and boreholes within Soutpansberg
region.
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Durov’s diagram further explains the geochemical processes leading to the respective
water type, hence, the advantage of the Durov’s diagram over the Piper’s diagram. The
major water types are Na-Cl and Na-HCOs which are typical of marine and deep
groundwaters influenced by the ion-exchange process. There is no variation in the water
type with season for the studied geothermal spring and boreholes. The Na* and HCOg3"
ions were also present, making the water type fall under class C (temporary hard
carbonate water) (Bond, 1946) as reported by Olivier et al. (2011). Hence, the presence
of Na* in groundwater in the area is due to water-rock interaction as a result of oxidisation
and evapotranspiration processes. These findings support the previous studies by Olivier
et al. (2011) and Durowoju et al. (2018).

4.3.3 Water geothermometers

The mean data for Na and K were extracted from Table 4.1 and used to estimate the
reservoir temperature of the geothermal springs and thermal boreholes using the
empirical formulae stated in chapter three (section 3.4.5). Values obtained from this study
were compared with literature around the world. The reservoir temperature of all the
geothermal springs and boreholes within Soutpansberg regions were concentrated in the
range between 80°C to 185°C from three Na-K geothermometer empirical formulae
(Table 4.2). This finding is relatively satisfied with the normal geothermal regime of earth's

continental crust (Doan et al., 2014).

Outcomes from Arnorsson’s empirical formula gives the least temperatures compared to
that of Fournier and Giggenbach. The results obtained from Fournier and Giggenbach’s
empirical formulae were close within (x15°C) and hence, this study proposes the use of
these formulae to complement one another. Fournier or Giggenbach'’s empirical formulae
have been commonly employed from literature (Table 4.2) and were both adopted for
reliable outcomes. Comparing findings from this study with literature (Table 4.2), Na-K
thermometer gives reliable outcome ranging between 90°C to 180°C except for Bogaria
S8 (230°C) and Rior (310°C). The high reservoir (aquifer) temperatures obtained from
these springs were as a result of high calcium concentration in their composition, hence
another geochemical thermometer should be employed (Ranjit, 1994; Karingithi and
Wambugu, 2009; Karingithi, 2014). Dhansay et al. (2017) reported that the study areas
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were among the listed zone for low-enthalpy geothermal energy resources (Figure 4.4),
which this study supports. Hence, there is a possibility of generation of low-enthalpy

geothermal energy within Soutpansberg region.

Table 4.2: Results of Na-K geothermometer from geothermal springs and hot boreholes

sites Water Na K Na-K(°C) Na-K(°C) Na-K(°C) Source
temp (°C) (mg/L) (mg/L)  Amorsson Fournier Giggenbach

SGW 42.4 64.20 1.98 99.45 139.53 153.10

SGS 44.8 57.13 2.04 109.23 148.69 161.63

TSW 54.6 157.67 4.55 95.33 135.65 149.47

TSS 554 15450 4.84 100.50 140.51 154.02 -§*

MPW 41.3 42.50 2.06 131.10 168.91 180.36 g

MPS 42.7 42.35 2.11 133.21 170.85 182.14 g

SAW 67.7 78.77 2.61 104.13 143.92 157.19 B

SH1 45.2 118.00 2.73 81.74 122.75 137.36

SH2 48.4 62.70 2.21 108.28 147.81 160.82

Rior 33 310 4 - 310 -

Surai Khola 37 123 3.9 - 100 - c:_g_

Sadha Khola 69 300 12 - 115 - =

Rgapur 42 - - - - 154

Unahavie 71 . . . - 145 s

Ganshipuri 52 - - - - 149 =

Bogaria S12 86 1240 37 - 151 -

Bogaria S14 45 110 15 - 145 - “gg

Bogaria S8 39 13 01 - 230 - <

2 Ranijit (1994); PSarolkar (2005); ¢Karingithi and Wambugu (2009).
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Figure 4.4: Modified graphical overview of South African Map including tectonics contacts and structures, seismic activity

and earthquake focal mechanism and geothermal springs (Dhansay et al., 2017).
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The waters of the geothermal springs and boreholes within the Soutpansberg region are
nearly in equilibrium with common hydrothermal alteration minerals. Information about
water types and geothermometer of the springs and boreholes combined inferred that
ratio of Na-K is dominated by percolation resulting to Na-Cl waters after partial or mixed
equilibrium in large reservoirs. Hence, most of the geothermal springs/boreholes’ waters
are mature (Giggenenbach, 1991; Chandrasekharam and Bundschuh, 2008) except for
Na-HCOs water at Siloam, which is peripheral. Since most of the geothermal springs and
borehole sources were characterised with high chlorine from the Na-Cl water type, they
are affected by geothermal water mixed with salty water (possibly brine from the
underlying geology of Soutpansberg Mountain), which is not native water. Na-HCOs-Cl
water indicate water rising from the periphery of hot granitic source or hydrogeochemical

evolution (Siloam).

4.3.4 Geochemical processes controlling groundwater chemistry

The geochemical processes controlling the geothermal spring chemistry were
demonstrated by Gibbs (1970). Gibbs plot provides vital information on the mechanisms
(precipitation, rock-water interaction or evaporation) controlling groundwater system by
plotting the EC against Na/(Na+Ca) and Cl/(CI+HCOs3). Figure 4.5 shows that all the
geothermal springs/boreholes were plotted in rock-water interaction zone, as reported by
Durowoju et al. (2018) for Siloam and Tshipise springs. Thus, it shows that the
groundwater chemistry in the studied areas is controlled mainly by rock-water interaction
processes caused by the chemical weathering of the rock-forming minerals. Hence, this
implies that weathering of aquifer material is the dominant process controlling the
chemistry of the springs resulting in chemical budget of this water (Aghazadeh and
Mogaddam, 2010). Along the path of groundwater movement from recharge to discharge
areas, several chemical reactions take place with the solid phase. These chemical
reactions vary temporally and spatially, depending on the chemical nature of the initial
water, geological formations and residence time (Aghazadeh and Mogaddam, 2010).
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Figure 4.5: Mechanisms controlling chemistry of the geothermal springs and boreholes-

Gibbs plot of samples in blue shaded circles.

Datta and Tyagi (1996) and Lakshmanan et al. (2003) revealed that the plot of (Ca + Mg)
against (HCO3+S0Oa) is also another tool to determine geochemical processes. It shows
the distribution of geothermal water and borehole water between silicate and carbonate
weathering processes that is used to assess the effects of the carbonate and sulfate
mineral dissolution in the system (Figure 4.6), by distinguishing between carbonate and
silicate weathering controlling factors. The water samples are distributed below and
above the 1:1 line, which shows they are in the field of silicate or carbonate weathering,
respectively (Figure 4.6). This contradicts findings from Durowoju et al. (2018), which
reported that Siloam and Tshipise geothermal springs fall in silicate weathering zone. This
could possibly be as a result of the sample size and instability of the rock-water interaction
leading these chemical weathering (Lakshmanan et al., 2003). Those groundwater
samples that fall above the 1:1 line resulted from the effect of reverse ion change in the
system which indicate carbonate weathering processes (Figure 4.6) which support the

Gibb’s diagram.
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Figure 4.6: Plot (Ca+Mg) vs (HCO3+S0Oa) for the geothermal springs/boreholes’ samples

within the Soutpansberg region. ® Samples of geothermal springs//boreholes.

Samples that fall above the 1:1 line mostly include geothermal springs, except for
Mphephu (MPW and MPS) (Figure 4.6). All the tepid water (BH1, BH2, SCC and TTP)
and Mphephu geothermal water fall below 1:1 line, which indicates silicate weathering.
This further shows the contributions of the cation exchange, and carbonate and sulfate
minerals dissolutions. There is the possibility that hot boreholes (SH1 and SH2) at Siloam
share the same geochemical processes with the geothermal spring (SAW) suggesting
interconnectivity between the two aquifers. Therefore, ion exchange processes between
groundwater and the aquifer materials are relatively high. Hence, this shows that the plot

of (Ca + Mg) against (HCO3+S0Qa4) is in good agreement with Gibb’s diagram.

The chloro-alkaline indices (CAIl 1, 2) indicate the possible ion exchange reaction
between groundwater and the host environment as suggested by Schoeller, (1977).
Chloro-alkaline indices used in the evaluation of base exchange are calculated using

equations 4.4 and 4.5 and results are presented in Table 4.3 and Figure 4.7.
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CAIFL = Cl= (N + K)Cl .o, 4.4
CAI-2 = Cl — (Na + K) / (SOa + HCO3 + NO3).....eeeeeeee oo, 4.5

Table 4.3: CAls for geothermal springs and boreholes within the Soutpansberg region

and comparison with results of other studies

Sites CAl-1 CAl-2
Sagole SGW -0.6 -0.85
SGS 0.27 0.59
Tshipise TSW -0.07 -0.17
TSS -0.02 -0.04
TTP -0.01 -0.01
Mphephu MPW -0.31 -0.39
MPS 0.55 1.57
Siloam SAW -2.38 -0.46
SH1 0.21 1.21
SH2 -0.67 -1.08
BH1 -0.61 -0.94
BH2 -0.69 -0.56
SCC 0.26 0.28
Northeastern, GW 0.22 -0.95 0.008 — 0212
Nigeria
Tamil Nadu, GW 0.29-1.22 0.05 —0.85P
India
Andhra Pradesh, GW -4.4 —-0.30 -0.56 - 0.27°¢
South India
Yinchuan, GW -0.45 -0.89 -0.35 - 0.56¢
China
Northwestern, GW -2.2--0.04 -1.48 —-0.08¢®
China

3Ishaku et al., 2011; ® KrishnaKumar et al., 2014; ¢ Nagaraju et al., 2014:
“Wu et al., 2015; °Liu et al., 2015.
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Figure 4.7: A plot of CAl1 against CAl2 of the groundwaters within Soutpansberg region.

CAI-1 varied from -2.38 to 0.55 and CAI-2 ranged from -1.08 to 1.57, which were negative
in most samples (80%) suggesting the presence of base-exchange processes (Table 4.3,
Figure 4.7). The direct exchange occurred when the indices are positive, meaning that
there is ion exchange of Na and K from the water with Mg?* and Ca?* in the rock and vice
versa (Durowoju et al., 2018).

Ca?* and Mg?* exchange with Na* sorbed on the exchangeable sites on the aquifer
minerals, resulting in the decrease of Ca?* and Mg?* and increase of Na* in the
groundwater by reverse ion exchange (Schoeller, 1977; Glover et al., 2012). This
confirms that Ca?*, Mg?* and Na* concentrations are interrelated through reverse ion
exchange. Similar results were obtained in Northwestern China, which indicates cation—
anion exchange (chloro-alkaline disequilibrium) (Liu et al., 2015). This study indeed
clearly shows that Na* and K* are released by the Ca?* and Mg?* exchange, which a

common form of cation exchange in the study areas. The remaining 20% of samples,
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which had positive CAls, indicated direct exchange of Ca?* and Mg?* from the aquifer
matrix with Na* and K* from the groundwater (Figure 4.7). Similar results with positive
CAls were obtained from studies in Northeastern, Nigeria and Tamil Nadu, India. This
explains the fact that alkaline earth elements were abundant. Studies from Yinchuan,
China and South India showed both positive and negative CAls (Table 4.3), which were
similar to the results obtained from this study with more negative CAls. This shows that
the cation exchange is one of the major contributors to higher concentrations of Na* in

the groundwater.

Table 4.4 presents the correlation between the physicochemical and geochemical data in
the studied areas. This is achieved by calculating the Pearson correlation coefficients with
unevenly distributed data (Locsey and Cox, 2003). A strong relationship exists between
pH, alkalinity, F-, COs? and HCOs"; which implies that the waters are more alkaline. High
F- concentrations are associated with alkaline medium, hence, this explains the presence
of high F- content in the studied groundwater/spring water. There are strong positive
correlations between total dissolved solids (TDS) and cations such as Na* and K*; anions
such as F, CI, NOs and SO4%. Temperature shows a weak correlation with SAR, EC,
TDS, Alkanity, Na*, K*, Cl,, SO4? and HCOs (R? < 0.5); and a strong correlation with pH,
F-and COs? (R? > 0.5). This implies that temperature favours the dissolution of soluble
solid in water (Odiyo and Makungo, 2012). Also, temperature shows a strong negative
correlation with Ca2* and Mg?*, which implies that increase in the water temperature leads
to decrease in concentrations of Ca?* and Mg?* in water. Again, this accounts for lower

concentrations of Ca?* and Mg?* in the studied groundwater/spring water.

Fluoride shows very strong positive correlations with Na* and K* but weak negative
correlations with Ca2* and Mg?*. This also justifies the presence of high F- content in the
boreholes and geothermal spring water since the most dominant cation is sodium
(Durowoju et al., 2015). There are also strong correlations between Na* and other anions
such as CI and SO4%. This further justifies the fact that Na-Cl water type is mostly the
dominant water type in the studied geothermal water and boreholes. As explained earlier,
this water type is characteristic of deep groundwater that is influenced by ion exchange

processes.
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Table 4.4: Pearson correlation matrix of correlation among physicochemical variables in geothermal water and boreholes

Temp pH SAR EC TDS Alkalinity Na K Ca Mg F NOs Cl SOq4 POs COsz HCOs
Temp 1.00
pH 071  1.00
SAR 0.49 0.47  1.00
EC 0.13 0.21 0.38 1.00
TDS 0.22 0.25 0.42 0.96 1.00
Alkalinity 0.48 0.55 -0.15 -0.04 0.10 1.00
Na 0.22 0.29 047 0.96 0.99 0.09 1.00
K 0.03 013 025 094 0.90 0.08 091 1.00
Ca -0.54 -0.25 -0.60 0.22 0.08 0.06 0.05 0.36 1.00
Mg -0.52 -0.37 -0.68 -0.04 -0.20 -0.08 -0.23 0.09 0.93 1.00
F 0.69 0.61 023 061 0.66 048 066 057 -0.09 -0.24 1.00
NOs -0.37 -0.16 -0.06 0.40 0.50 -0.03 0.49 0.42 0.19 -0.01 0.09 1.00
Cl 0.29 0.13 0.47 0.85 0.82 -0.25 0.79 0.67 -0.09 -0.22 0.57 0.19 1.00
SO4 0.40 0.09 0.62 0.76 0.77 -0.19 0.75 0.70 -0.19 -0.29 0.52 0.17 0.84 1.00
PO4 0.02 -0.23 -0.17 -0.06 -0.09 -0.22 -0.14 -0.12 0.14 0.30 0.08 0.07 0.21 0.18 1.00
COs 0.55 0.62 -0.05 -0.09 0.08 0.96 0.07 -0.03 -0.16 -0.30 0.48 0.02 -0.24 -0.20 -0.22 1.00
HCO3 0.45 0.52 -0.19 -0.02 0.11 1.00 0.09 0.12 0.14 0.00 047 -005 -025 -018 -0.21 0.93 1.00

Values in bold are different from 0 with a significance level alpha=0.05
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The plot of Na® against Cl" is used to establish the role of evaporation for higher
concentration of Na in groundwater (Figure 4.8). Gurdak et al. (2007) reported that the
influence of semi-arid climate as intercalation in the soil zone enhances active
evaporation in the study area. This implies that there is loss of groundwater quantity
during summer by the action of evaporation resulting in an increase in salt concentration

in groundwater.

180
TSS

160 SH1 It
L °
TSW
140
= )
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Figure 4.8: Relation between Na* and CI in the geothermal springs within the

Soutpansberg region and around the world.

Groundwater data from around the world (96.5, 60.4 and 110.9 mg/L for Na; 108.5, 40.8
and 94.9 mg/L for Cl in Tamil-Nadu, India (Krishna Kumar et al., 2014); Northeastern,
Nigeria (Ishaku et al., 2011); and Northwestern, China (Wu et al., 2015) respectively were
incorporated in Figure 4.8. All groundwater samples plotted above the freshwater
evaporation line (Figure 4.8). This indicates that evaporation is one of the processes,

controlling the geochemistry of geothermal springs (Gurdak et al., 2007).
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4.4 Evaluation of geothermal springs and boreholes water quality for drinking,
domestic and irrigation purposes

4.4.1 Suitability for drinking and domestic purposes

Geothermal springs water is found in some rural communities, where it serves as an
alternate source of domestic water. The community uses spring water for drinking and
domestic purposes without proper understanding of its composition and potential health
effect. Hence, there is need for sustainability and maintenance of the quality of
geothermal spring water for drinking as it is one of the targets of the Sustainable
Development Goals (SDGs), (2016). Water quality is assessed in comparison with
national and international accepted permissible drinking limits (WHO, 2006).

Results were obtained to ascertain the suitability of the geothermal water/groundwater in
the studied areas for drinking and domestic purposes based on the South African National
Standards (SANS, 2015) and World Health Organisation (WHO) (WHO, 2006; 2011)
standards (Table 4.5). Although, pH values have no effect on human health, it remains a
crucial parameter because it affects other chemical constituents of water. Most of the
geothermal water/groundwater falls within the recommended permissible drinking water
limit of pH except for Siloam geothermal spring (SAW) and Siloam hot borehole (SH2)
water. The following hydrochemical parameters in all geothermal water/groundwater fall
within guidelines recommended by the WHO and SANS for drinking water; EC, TDS,
Ca?*, Mg?*, Na*, K*, CI, SO4%> and HCOz". Whereas, fluoride concentrations were higher
than the recommended guidelines except in Sagole geothermal spring (SGW - 0.77
mg/l), Siloam tap water (SCC — 0.00 mg/l) and Tshipise tap water (TTP — 0.15 mg/l). SCC
and TTP are both treated tap water, hence they contain little or no fluoride. Also, the NOsz
concentration in all the samples were within the permissible limit for drinking water except
for BH 2. This could be attributed to anthropogenic factors (proximity to the pit latrine,
application of fertilizer among others) within the vicinity of the borehole (Odiyo and
makungo, 2018).

Generally, the geothermal water/groundwater is not fit for drinking due to high fluoride
content (Odiyo and Makungo, 2012), except for the treated water such as water from SCC

and TTP. This study also confirms previous findings from Olivier et al. (2011) and
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Durowoju (2015) that the geothermal spring water is not fit for drinking purposes until the
quality is evaluated and where necessary treated to compliance. Generally, the utilisation
of the geothermal springs across the world is solely dependent on the chemical
compositions. Hence, this study recommends that the geothermal springs within the
Soutpansberg region should be used for direct heating in refrigeration, green-housing,
spa, therapeutic uses, aquaculture, sericulture, concrete curing and coal washing. They
could also be used for drinking and cooking if the fluorides and nitrates are managed
where there are high non-compliance concentrations of either of the two or both (Odiyo
and Makungo, 2018).

Table 4.5: Geothermal water and boreholes water quality within Soutpansberg and
compliance to SANS (2015) and WHO (2011) drinking water standards

Parameters ~ WHO Limit SANS Limit Sample ranges Remarks of samples that fall within

the guideline
pH 6.5-8.5 6-9 7.17 —9.39 ALL except SAW and SH2
EC (uS/cm) 750 750 90 - 746.7 ALL
TDS (mg/L) 500 450 10.78 — 423.07 ALL
TH (mg/L) 100 NS 0.73-134.28 ALL except BH1 which is
moderately hard
Ca (mg/L) 75 NS 0.29 — 27.80 ALL
Mg (mg/L) 30 NS 0.00 — 15.80 ALL
Na (mg/L) 200 <200 1.69 —170.00 ALL
K (mg/L) 100 50 1.06 - 5.15 ALL
F (mg/L) 1.5 <1.5 0.00-6.51 NONE except SGW, SCC and TTP
Cl (mg/L) 250 <300 3.73 -156.67 ALL
NO;z (mg/L) 10 <11 0.17 —83.95 ALL except BH2
SO, (mg/L) 250 <500 0.48 —51.78 ALL
HCOs (mg/L) 200 NS 2.44 - 98.75 ALL

NS — Not Stipulated, TH - Total Hardness

The hardness of water is attributed to the presence of alkaline earth metals, that is Ca?*
and Mg?*, and they are very important property of water for domestic uses. Although,
hardness has no known adverse effect on human health, it has an adverse effect on

aesthetic property of the water, due to the unpleasant taste. Hardness has the following

105 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

effects: prevents formation of lather with soap, increases the boiling point of water and
causes encrustation in water supply distribution system (Ako, 2011). Durvey et al. (1991)
reported that long term consumption of extremely hard water might lead to an increased
incidence of urolithiasis, anencephaly, perinatal mortality, cancer and cardiovascular
disorder. In addition, high range of total hardness (TH) in water may cause corrosion in
the pipe when certain heavy metals are present (Garg et al., 2009). Hardness of water is

usually expressed as total hardness and is calculated by equation 4.6 (Todd, 1980):
TH=25Ca+ 4.1 MG oo 4.6

Where TH: total hardness as CaCOs in mg/l, Ca: Ca?* concentration in mg/l, Mg: Mg?*

concentration in mg/l.

In this study, most of the water is classified to be soft except for BH1 that has moderately
hard water (Table 4.5). Studies have shown that there is a link between TH and
cardiovascular diseases. For instance, Dissanayake et al. (1992) reported a negative
correlation between TH and leukemia and other cardiovascular disease in Siri-Lanka.
Perkin et al. (2016) reported hard water as an environmental trigger for eczema in
children. Hence, soft waters are recommended because they can be helpful towards
avoiding the irritation and improving certain health problems. Therefore, the hardness of
these geothermal springs and boreholes were within the WHO recommendations except
for BH1, which is moderately hard. Hence, they are suitable for domestic purposes due

to their softness (based on these findings).

4.4.2 Irrigation purposes

The suitability of the geothermal water and boreholes for irrigation purposes is measured
by several parameters. Tables 4.1 and 4.6 show these parameters; electrical conductivity
(EC), sodium adsorption ratio (SAR), residual sodium carbonate (RSC), percentage
sodium (SP), Kelly’s ratio (KR), permeability index (Pl) and Wilcox (US salinity)
classification indices. Salinity is one of the major negative environmental impacts leading
to loss of production, which is associated with irrigation. Salinity greatly affects crop
germination and yield and can render the soil infertile. Hence, the need to assess the
water quality for irrigation purposes. For example, low quality irrigation waters could be

suitable for sandy soil but hazardous to clayey soil and vice versa. Richards (1954)
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classified SAR and EC values for irrigation water into four categories: low (EC < 250
puS/cm, SAR < 10), medium (EC = 250 - 750 uS/cm, SAR= 10 - 18), high (EC = 750 —
2,250 uS/cm, SAR= 18 - 26) and very high (EC = 2,250 — 5, 000 uyS/cm, SAR > 26). Ako
(2011) reported that excessive solutes in irrigation water constitute a problem in semi-
arid areas where water losses through evaporation is high. In this study, the geothermal
water and borehole has EC values ranging from (90 — 746.67 uS/cm) and thus have low
to medium salinity which make them suitable for irrigation. Sodium percentage (SP) is a
good parameter to assess the suitability of water for irrigation (Wilcox, 1958). High SP in
soil causes impairment of tilth, dispersion and low permeability of soil. SP in geothermal
water/groundwater was calculated using equation 4.7,
SP=(Na+K)/(Ca+Mg+Na+K)*100 ..........ccoeiiiiiiiiiiinn.n. 4.7

Table 4.6: Index methods for groundwater suitability

SITES CODES RSC PI KR SP
Sagole SGW 10.97 104.39 221.38 99.56
SGS 0.19 92.41 7.38 88.43
Tshipise TSW 10.12 100.42 55.52 98.28
TSS 9.71 100.42 55.38 98.28
TTP -16.37 45.27 0.6 40.13
Mphephu MPW -7.45 71.17 1.87 66.25
MPS 14.93 69.75 1.9 66.65
Siloam SAW 108.15 103.75 11.7 92.36
SH1 6.81 99.5 33.43 97.16
SH2 11.35 103.64 77.41 98.77
BH1 -12.49 77.31 2.84 74.76
BH2 2.4 93.28 10.29 91.36
SCC 0.51 89.84 0.88 58.76

RSC - Residual sodium carbonate, Pl - Permeability index, KR - Kelly’s ratio, SP - Sodium

percentage.
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Pair (1983) reported that water with SP greater than 60% may result in sodium
accumulations that will cause a breakdown in the soil’'s physical properties hence, not
suitable for irrigation. This implies that all the samples from the study areas are not
suitable for irrigation (> 60%) (Table 4.6) except for SCC and TTP, which are treated
water. The sodium hazard is often expressed as SAR and is plotted against the
conductance in a Wilcox diagram (Figure 4.9).
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Figure 4.9: Wilcox (US salinity) diagram of geothermal spring water and boreholes

samples for winter and summer from the study areas.

Most of the geothermal water and boreholes are in C2S1 (medium salinity and low
alkalinity) and C2S2 (medium salinity and medium alkalinity) fields which are suitable for

irrigation. Siloam hot boreholes (SH1 and SH2) fall in C2S3 (medium salinity and high
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alkalinity) and Tshipise geothermal water (TSW and TSS) falls in (medium salinity and
very high alkalinity), which implies that they are suitable for irrigation. Generally,
groundwater is of typical quality with possible exception. For example, similar studies in
Andhra Pradesh (South India) and Yinchuan (China) showed that the majority of the
groundwater samples possess high salinity with low sodium (C3—-S1) which is not suitable
for irrigations (Nagaraju et al., 2014; Wu et al., 2015).

The water quality diminishes when the total carbonate levels exceed the amount of Ca?*
and Mg?*. Hence, the residual sodium carbonate (RSC) index is calculated by equation
4.8 (Eaton 1950);

RSC = (CO3% + HCO3") — (CaZ* + MGZ*) ...ooeeeeeeeeieeeeeee 4.8

The classification of irrigation water according to the RSC values is such that waters
containing more than 2.5 meq/l of RSC are not suitable for irrigation, while those having
1 to 2.5 meg/l are marginal and those from 0 —1 meg/l are good for irrigation (Eaton,
1950). Based on this classification, some of the water samples are not suitable for
irrigation except for SGS, TTP, MPW, SCC and BH1 that are good for irrigation. The
permeability index (PI) values also indicate the suitability of groundwater for irrigation and
it is defined as follows (Equation 4.9):

PI=100%([Na*] +V [HCOs-])/([Na*] + [Ca?*] + [Mg?*] .....evvvicrrenn 49

The World Health Organisation (WHO) (WHO, 1989) uses a criterion for assessing the
suitability of water for irrigation based on PI. Pl is classified under class | (>75%), class Il
(25-75%) and class Il (<25%) orders, with class | and Il good for irrigation. According to
the Pl values (Table 4.5), the geotherma/borehole water can be designated as class | and
Il and this implies that the water is good for irrigation (Doneen, 1964; Aastri, 1994). Since
there is little or no difference in the PI per season for different sites, the groundwater has

no permeability and infiltration problems.

Kelly’s ratio (KR) is computed by equation 4.10:
KR=Na*/ (Ca%" + MG e, 4.10
The concentration of Na* measured against Ca?* and Mg?* is known as the Kelly’s ratio

(KR), based on which the quality of irrigation water can be assessed (Kelly, 1946). Kelly’s
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ratio of water is categorised into suitable if KR is <1, marginal when KR is 1-2 and
unsuitable if KR is >2 (Kelly, 1946). According to the classification, most of the geothermal
water/groundwater were not suitable for irrigation except for TTP and SCC (Good), and
MPW and MPS (Marginal). This corroborates with the sodium percentage (SP), which
depicted that most of the samples in the studied sites are not suitable water for irrigation.

From the various indices employed in this study; SAR, RSC, Pl and EC showed that
geothermal springs and for RSC, quite a number of geothermal springs and boreholes
were suitable for irrigation purposes except for KR and SP for which most geothermal
springs/boreholes were not suitable for irrigation. According to Wilcox (US salinity)
classification, the springs are suitable for irrigation. Hence, it can be concluded that the

geothermal springs should be used for irrigation.

4.5 Isotopic composition of rainwater, geothermal springs and boreholes

4.5.1 Isotopic compositions of the rainwater

Table 4.7 shows the isotopic composition of rainwater occurrences between May 2016
and April 2017 at the University of Venda, Thohoyandou. According to the International
Atomic Energy Agency (IAEA) (IAEA-WMO 2015), warm regions are characterised by
more enriched isotopic values (+ve) of 2H and 80; while cooler regions are characterised
by more depleted isotopic values (-ve). The study area falls under the hot semi-arid region
of the country and it is expected to have more enriched isotopic values of ?H and 80 in
the rainwater samples, but seasonal effect is observed in the study. Figure 4.10 shows
that the area has most of its rainfall from November 2016 to February 2017 which
constitute part of the summer when samples (MEO6 — MEO11) were collected and the
isotopic values were more depleted (Figure 4.10; Table 4.7). Whereas more enriched
isotopic values were obtained from May to October 2016 (MEO1 — MEO5) and April 2017
(ME12). This could be due to amount effect, i.e., the lesser the volume of rainfall, the
higher the 580 or 8D content (Dansgaard, 1964; Coplen et al., 2000) (Figure 4.10). This
proves that there is a strong negative correlation between the rainfall amount and isotopic
composition (8D or 3*0). The amount effect which is a characteristic of tropical low-

latitude precipitation, has also been observed in other studies such as in Cameroon
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(Njitchoua et al., 1999; Kuitcha et al., 2012; Wirmvem et al., 2014), Nigeria (Mbonu and
Travi, 1994), Niger (Taupin et al., 2000; Risi et al., 2008), Ghana (Adomako et al., 2015),
Ethiopia (Kebede and Travi, 2012; Kebede, 2013), Costa Rica (Sanchez-Murillo et al.,
2013) and India (Rai et al., 2013).

Table 4.7: Stable isotopic compositions of contemporary rainwater in Thohoyandou

Sample Code 0D (%o) 00 (%o) d - excess (%o)
MEO1 16.0 -0.48 19.81
MEQO2 22.1 1.94 6.58
MEO3 15.2 -0.74 21.09
MEO4 1.3 -1.81 15.78
MEOQO5 18.0 3.07 -6.60
MEOG6 -49.6 -7.22 8.14
MEQ7 -76.3 -10.78 9.93
MEO8 -4.2 -2.18 13.25
MEOQ9 -41.9 -6.75 12.03
ME10 -15.9 -3.89 15.22
ME11 -24.5 -5.19 17.06
ME12 22.7 1.61 9.77

Mean Value (s) -9.8 -2.7 11.8

The rainwater samples collected from the area of study (event rainfall) showed a wide
range of stable isotopes compositions (Table 4.7). The &D values of the rainfall varied
from -76.3 %o to +22.7 %o (SMOW) with a weighted mean of — 9.8 %o and 580 values
ranged from -10.78 %o to +3.07 %0 (SMOW) with a weighted mean of -2.7 %o (n=12). This
shows the degree of evapotranspiration in the study area. The d-excess values varied
widely from -6.60 to 21.09 %o with a mean d-excess value of 11.8 %.. As shown in Table
4.7, the annual mean d-excess value in rainwater was above 10 %o of the ocean moisture
(Dansgaard, 1964), which is the primary source of most rainfall, although, transpired

moisture can be an important moisture source for many terrestrial regions (Brubaker et
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al., 1993). Hence, this implies that high values (>10 %.) suggest an additional source of

moisture, such as moisture recycling among others (Wirmvem et al., 2016).
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Figure 4.10: Variation of 320 as a function of the monthly rainfall from May 2016 to May
2017 in Thohoyandou.
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It should be noted that the weather and climate differ from place to place with variations
in rainfall, temperature, wind, which contribute to the shift in the local meteoric water line
(LMWL) compared to the GMWL (Figure 4.11). From the study, the amount effect yielded
isotopically light rainfall and hence it seems that the weather is responsible for
determining where in the meteoric water line the data falls on. On the other hand, the
meteoric water line also shifts from a point to an outlier position below/above the GMW
line, by kinetic effects associated with evaporation (Gat, 1996; Rai et al., 2013; Sanchez
etal., 2013 and Wirmvem et al., 2016). This accounts for the slight differences in the LMW

lines for Cape Town, Pretoria and Thohoyandou (Figure 4.12).
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Figure 4.11: Conventional 580-3D relationships of rainwater from May 2016 to May
2017 at Thohoyandou.
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Figure 4.12: The relationships show the Thohoyandou local meteoric water line (TLMWL)
in comparison with the Global meteoric line (GMWL), Africa local meteoric water line
(ALMWL), Cape Town local meteoric line (CLMWL) and Pretoria local meteoric water line

(PLMWL).
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The observed wide ranged d-values of rainwater in one hydrological year resulting in
variations in the stable isotopes composition of rainwater, could be caused by the
seasonality (basically winter and summer). The distinctive variations in rainfall occurrence
for isotopic signatures offer a tool to determine the timing of groundwater recharge within
Soutpansberg Group. Most of the rainfall occurs during the summer season, hence there
is evidence of depleted values with heavy rainfall, but enriched values are associated with
low rainfall (Figure 4.10) (Wirmvem et al., 2016). The observed heavy and depleted 580
values in the rainwater within the period (Figure 4.10) could possibly be associated with
the higher vertical velocity of ascending air masses and smaller effect of exchange
between atmospheric air leading to more rain out fractionation effect (Joseph et al., 1992).
Meanwhile, enriched isotopic values at the edges of the rainy season are likely due to
large exchange with atmospheric vapour, and partial evaporation of the rain drops during
rainfall (Taupin et al., 2000; Gat, 2010; Rai et al., 2013).

The 5'80-3D plot of the one-hydrological year data gave the regression line that

represents the local meteoric water line for Thohoyandou (TLMWL):
OD=7.560180 + 10.64 ......coviviiniiiiei e 4.11

Equation 4.11 shows nearly similar slope to the GMWL of Craig (1961) but relatively high
d-intercept (Figure 4.11). This implies that the process of rain formation in Thohoyandou
within the Soutpansberg Group, Limpopo Province occurs in equilibrium conditions with
minor evaporation effect when raining. The slightly high d-excess value is an indication
that the rainwater is formed from the water vapour evaporation near the land surface that
is, either by re-condensation of the evaporated rainfall or evaporation of surface waters
(Russel and Johnson, 2006). The slope also suggests that the raindrops were not notably
affected by evaporation effect (Dansgaard, 1964; Craig, 1961; Rozanski et al., 1993)
including small and enriched rain event from May to August of 2016 with high d-excess
values (Table 4.7).

The stable isotopic composition (8D and 580) of the rainwater samples for Thohoyandou
was compared to the Global Meteoric Water Line (GMWL) (3D = 8580 + 10; Craig, 1961),
Africa local meteoric water line (ALMWL) (6D = 7.45'80 + 10.1; Cohen et al., 1997), Cape
Town local meteoric water line (CLMWL) (3D = 6.85'®0 + 10.5; Harris et al., 1999) and
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Pretoria local meteoric water line (PLMWL) (8D = 6.555180 + 7.9; Abiye, 2011) (Figure
4.12). Slight differences in the d-intercept of the meteoric lines (10 for GMWL,; 10.1 for
ALMWL,; 10.5 for CLMWL,; 7.9 for PLMWL and 10.64 for TLMWL) may be attributed to
changing conditions at the source of atmospheric moisture (Gonfiantini et al 2001) and
local climatic effects such as re-evaporation (Taupin et al., 2000; Salati et al., 1979 and
Lui et al., 2014). From the ALMWL, it can be deduced that the rain formation in Africa
occurs under equilibrium with minor evaporation effect during rain drop. A study by
Joseph et al. (1992) reported that there was no continental effect (distance from the coast
effect) in Africa, which was supported by studies from Cameroon, Nigeria, Ethiopia and
Kenya (Kebede and Travi, 2012; Kebede, 2013; Muhammad and Sadiq, 2014; Wirmvem
et al., 2016). The lack of evidence of the continental effect on stable isotopes ratios of

rainwater is also evident in Thohoyandou.

The climatic and geographic factors play a vital role in differentiating the LMW lines from
the GMW line. For instance, Cape Town gets most of its rainfall in winter compared to
Thohoyandou that gets its rainfall in summer. The generated local meteoric water line
(TLMWL) is useful in assessing the origin and mechanism of groundwater recharge in the
locality. Recharge value can be obtained by integrating rainfall value with the stable
isotope values (D and *0). Integrated recharge values are calculated by multiplying the
50 and 3D values recorded for each month, by the fraction of rainfall that fell in that
month, the fraction being calculated as a rainfall fraction of all the months collected
(Diamond, 1997).

Salati et al. (1979) explained that during evaporation, high d-excess value is obtained
when there is an increase in the evaporated moisture, such that precipitation from such
moisture decreases in residual moisture. In this study, about 60% of the samples had d-
excess values greater 10%o (Table 4.7). The d-excess value is useful for the determination
of the relative contributions of inland moisture and oceanic moisture to groundwater
recharge as well as the conditions of recharge. Also, the depletion effect has been called
the "continental effect” and results in lighter stable isotope ratios when moving away from
the ocean and into the continent. The higher d-intercept further reflects a possibility of an
additional supply of recycled regional moisture across the region. This implies that the

continental effect is not affected by inland moisture from vegetation and other water
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bodies in the region. The generated TLMWL was used in the interpretation of the source
and geochemical processes of groundwater within the region.

4.5.2 Isotopic compositions of geothermal springs and boreholes

The utilisation of stable isotopes is vital in the assessment of water resources, especially
in groundwater when water infiltrates and reflects the underlying isotopic composition of
the recharging rainwater. The generated local meteoric water line will be useful in the
proper understanding of the geothermal springs and boreholes within the studied areas.
Generally, groundwater holds its isotopic signhature except there is blending or dilution
with waters with various isotopic compositions or heat up at about 60 — 80 °C (Gat and
Gonfaintini, 1981). The summarised data for 8D and 320 values for the investigated
geothermal springs water and boreholes are presented in Table 4.8. The observed
values vary from -5.73 to -4.98 %o for 380 and -33.5 to -33.2 %o for 6D at Tshipise
geothermal spring; -5.82 to -5.08 %o for 380 and -30.7 to -30.4 %o for 8D at the Sagole
geothermal spring; -4.82 to -4.92 %o for 580 and -26.1 to -24.6 %o for 8D at Mphephu
geothermal spring for both winter and summer seasons, respectively. At Siloam, the
geothermal spring has - 5.41 %o for 580 and -27.4 %o for 8D; thermal borehole has - 5.30
%o for 3180 and -27.3 %o for dD; tepid borehole has - 5.30 %o for 580 and -28.8 %o for 8D
and the community tap water from the municipality has — 4.20 %o for 320 and -11.0 %o
for dD. Also, at Tshipise the treated tapwater has — 2.16 %o for 380 and -11.8 %o for dD.

oD and 580 values were plotted to groundwater samples and gives a clear understanding
of the origin and recharge processes (Figure 4.13). It was observed that the geothermal
springs at Tshipise, Sagole and Mphephu were more depleted in winter as compared to
summer season. This could be attributed to the paleoclimatic effect which makes
groundwater isotopically depleted with respect to modern waters (Kebede, 2013). This is
indicative of a colder climate in winter season compared to summer season. Although,
most of the rainfall within Soutpansberg occurred during summer, the groundwaters were
more depleted in winter than summer (also showing seasonal effect). Hence, there is no
amount effect observed, but the temperature effect leading to evaporation resulting to

slightly higher values of 320 and 3D in summer was observed. The isotopic signatures
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of the groundwaters were more depleted in winter than in summer which negates the

amount effect.

Table 4.8: Mean values of %0 and 3D for the geothermal waters and boreholes with

other parameters

Sites 580 (%) 5D (%)  TEMP (°C) EC (uS/cm)  CI (mgfl)
TSW 5.73 335 54.6 746.67 151.86
TSS -4.98 -33.2 55.4 745 156.67
SGW -5.82 -30.7 42.4 330 41.34
SGS -5.08 -30.4 44.8 347.33 81.15
MPW -4.92 -26.1 41.3 335 33.9
MPS -4.82 -24.6 42.7 365 98.82
SAW 5.41 -27.4 67.7 340 24.11
SH 182 5.3 -27.4 46.3 480 96.1
BH 1&2 5.3 -28.8 21.9 710 91.63
TTP -2.16 -11.8 22.5 290 20.2
scc 4.2 11 20.1 90 3.73

Figure 4.13 on isotopic data differentiates between the three possible types of origin of
geothermal water, i.e. magmatic, oceanic and meteoric. Ranges of 880 and dD of all the
geothermal water samples are -5.7 to -4.8 %o and —33.5 to -24.6 %o respectively (Table
4.8). These data showed no presence of any significant amount of magmatic water, which
generally has 3'80: +6 to +9 %o and 8D: -40 to -80 %o (Pearson and Rightmire, 1980;
Giggenbach, 1992). The possibility of oceanic origin of these waters is ruled out because
580 and &D are not approximately 0%o (Craig, 1961). The isotopic compositions of

groundwater were significantly lighter than those of modern rainwater, indicating that such
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groundwater could possibly originate from seepage of meteoric water in the past during
colder climates (Yeh and Lee, 2018). Hence, the origin of these waters is possibly
meteoric. The isotopic ranges of the geothermal springs/groundwater are relatively
reflective of rainwater signature (8D = -9.8%o and 880 = -2.7%o). This indicates that the
groundwater came from precipitation that took place in the high mountain of the
Soutpansberg mountain range. Most groundwater samples might have derived from the
infiltration of local precipitation, with significant contribution of another type of water in the

deeper part of the aquifer.
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Figure 4.13: Variation of 8D and 380 values of the geothermal springs and boreholes

within Soutpansberg region.
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The convectional 6D against 580 diagram shows that the geothermal springs and various
boreholes plot close to the local meteoric water line (LMWL) (Figure 4.13), giving an
indication of meteoric origin, which implies that rainfall is the fundamental source of these
groundwaters (Figure 4.14). However, some of the samples (TSW, TSS, SGS) fall below
the LMWL, which implies that they were mainly subjected to evaporation before or during
their underground transit (Gat, 2010). These could be achieved by local processes such
as selective infiltration, direct percolation through the faults, degree of differentiation both
on land surface and in the unsaturated (vadose) zone and mixing mechanism from
surface water and irrigation processes (Ako et al., 2011). Figure 4.14 shows the
conceptual model for the studied groundwater within Soutpansberg.

Water Chemistry

e _
Figure 4.14: Conceptual model of the studied groundwater within Soutpansberg
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Other samples plotted above the LMWL, which indicate the average isotopic composition
of rainwater resulting from relatively aquifer-mixed system. This is mostly experienced in
winter, during which there is a low amount of rainfall. Hence, there is mixing of water from
rainwater and other water bodies (rivers and lakes) in the aquifer. The aquifer system of
the studied geothermal springs are weathered and fractured, there is possibly direct
infiltration through faults and shearing and could conserve the isotopic composition of the
original rain. Hence, the groundwaters would not be affected by isotopic fractionation,
which makes it distinct from rainwater resulting to a depletion of heavy isotopes due to

Rayleigh fractionation processes.

The different types of groundwater were classified into two groups according to their
isotopic composition; Group 1 (Sagole and Tshipise with altitude of 450 m and 520 m,
respectively) and Group 2 (Siloam and Mphephu with altitude of 835 m and 890 m,
respectively). Group 1 are more isotopically depleted in 8D values than Group 2, this
could be attributed to the altitude (More depletion at high altitude compared to lower
altitude). Interestingly, Siloam geothermal spring and hot borehole have a very similar
isotopic composition, suggesting that they are either derived from the same aquifer or
from two different aquifers which are connected through a minor fault. Isotopic signatures
from treated tap waters (SCC and TTP) are more enriched than the groundwaters
(geothermal springs and boreholes). At Siloam, both hot and tepid boreholes (SH and
BH) have 30 value of -5.30 %o and the treated borehole (SCC) has -4.20 %o, which
implies that there was a 1.10 %o increment in 380 during the treatment process. Likewise,
Tshipise geothermal spring had an average 520 value of -5.35 %o and -2.16 %o for treated
borehole (TTP). This means that there was a 3.19 %o increment in 3*0 during the
treatment process. Hence, the water treatment process increases the 620 value

(enrichment) of the water.

The study infers that the geothermal spring waters are from a deep aquifer with more
depleted isotopic signatures (light isotopic composition) while borehole water are from the
shallow aquifer with more enriched isotopic signature (heavier isotopic composition).
Except for hot borehole (shallow aquifer) which has a similar isotopic signature with the

geothermal spring (deep aquifer) at Siloam, for which it can be inferred that there is either
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direct interconnectivity between the two aquifers (shallow and deep) systems through the
fault at Siloam or they are from the same aquifer. This can be attributed to the geological

formations and climatic factors of the area.

Fontes (1980) reported that evaporation from open water and dissociation of rock
minerals are the most common isotopic differentiation processes that affect the
relationship between 8D and 3'80. Owing to the high-water temperature (geothermal
spring water), D is generally not affected by reaction with aquifer materials at low
temperature. Hence, 8D — values were plotted against the EC and Temperature (Figure
4.15). There were negative correlations between 8D — EC (R? > 0.5) and dD —
Temperature (R? < 0.5). This implies that the higher the EC and Temperature of
groundwater, the more isotopically depleted are the signatures. This corroborates with
the previous findings that treated water are more isotopically enriched compared with the
geothermal water and hot boreholes.
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Figure 4.15: Relationship between dD with temperature and electrical conductivity of

geothermal springs/boreholes within the Soutpansberg region.
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This relationship has also proven that the depletion of isotopic signatures and active rock-
water interaction of the aquifer is more profound in geothermal springs/hot boreholes
compared to ordinary groundwater (tepid boreholes). Evaporation plays a vital role in the
dissolution of salts in water as a function of its composition and atmospheric humidity
among others. The significance of evaporation and dissolution of minerals can be seen
on a 880 — CI- diagram (Figure 4.16). The diagram shows that there is a weak correlation
between 30 and CI. This implies that the deviation from LMWL is caused by an
evaporative enrichment of the signatures of the groundwater on the surface before
groundwater recharge. This means that there is intense recycling of groundwater used
for irrigation purposes within Soutpansberg, hence evaporation can contribute to the
concentration of salts in its groundwater (Ako et al., 2011). Therefore, surface evaporation
before recharge contributes to groundwater salinisation in the studied areas. This further
affirms that there is evaporation, particularly on the surface water bodies which also
contributes to the groundwater recharge. Hence, there is need to assess the surrounding
surface water bodies to determine which of them is contributing to groundwater recharge

in specific areas.
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Figure 4.16: Plot of 380 against CI- of the geothermal water and boreholes within

Soutpansberg region.
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4.5 Synopsis

The objective of this chapter was to determine the physicochemical, geochemical
parameters and stable isotopic compositions in the selected geothermal springs and other
boreholes within the study areas (Specific Objective 1). The following results were

obtained:

+ Generally, the studied geothermal springs and boreholes were classified according
to their temperature as hot and scalding; except for tepid bore holes (treated
water). The temperature plays a significant role in the geochemical processes
governing the geothermal springs and boreholes.

+ Piper diagram revealed that most of the geothermal spring water and borehole
(80%) falls in Na-Cl water type except for Siloam geothermal spring (SAW - WT29
and WT30) with Na-HCO3 water type and TTP (Tshipise tapwater) and SCC
(Siloam community tap water) with Ca-Mg-Cl. Durov’s diagram corroborates and
substantiate more on findings from the Piper’s diagram; generally the major water
types are Na-Cl and Na-HCOs which are typical of marine and deeper
groundwaters, influenced by ion-exchange process. Cl- and Na* are the most
dominated ions, and the water could result from the reverse ion exchange of Na-
Cl waters. Hence making the water type Na-Cl as observed in the Piper diagram.
Siloam geothermal spring (SAW) has Na-HCOs water type which is formed as a
result of the reverse ion exchange of Na-Cl waters, making Cl dominant anion and
Na dominant cation resulting to Na-HCO3s water type. The reservoir temperature of
all the geothermal springs within Soutpansberg in ranged dbetween 95°C to
185°C. Most of the geothermal spring waters are mature except for Siloam
geothermal spring water that is peripheral.

+ The Gibb’s plot indicates that the groundwater chemistry in the studied areas is
mainly controlled by rock-water interaction process leading to chemical weathering
of rock-forming minerals. Plot of (Ca + Mg) against (HCO3+S0a4) showed that most
of the geothermal springs, except for Mphephu (MPW and MPS) indicate
carbonate weathering processes which supported the Gibb’s diagram. All tepid
waters (BH1, BH2, SCC and TSS) and Mphephu geothermal water fall below 1:1
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line which indicates silicate weathering. This further shows the contributions of the
cation exchange and carbonate and sulfate minerals dissolutions.

+ Generally, the geothermal spring waters and boreholes are not fit for drinking due
to high fluoride content, except for the treated water such as water from SCC and
TTP. But these waters could be used for direct heating in refrigeration, green-
housing, spa, therapeutic uses, aquaculture, sericulture, concrete curing and coal
washing. Various indices such as SP, SAR, RSC, PI, KR and EC were used to
evaluate groundwater quality for irrigation. Majority of the indices such as SAR,
RSC, PI, and EC showed similar results except for KR and SP, implying that the
geothermal spring water and boreholes fall under excellent to good category in
both seasons. According to Wilcox (US salinity) diagram, all geothermal water and
boreholes samples were suitable for irrigation purposes.

+ The 0D values of rainwater varied from -76.3 to +22.7 %, (SMOW) with a weighted
mean of — 9.8 %o and 580 values ranged from -10.78 to +3.07 % (SMOW) with a
weighted mean of -2.7 %o (n=12). The amount and seasonal effects were profound
in the rainwater samples leading to more depleted signatures in summer compared
to winter. Rain formation processes at Thohoyandou occurred under isotopic
equilibrium conditions with minor evaporation effect during the precipitation, as
reflected by the slope of the local meteoric water line of 3D = 7.5650 + 10.64.
The slightly higher d-intercept value above the GMWL (10 %o) reflects a possibility
of an additional supply of recycled moisture across the regions. This implies that
there is no continental effect, but inland moisture from various water bodies and
vegetation. The slightly high d-excess value is an indication that the rainwater is
formed from the water vapour evaporation near the land surface that is, either by
re-condensation of the evaporated rainfall or evaporation of surface waters.

+ The dD and 520 values of the geothermal spring water and boreholes confirm that
the waters are of meteoric origin, which implies that rainfall is the fundamental
component of these groundwaters. That is, the groundwater was derived from the
infiltration of local precipitation, with significant contribution of another type of water
in the deeper part of the aquifer (sea water). That is, there is mixing of meteoric

water with sea water. The stable isotope ratios depict that the geothermal springs
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at Sagole and Tshipise (Group 1) and Siloam and Mphephu (Group 2) have similar
geochemical processes leading to similar isotopic composition. This could be
attributed to attitude effects. The stable isotopic compositions of the geothermal
spring waters and boreholes also show that evaporation and rock-water
interactions are the main processes that control groundwater chemistry in the
study areas. The isotopic signatures further confirm that there is an
interconnectivity between the hot boreholes and geothermal spring at Siloam
through minor faults that connect the shallow aquifer of hot boreholes and the deep

aquifer of the geothermal spring.

125 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

CHAPTER FIVE

RADIOGENIC DATING OF THE GEOTHERMAL SPRINGS USING

CARBON-14 (**C) AND TRITIUM (3H)

5.1 Preamble

This chapter presents results and discusses ages of the geothermal springs as well as
the residence time from the source. This chapter focuses on reporting results on the use
of radiogenic isotopes (**C and 3H) to ascertain the residence time from the source of
groundwater recharge (Specific objective 2). This chapter further substantiates the
previous findings from chapter 4 and draws conclusion on the source and the residence
time of the water in the aquifer system. This chapter is based on Hypothesis 2, which

states that “Geothermal springs within Soutpansberg have approximately the same ages”.

5.2 Tritium content of the geothermal springs and boreholes

Tritium concentrations in groundwater studies give qualitative information on the recharge
time to the aquifer system or residence time. The presence of higher tritium
concentrations in groundwater samples than that produced by cosmic radiations itself
indicates that some of the water was recharged after 1952 (Last hydrogen bomb testing)
(Clark and Fritz, 1997). The interpretation of the tritium concentrations of the geothermal
springs and boreholes were based on Clark and Fritz's classification (Clark and Fritz,
1997). Furthermore, the presence of tritium in groundwater samples at concentrations
greater than 1 TU indicates that the groundwater was recharged after the start of
atmospheric testing of thermonuclear weapons. Atmospheric tritium from weapons
testing continues to decay, and tritium concentrations in recent and current rainfall are
still distinguishable from tritium concentrations in groundwater recharged prior to the
period of bomb testing (Zouari et al., 2003). The measured tritium concentrations of the
geothermal springs and boreholes are shown in Table 5.1. The tritium values range from
0.4 to 1.4 TU, which implies that the water falls on “submodern” (recharged before 1952)
and “mixture of the submodern and modern” (recharged before 1952 and after 1952)
(Clark and Fritz, 1997). This variation of the tritium concentrations in the aquifer indicates

two types of water:
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a) Old (submodern) deep water circulating with less or no influence by the modern
recharge (deep aquifer) and,;

b) Water near the surface made of modern recharge (shallow aquifer).

Table 5.1: Mean tritium concentrations of geothermal springs within Soutpansberg region

and comparison with results of other studies

Sample Code Tritium (TU) Age classification by Clark and Fritz, 1997
TSW 0.6+0.2 Submodern
TSS 1.4+0.2 Mix (Submodern and modern)
SAW 0.84+0.2 Mix (Submodern and modern)
SGW 0.4+0.2 Submodern
SGS 0.8+0.2 Mix (Submodern and modern)
MPW 0.6+0.2 Submodern
MPS 0.9+0.2 Mix (Submodern and modern)
Springs and boreholes 06-1.9 Submodern - Mix (Submodern and modern)
(Mohlapitsi Wetland, South
Africa)?
Karst Springs (India)® 13.19 — 16.65 Modern
Groundwater (Karnataka, 1.95-11.35 Mix (Submodern and modern) - Modern
India)®
Groundwater (Kitsap 5.3-17 Modern

county, Washington, USA)¢

Groundwater (deep aquifer) <0.1-04 Submodern
(Kitsap county,
Washington, USA)¢
a Mekiso et al., 2015; ®PNadeem and Jeelani, 2016; °‘Ravikumar and Somashekar, 2011; ¢Cox, 2003
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This study shows the existence of two water types that is groundwaters recharged by
present day meteoric water (rainwater) with a higher tritium concentration in the summer
(wet) and older groundwater in deeper parts of the aquifer system with lower tritium
concentrations. In summer, evidence of modern rainfall was profound in the study in all
the geothermal springs, resulting to a mixture of submodern and modern waters. From
the studies such as Makiso et al. (2015); Nadeem and Jeelani (2016); Ravikumar and
Somashekar (2011); Cox (2003); the waters range from modern, mix (Submodern and
modern) and submodern, which depend on water sources. From Table 5.1, thermal
springs and deep groundwaters (Karnataka, India and Washington, USA) were
submodern and mix (Submodern and modern), which conforms with findings from this
study. This implies that deep groundwaters have a long residence time from low tritium

values.

Generally, geothermal springs within Soutpansberg are submodern (old water from deep
aquifer) with modern rainfall infiltration in the summer resulting to a mixture of modern
and submodern. The lower tritium concentrations in the study areas are consistent with
previous studies which have shown that trittum concentrations in the southern
hemisphere are approximately a tenth of that of the northern hemisphere (Kendall and
McDonnell, 1998; Kebede, 2013). This is because most of the tritium was released in the
northern hemisphere and transferred from the stratosphere to the troposphere
preferentially at high latitudes (Kendall and McDonnell, 1998; Kebede, 2013). Also, more
washout and dilution effect of the tritium concentration is a result of the higher proportion
of the ocean surface in the southern hemisphere and the high vapour pressure in
equatorial regions (Kebede, 2013). Again, the tritium concentrations show seasonal
variation in the geothermal springs waters; the waters were recharged pre-1952
(Submodern) in the winter and a mixture of the submodern and modern water (recharge
pre-1952 and post-1952) in summer (Figure 5.1). Submodern waters have less or no
influence of the present-day rainfall, which accounts for low tritium values. This finding
supports the general observation that groundwater recharge occurs after heavy rainfall
and without significant evapotranspiration of the vegetation (Gonfiantini et al., 1998; Clark
and Fritz, 1997; Mook, 1980; Truesdell and Hulston, 1980).
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Figure 5.1: Seasonal variations of the tritium concentration in the geothermal springs
within Soutpansberg. Straight line was adopted from Clark and Fritz’s classification to

differentiate the two types of water present in the study sites.

As earlier mentioned, most of the rainfall in the study area occurs in summer (October to
February), hence, this accounts for the higher tritium values in summer compared to that
obtained in winter (Figure 5.1; Table 5.1). Also, there are limited infiltration processes,
resulting in relatively low tritium values in winter season compared to summer. Therefore,

the water has a longer residence time in the aquifer system in winter compared to summer
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when there is a mixture of modern and old waters with less retention time in the aquifer
system. This implies that the input of new water (modern rainfall) from the rainfall event

causes the groundwater system to rejuvenate.

However, the tritium concentration has been used in this study as a guide to differentiate
between old (older than 50 years) waters and waters with contribution of recent rainfall
(modern; less than 50 years). It can be inferred that most of the geothermal springs within
Soutpansberg were submodern with significant contribution of modern rainfall in the
summer leading to higher tritum values. The contour analysis showed the spatial
distribution of tritium concentration in geothermal springs within Soutpansberg (Figures
5.2 and 5.3). On comparing these results with standard 3H values given by Clark et al.
(1997) and Zouari et al. (2003), it is evident that the majority of the samples were pre-
modern (submodern) with a mixture of modern rainfall at a specific period (summer). In
other words, groundwaters get recharged with modern rainfalls and have short circulation
time in the ground (that is the origin is meteoric with short travel time). Contour analysis
shows that Siloam and Mphephu geothermal springs are recharged at higher altitude
compared to Sagole and Tshipise geothermal springs at lower altitude. This conforms
with the results obtained from dD and 380 values of the geothermal springs (Chapter 4).
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Figure 5.2: Spatial distribution of tritium content in geothermal springs within Soutpansberg region.
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5.2 Stable and radioactive carbon isotope geochemistry

Carbon source and the influence of CO:2 content are significantly useful in the
determination of the variation in the amount of 3'3C in groundwater. The d3C in CO2
dissolved in groundwater are attributed to two main sources: inorganic and organic origins
(Truesdall and Hulston, 1980). Studies such as Deines (1970), Kyser (1986) and
Sheppard (1986) have shown that '3C in CO2 dissolved in groundwater from inorganic
sources are mantle derived carbon, which ranges from -8 to -1%o.; CO:2 derived from
marine limestone with '3C values close to 0%., whereas; 5*3C in crustal CO2 have values
from -70 to 15%o0 (Ohmoto and Tye, 1979). For organic sources, CO2 can be due to decay
of organic matter and have mean 3'3C values between -26 to -22%.. The Calvin
photosynthetic pathway or Cz plants derive carbon with 33C range of -24 to -38%o (Vogel,
1993), while the Hatch-Slack photosynthetic pathway or Cs plants have slightly higher
O13C between -17 and -9%. (Deines, 1980). The latter type of vegetation is characteristic
of area with warm and dry conditions (Vogel, 1978 and Scott and Vogel, 2000) and the
former vegetation type reflects species that are typical for areas with moisture availability
and relatively cool conditions. The third category of plants is the Crassulacean Acid
Metabolism (CAM) plant type, which uses both Cs and Ca photosynthesis pathways.
These vegetation types have &'3C values in between C3 and Cs plants. These plant types
differ in their photosynthetic pathway (Clark and Fritz, 1997), the 3'3C signature
associated with each of the cases is, in most of the cases, used to identify the sources of

carbon and the processes occurring underground (Gonfiantini et al., 1998).

The study areas *3C were determined on dissolved inorganic carbon (DIC) and the results
varied between -9.36 to -17.38%o (Table 5.2). Thus, these results suggest that the source
of carbon in the area is the soil induced by Hatch-Slack photosynthetic pathway or Ca
plants. Hence, there is the possibility that the following isotopic fractionation processes

occurred after groundwater recharge;

(i) Weathering of silicate minerals that does not change the 3*3C content which
possibly affect alkalinity (Mook, 1980; Fritz and Mozeto, 1981);

133 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

o
- A
University of Venda

(i) Dissolution and precipitation of carbonate rocks or minerals, including dolomite,
which has &'3C concentration close to 0%.. These processes promote the
isotope exchange between DIC and the aquifer matrix and result in 3C
enrichment and 1“C depletion in DIC (Pearson and Hanshaw, 1970, Clark and
Fritz, 1997). This defines the local type of vegetation, pH and system conditions
(Clark and Frtiz, 1997); and

(i) Transport of CO2 gas from soil atmosphere and oxidation of organic matter with

introduction of light carbon (Grossman et al., 1989; Liu et al., 2009).

Table 5.2: Mean carbon isotopes and radiogenic carbon of the geothermal springs within

the Soutpansberg region and comparison with results of other studies

Sample Code 13C DIC (%0) *#C (pmC) Radiogenic age (BP) Observed Age

TSW -9.07 41.2+2.2 6900 - 7800 Submodern
TSS -16.23 45.2+1.7 6250 - 6900 Submodern
SAW -9.36 72.0£1.9 2500 - 2950 Modern/Submodern
SGW -13.24 44.4x1.7 6400 - 7050 Submodern
SGS -15.76 49.8+1.8 5450 - 6050 Submodern
MPW -16.45 66.5+£1.9 3150 - 3600 Modern/Submodern
MPS -17.38 70.7£1.9 2650 - 3100 Modern/Submodern
Deep groundwater  -4.7 - -20.3 51-72 2120 - 1510 Modern/Submodern
USA2
Springs (Alberta) -13.5--13.9 51.3-56.5 2402 - 1558 Modern/Submodern
Canada®
Thermal springs  -9.4 - -13.5 29-48 21,860 -20,659 Submodern
Jordan®

*BP- Before Present; 2Cox, 2003; "Lemay, 2002; Al-Saudi and Yaseen, 2017.
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The 4C concentration was used to determine the age of the geothermal springs applying
the decay law with no correction method. **C is not part of the water molecule, hence its
activity is distorted with chemical reaction between the aquifer material and dissolved
constituent in the water that occurs during and after infiltration. Carbon dioxide enters
groundwater during/after recharge; water is in contact with the atmosphere, occurring
mostly in the unsaturated zone where the gas concentration of 1*CO: is substantially
increased by root respiration and microbial oxidation of organic matter (Liu et al., 2009).
Generally low, *C concentration depicts that water is relatively “old”, or it may be
interpreted as a mixture of relatively “young” and ‘old” water. Hence, #C concentration
from the studied geothermal springs corroborate with tritium age. Studied geothermal
springs are classified into Submodern (old water) and a mixture of modern/submodern
(mixture of young and old water). From literature such as Cox (2003); Lemay (2002); Al-
Saudi and Yaseen (2017); it can be deduced that most deep groundwaters and the
springs were submodern and mixture of submodern and modern waters, which
corroborate with the tritium age of the studied geothermal springs. The radiocarbon age
was at least 1000 years Before Present (BP), which supports the present findings from
this study. Thermal springs from Jordan (Syria) were very old (submodern) (Table 5.2)
compared to other springs (studied springs inclusive) because Jordan springs were from
volcanic origin with long residence time in the aquifer system. Although, the radiocarbon
age (apparent age) still need to be corrected to obtain appropriate/best estimated age of

the springs.

In Figure 5.4, the #C activity against 13C diagram shows a decreasing *C activity to
increase in 3C concentration. This shows the possible existence of an isotopic
fractionation between the dissolved inorganic carbon (DIC) and the aquifer material
(Group 1). That is, there is an inverse relationship between the 4C activity and 3C in the
studied geothermal springs. However, Siloam geothermal spring showed exception which
seems to depict different geochemical process from the other geothermal springs (Group
2). This implies that the decrease of 4C activity is not accompanied by any change of 13C
concentration. This finding further supports the fact that there are two geochemical
distinctions leading to the two water types among the geothermal springs (Na-Cl and Na-

HCO:3) from Durov and Piper’s diagrams (chapter 4). Similar variations were observed in
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14C concentrations in the contour analysis (Figure 5.5), where the seasonality effect was
profound. There was a higher radiocarbon age in the winter compared to summer. This
could be attributed to the more rainfall occurrence in the summer leading to mixing of the

waters with short residence times compared to winter when there is limited or no rainfall.

14C (pmC)
0 20 40 60 80
0
4
Group 1 Group 2

8
%)
5

12

16

20

Figure 5.4: Relationship 14C activity vs 8'3C concentrations of geothermal springs within

Soutpansberg region.

The contribution of carbon from different sources can sometimes be estimated from
13C/12C ratio measurements and chemical constituents (Drever, 1997) so that corrections
can be made to arrive at better and more reliable isotopic based ages. Hence, this is the
most difficult aspect in using 4C for dating groundwater. This study incorporates the DIC

and geochemical parameters for springs to estimate a more reliable radiocarbon age.
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Figure 5.5: Spatial distribution of 1*C concentrations of geothermal springs within Soutpansberg region.
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A better interpretation of C measurements in groundwater dating can be deduced if the
knowledge of the flow of water, sources of DIC in the water, hydrogeological and
geochemical measurements are known as reported by Talma et al. (1997), Elliot et al.
(1999), Buckau et al. (2000), Plummer and Sprinkle, (2001), Zongyu et al. (2003).
However, knowledge of the flow of water and hydrogeological measurements are the
delimitations of this study. An additional source of dissolved carbon is derived from the
oxidation of organic carbon. The 3C concentrations play a very vital role in the

radiocarbon dating of groundwater.

The initial 1*C estimation of the actual groundwater age is highly significant to determine
the extent to which the heavier carbon has reduced the relative *C concentration of the
groundwater (Table 5.2). Thus, to overcome the complexity of the isotopic modification in
groundwater dating using radiocarbon, several correction methods have been developed,
including computer intensive simulation models which vary in parameters, processes and
configurations (Ingerson and Pearson, 1964; Pearson and White, 1967; Pearson and
Hanshaw, 1970; Tamers 1975; Gonfiantini, 1988; Clark and Fritz, 1997). An inverse
modelling is highly needed to constrain the range of possible simulations and optimise
the parameter values (given configurations and processes chosen for a system). Hence,
Inverse modelling involve inverse geochemical modelling with NETPATH to assess the
possible reaction and mixing processes that govern the geochemical evolution of the
groundwater. These methods are considered the most important chemical processes
affecting carbon isotopes in groundwater.

The statistical correction model (Vogel, 1970), proposes 85+5%o for the initial 14C activity.
The chemical mixing approach takes into consideration the dissolution of sedimentary
carbonates by primary recharge DIC (Ingerson and Pearson, 1964; Pearson and White,
1967; Pearson and Hanshaw, 1970; Tamers 1975; Gonfiantini, 1988; Clark and Fritz,
1997). This method relies on the 13C concentration differences between the recharge
areas and the dilution of DIC from carbonate rocks in the aquifer. Hence, most of these
models are incorporated in the USGS Computer code NETPATH (Plummer et al., 1994),

which was employed in this study (Figures 5.6 and 5.7). The decision on which correction
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model to use in any particular situation is dependent on the knowledge of the climatic
condition and soil type; hydrological and geochemical composition of the system.
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Figure 5.6: Result of carbon-14 correction models from NETPATH at Siloam
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Figure 5.7: Plot of carbon-14 against carbon-13 from NETPATH at Siloam
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Most of the correction models underestimate the geothermal spring age compared with
the apparent age, except for the Mass balance model (Table 5.4). The Mass Balance
model uses extensive water chemistry and isotopic data to identify the main reactions
affecting the chemical evolution of the groundwater (Plummer et al., 2004). It provides the
most complete analysis of all the models and, therefore, tends to produce the best
estimates for the geothermal spring ages. The mass balance model has higher values
compared to the apparent ages except for Siloam (SAW). As earlier mentioned, the DIC
does not really affect the geothermal water at Siloam (Group 2) (Figure 5.2). This
accounts for the negative value with all the models except for Vogel model (Table 5.3).
This implies that the *C content decrease does not have an influence on the d'3C of DIC,
hence, calculation of the groundwater age needs only the application of radioactive decay
equation. This is true because the mass balance model does not overestimate the age of

Siloam geothermal spring.

Other models such as Tamers, Ingerson and Pearson, Mook, Fontes and Garnier,
Eichinger, Revised F&G gas exchange and Revised F&G solid exchange models were in
close agreement which are marginally lower compared to the apparent age (Table 5.4;
Figure 5.8). This could be as a result of dissolution mixing reaction based on the isotopic
balance and isotopic exchange with solid or gas (Tamers, 1967; Ingerson and Pearson,
1964, Fontes and Garnier, 1979; Fontes, 1992; Eichinger, 1983). The Vogel model gave
results which closely approaches the uncorrected age (apparent age). This model uses
the empirical estimation to account for mixing and exchange processes (Vogel and
Ehhalt, 1963), hence this model appears to give a reasonable result which is close to
estimated apparent ages in this study compared to other models. The limitation of the
Vogel's model is that it is only useful for soil, waters and shallow groundwaters in
temperate climates (Vogel and Ehhalt, 1963). Hence, this model is not appropriate for

deep groundwaters.

A study from Australia recommended Tamer and Ingerson & Pearson models as the most
preferable due to their climatic condition (sub-humid and semi-arid) (Eglinton and
Eglinton, 2008), which is similar to the study area climate. The results obtained from the

Tamer model in this study contradict the previous findings. The values obtained were
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inconsistent and not coherent in terms of seasonality. Hence, there is a wide disparity in

the values obtained per season compared to the apparent ages (Table 5.3). This could

be as a result of dissolution-mixing reaction based on the chemical balance and does not

take into account any isotopic exchange reactions (Tamers, 1967). Ingerson and Pearson

model accounts for isotopic exchange reaction, hence, it gives a better result compared

to Tamer’'s model. Some of the geothermal springs gave negative ages, indicating the

presence of anthropogenic 4C. This implies that there is possible potential contamination

of geothermal springs by surface runoff (Gallagher et al., 2000).

Table 5.3: Correction models for radiocarbon dating of groundwater within the

Soutpansberg region.

Models SGW SGS MPW MPS TSW TSS SAW
Carbon-13 -13.24 -15.76 -16.45 -17.38 -9.07 -16.23 -6.36
Carbon-14 44.4 49.8 66.5 70.7 41.2 45.2 72

Apparent age (BP) 6700 5750 3350 2850 7350 6550 2700
Mass Balance (BP) 12933.71  8156.69 0.00 0.00 19983.71  18227.38 2004.56
Vogel (BP) 5368.46  4419.65 2029.04 1522.76 5986.81 5220.83 1372.14
Tamers (BP) 1005.22 186.05 -2225.39  -2762.26 1650.51 884.32 -3008.06
Ingerson & Pearson (BP) 1457.39 1948.9 740.15 727.08 3698.21 2993.01 -8600.15
Mook (BP) 1645.61  3038.39 3384.97 3135.04 7528.38 4036.61 -13730.51
Fontes and Garnier (BP) 1607.16  2452.23 1686.33 1645.79 4679.17 3464.6 -9673.27
Eichinger (BP) 1155.2 1851.72 759.55 809.94 3715.39 3017.64 -11513.03
Revised F&G gas 178791  3134.26 1555.15 3310.35  -4922.43 4139.42 -11995.1

exchange (BP)

Revised F&G solid 1203.75 1844.6 -196.86 813.16 -2086.23 3056.77 -10123.82

exchange (BP)

*BP- Before Present
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Figure 5.8: Comparison of the apparent ages with the various correction models.
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Mook, Fontes and Garnier, and Eichinger models were in good agreement with the
outcomes obtained from Ingerson and Pearson model. These three models have the
advantage of using Tamer’s reaction and isotopic exchange with either gas phase or solid
phase, which in turn gives a better result compared to Tamer's model (Mook, 1980;
Fontes and Garnier, 1979; Eichinger, 1983). Hence, there is a need to constrain the
correction model results with tritium relative ages of the geothermal springs and come up

with the most appropriate model.

Clark and Fritz (1997) suggest that the best approach is to collect as much field data as
possible, including samples from the recharge area, and compare results with various
models. In comparison of the various correction models with the obtained value for 4C
concentrations, the Vogel model result was in good agreement with the uncorrected age
(Figure 5.7). Although, the study has shown that Vogel model gave good results close to
the apparent age, but its limitation as explained earlier makes it not appropriate for
radiocarbon dating of the groundwater in Group 1 (Figure 5.4). In the Group 1, an increase
of 313C with decreasing *C content (Figure 5.4) could be explained by a partial mixing
between biogenic CO2 and carbonate matrix. For this group, corrections of the activities
are required in order to determine the initial activity (Ao). Therefore, Mook, Fontes and
Garnier, Eichinger and Ingerson and Pearson models could represent fairly the
geothermal springs water age of this group, considering the hydrochemical parameters
of springs. The water types (NaCl and NaHCO3) of the geothermal springs have impacts
on the “C content of the water. As earlier mentioned, Group 2 (SAW) is not affected by
DIC, hence the mass balance model is most appropriate for such a case since other

models gave negative values.

Figure 5.9 shows that all the geothermal springs within Soutpansbergs are mixed waters
(old groundwater) that is a mixture of modern and submordern water. Combination of 3H
and *4C values for the springs give more reliable outcomes of the retention time of the

geothermal springs.
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Figure 5.8: Plot of Tritium (TU) againt Carbon-14 (pmC) of the geothermal springs
within Soutpansberg.

The 4C - correction models were subjected to Two-ways ANOVA to ascertain if there are
any significant differences in their outputs. Table 5.4 shows clearly that there was a
significant difference in the output from an individual correction model used (P < 0.05).
This implies that the output obtained from each model were either due to dissolution of
mixing reaction based on chemical balance or isotopic balance. Then, the accuracy of

each model was constrained with relative tritium age earlier obtained.
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Table 5.4: Two ways ANOVA without replication for **C - correction models

Source of Variation SS df MS F P-value F critical

Study sites 9.08E+08 6.00 1.51E+08 13.46 2.89E-09 2.27

Carbon-14 correction

models 6.05E+08 9.00 6.72E+07 5.97 9.14E-06 2.06
Error 6.07E+08 54.00 1.12E+07
Total 2.12E+09 69.00

Generally, most of the 14C correcting models further support that the geothermal spring
age is older in winter compared to summer. This implies that there is a high retention time
in winter than summer within the aquifer system. As explained earlier, there is limited
rainfall in winter, hence resulting in limited infiltration processes and older water
(submodern water). Comparing the tritium age with the various carbon-14 correction
models (Table 5.5), Ingersion and Pearson, Fontes and Garnier and Eichinger models
would be considered most appropriate. The result obtained was in good agreement with
the tritium result and is supported by studies from Australia (Eglinton and Eglinton, 2008;
Sachse et al., 2012). Geothermal springs within the Soutpansberg region are submodern
and a mixture of submodern and modern waters based on relative tritium age. Although,
the Vogel model result is closer to the apparent ages of the geothermal springs, but with
respect to tritium age in this study, the model would not be appropriate. In addition to
Australia study, this study recommends the use of Ingerson and Pearson, Eichinger and
Fontes and Garnier correction models for radiocarbon dating of groundwater in semi-arid
region (Table 5.5).
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Table 5.5: Tritium age against various correction models of carbon-14 age based on

performance outcome.

Sites 3H- Tamer Ingerson Mook Fontes Eichinger Revised Revised

age and and F&G gas F&G solid
Pearson Garnier exchange exchange
TSW * ** * * * * - **
TSS ** ** *% * ** *% * **
SAW i - - - - - - -
SGW * *%* *% *% ** *% ** **
SGS *%* *k% *% * ** *% ** **
M PW * - *% * ** *% ** -
M PS *%* - *% * ** *% ** **

*Submodern age
**Mixture of Submodern and Modern age

***Modern age

5.3 Synopsis

The objective of the study was to report results and discussion on the ages of geothermal
springs with respect to season within the Soutpansberg region using Tritium and carbon-
14 (Specific Objective 2). The following results were obtained:

+ The geothermal springs have higher tritium values in summer compared to winter
season. This implies that the geothermal springs were recharged before 1952
(submodern) for winter and recharged before and after 1952 (Mixture of modern
and submodern) for the summer season. This is an indication that the present
rainfall contributes more to the geothermal spring recharge, particularly in summer

compared to winter.
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+ Radiocarbon values of the geothermal spring range from 2700 BP to 7350 BP
(where the BP- Before Present, which is 1950) without correction. The radiocarbon
further confirms the longer residence time in the aquifer in winter compared to
summer, where there is a mixture of modern and submodern water for recharge.

+ Some geothermal springs after the correction models gave negative ages,
indicating the presence of anthropogenic 14C. There were significant differences in
the outputs from different correction models employed in this study. From several
carbon-14 correction models deployed in this study, Vogel model which is an
empirical model showed a good result with respect to the uncorrected radiocarbon
age (apparent age). Incorporating the tritium age, Ingerson and Pearson, Eichinger
and Fontes and Garnier correction models were the most appropriate models for

radiocarbon correction of groundwater in this semi-arid region.
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CHAPTER SIX

STABLE ISOTOPES RATIOS (HYDROGEN AND CARBON) IN THE

SURROUNDING SOIL AND VEGETATION

6.1 Preamble

The objective of this chapter was to determine the stable isotope compositions (hydrogen
and carbon) in the surrounding soils and vegetation within the study areas. This chapter
explores the isotopic compositions of the surrounding soil at different depths with respect
to the seasons; different parts of the vegetation; and their interconnectivity (Specific
Objective 3). Stable isotopic compositions were used to understand the water movement
and the vegetation pathway mechanism within the environment. This chapter establishes
relationship between the stable isotopic compositions and soil depths. This chapter is
based on hypothesis 3, which states “that soils and vegetation surrounding geothermal
spring have similar stable isotopic compositions”.

6.2 Stable Isotopic compositions (Hydrogen and Carbon) in surrounding soils

The mean values for dD and 3*3C/*?C in soils are presented in Table 6.1 with % carbon
content. 8D values increase with depth at all sites such that the topsoil has the least
concentrations (Figures 6.1 and 6.2). This implies that there is a reduction in depletion
rate with the soil depth. Studies have shown that the 8D of soil-water, partially reflects the
isotopic composition of precipitation, which is correlated with the mean annual
temperature (Zimmerman et al., 1967; Estep and Hoering, 1980; Estep and Dabrowski
1980; Sternberg, 1989). Note that the dD value for local rainfall within the study areas
ranges from -76.3 to 21.7%. (Chapter four), whereas that for soil-water ranges from -
135.70 to -29.08 %0 (Table 6.1). Hence, this reflects the composition of the local rainfall
in the soil-water, although, more isotopically depleted than rainwater. This is as a result
of the isotopic fractionation within the soil zone (Eglinton and Eglinton, 2008). The
difference in the composition of 8D in both seasons further confirms the relationship
between soil-water and rainwater composition. The composition of 8D was higher in
summer compared to winter and this could be attributed to the more rainfall events during

summer. Although, the 8D values for winter were more depleted compared to summer,
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this is an indication that there is mixing action between rainwater and soil water, making

the dD values less depleted in summer (Eglinton and Eglinton, 2008; Sachse et al., 2012).

Table 6.1: Mean isotopic composition (3D and d%2C) in surrounding soils of the
geothermal springs within the Soutpansberg region.

dD (%o) O3C (%) %C
Sites Depth (cm) Winter Summer Winter  Summer Winter  Summer
Tshipise 10 -103.51 -44.44 -17.96 -16.17 0.52 1.43
20 -98.37 -40.77 -16.07 -18.29 0.30 0.84
30 -78.12 -39.27 -16.68 -21.97 0.37 1.19
40 -87.89 -32.01 -16.16 -23.64 0.37 1.08
50 -73.96 -31.24 -16.84 -24.72 0.40 0.99
Sagole 10 -135.70  -67.30 -19.88 -19.17 0.45 1.24
20 -131.20 -58.23 -20.89 -19.54 0.31 0.45
30 -123.90 -55.98  -21.59 -22.35 0.15 0.21
40 -120.20 -56.62 -24.15 -22.42 0.09 0.16
50 -109.80 -43.70 -23.51 -23.04 0.09 0.11
Mphephu 10 -94.40 -42.91 -18.05 -20.87 1.24 2.66
20 -79.40 -34.39 -19.19 -18.27 0.85 1.14
30 -62.30 -29.08  -18.15 -18.84 0.46 1.45
Siloam 10 -90.70 - -14.79 - 141 -
20 -87.10 - -15.72 - 1.13 -
30 -84.20 - -17.67 - 0.46 -
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Figure 6.1: Plot of the soil depth against 8D at Sagole, Tshipise and Mphephu in summer.
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Figure 6.2: Plot of the soil depth against 8D at Siloam, Sagole, Tshipise and Mphephu in winter.
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The observed variations in 8D values were statistically significant in both seasons (P <
0.05) (Table 6.2). This means that there is significant difference in the 8D compositions
in both seasons for all the studied sites. This indicates that the observed variations in
compositions of dD is as a result of isotopic fractionation and further confirms the

seasonal effect of the soil-water at the studied sites.

Table 6.2: ANOVA for oD values in both seasons

Source of Variation SS df MS F P-value F critical
Between Groups 20333.58 1 20333.58 63.63496 1.42E-08 4.210008
Within Groups 8627.438 27 319.5348
Total 28961.02 28

The composition of d'3C/*2C in soil-water ranges from -24.15 to -14.79%. (Table 6.1),
which is a reflection of Crassulacean Acid Metabolism (CAM) (mix of C3 and C4
photosynthetic cycles) with a stronger C4 trend (Figure 6.3). d'3C values for C3 plants
range from -22%o to -38%o, whereas the values for C4 plants range from -9%o to -21%o
resulting in distinct values between C3 and C4 plant tissues (Raven et al., 1981; Tieszen
and Archer, 1990; O’Leary, 1993). This study shows that the source of carbon in the areas
is soil induced by Hatch-Slack photosynthetic pathway as obtained from 32C of
geothermal spring/borehole water. The CAM is similar to C4 photosynthesis based on
their metabolism having both C3 and C4 cycles of COz2 fixation and reduction. Owing to
the nature of CAM photosynthesis, C3 and C4 cycles occur both spatially in different parts
of the same cell (Moore et al., 2003) and temporally, that is, C4 cycle at night and C3
cycle during daytime. This accounts for a few of the samples falling under either C3 or C4
photosynthetic soil (Figure 6.3) rather than CAM. Hence, this study shows that there is a
good relationship between the 3'3C of soil-water and geothermal/borehole water (Chapter
5) within the study areas. Studies have shown that semi-arid areas have mostly CAM
plants, which this study supports (Staddon, 2004; Ehleringer et al., 2005). This shows
that there is a good relationship between the 5'3C of soil-water and geothermal/borehole

water.
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Figure 6.3: Plot of 8D against 513C showing the vegetation type within the Soutpansberg

region.

The trend of 3'3C variations is similar across the four sites with predominantly CAM soil
except for a few depths with C3 and C4 soils. Contrastingly, the composition of 33C in
soil-water decreases with depth (Figures 6.4 and 6.5), making the topsoil to have the
highest concentration (heavier) than the soil at deeper depths. This is because more
carbon in soil carbonates is from soil gas (vegetation, respiration, atmosphere) and not
from the parent material that soil is found on (Schmidt and Gleixner, 2005). At deeper
depths, most carbon is digested by microbes and released into the soil as CO2, leaving
little remaining carbon (lighter) in deeper depth soils (Ehleringer et al., 1993; Lajtha and
Michener, 1994; Schmidt and Gleixner, 2005). Hence, this accounts for the reduction of
o13C with depth of the soil. A similar trend was found in the %carbon content of the soil-

water for both seasons (Figure 6.6), the % carbon decreased with the depth of the soil.
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Figure 6.4: Plot of the soil depth against 813C at Sagole, Tshipise and Mphephu in summer.
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Figure 6.5: Plot of the soil depth against 8*3C at Siloam, Sagole, Tshipise and Mphephu in
winter.
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Figure 6.6: Plot of soil depth against % carbon Siloam, Sagole, Tshipise and Mphephu

for both seasons.
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A one-way analysis of variance (ANOVA) shows there is a significant difference between
O13C values of soil at different depths in winter and summer (P = 0.04, Table 6.3). This
indicates that the 33C approach is sensitive enough to differentiate the sources of organic
matter in the catchments. This implies that the 3'3C values at depth reflect the respiration,
whereas values near the surface are more affected by the atmosphere (Schmidt and
Gleixner, 2005).

Table 6.3: ANOVA for 8'3C values within Soutpansberg region in both seasons

Source of Variation SS df MS F P-value F critical
Between Groups 32.6477 1 32.6477 4599152 0.041145 4.210008
Within Groups 191.6631 27 7.098635
Total 224.3108 28

Generally, the soils at all the four sites show a similar trend of 3D and &'3C with respect
to soil depth except for few a exceptions. The soil types differ, ranging from sandy, sand
loamy and clay loamy for Sagole, Tshipise and Mphephu and Siloam soils, respectively,
which play a vital role in isotopic fractionantion. All the soil types covered in studied areas

were typically the major type classifications.

It can be deduced that 3D is directly proportional to the depth and &'3C is inversely
proportional to the depth. The relationship between 8D and 3*C varies with season
(Figures 6.7 and 6.8). Hence, equations connecting 8D and 5'3C deduced from Figures
6.7 and 6.8 are:

For winter (Positive correlation);

OC = 0.08128D - 10.657 ..cevvnieeeeeeeeeeee e 6.1
And for summer (Negative correlation);

OC =-0.02780D - 21.945 ...oviiiiiiieee e, 6.2

The differences in equations could be attributed to the enrichment from rainwater during
summer leading to less depletion of &D and vice versa. The equations could be used to

determine &3C if 8D is known and vice versa.
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Figure 6.7: Relationship between 33C and &D for winter in Soutpansberg region.
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Figure 6.8: Relationship between 3'3C and &D for summer in Soutpansberg region.
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6.3 Stable isotopic compositions (Hydrogen and Carbon) in vegetation
The stable isotopic compositions (8D and &'3C) vary with different indigenous trees
present at each site (Table 6.4). Also, different parts of vegetation (core, leaf and bark)

showed different variations in their compositions.

Table 6.4: Mean isotopic composition (Hydrogen and Carbon) in vegetation

5D (%o) 513C (%o) %C

Sites Plant species | Core Leaf Bark Core Leaf Bark Core Leaf Bark
Amarulatree | -55.54 -78.50 -94.10 | -29.30 -34.50 -30.17 | 13.40 14.03 13.75
Lowveld -61.60 -71.80 -77.10 | -26.50 -28.60 -29.30 | 15.21 11.35 13.18
Sagole Leadwood -56.13 -70.70 -110.60 | -23.70 -25.60 -14.20 | 12.26 13.37 11.25
Acacia tree -53.49 -82.30 -66.30 | -17.87 -17.46 -18.85 | 14.73 16.21 15.89
Fig tree -48.21 -71.60 -60.70 | -14.63 -24.81 -18.19 | 16.31 16.21 16.26
Mphephu | Amarulatree | -44.57 -93.00 -78.60 | -25.49 -28.17 -29.84 | 11.69 14.79 16.21
Sausage tree | -48.10 -42.70 -7250 | -13.71 -19.26 -17.64 | 13.03 9.32 10.52

Amarula tree | -55.50 -82.30 -66.70 | -26.86 -30.17 -28.69 | 11.59 10.52 -
Tshipise | Acaciatree -73.50 -7250 -4950 | -15.72 -17.95 -16.30 | 13.62 11.06 11.31
Amarulatree | -53.60 -79.80 -88.30 | -21.82 -23.47 -22.46 | 14.11 15.23 15.06
Guava tree -38.90 -47.40 -40.20 | -17.94 -18.38 -16.43 | 12.97 15.63 16.87
Siloam Mango tree -62.60 -86.70 -78.90 | -18.81 -24.92 -20.08 | 13.95 15.32 15.89

The 8D values in vegetation were heavier than the mean 8D value in soil (summer and

winter). This implies that the plant has access to more evaporation-influence and
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isotopically heavier surface water/groundwater and tree roots sourcing deeper,
isotopically lighter soil water (Krull et al., 2006). As highlighted earlier in soil-water, there
is also a link with the atmospheric 8D from the rainwater since it's value ranges from -
110.60%o to -38.90%o. Although, the relationship of 8D differs among various parts of the
vegetation: with the core part having heavier 8D (less negative value) than other parts in
all the sites, except for the Acacia tree at Tshipise (Figure 6.9). This could be as a result
of evaporative enrichment of the leaf water transmitting to another part, hence making 6D
in leaves lighter (more negative value) (Krull et al., 2006; Seki et al., 2010). The core of
Sausage tree at Tshipise is also lighter in 8D than the leaf part. Hence, there is no uniform
trend of distribution for dD in different parts of the vegetations, but generally, the core part
has heavier 6D than other parts (Figures 6.9 and 6.10). Variations of 8D among the core,
leaves and barks show no significant difference between the different parts of the plant
at all sites (P > 0.05) except for Siloam (Table 6.5). This implies that there is variation of
6D among the different parts of each plant, but the variation is not statistically significant.
At Siloam, there is a significant difference in the variation of 8D in core, leaves and barks
of Amarula, Guava and Mango trees (Table 6.5). Interestingly, 8D composition with
Amarula tree differs at the four sites and this could be attributed to the different soil types
in different sites.
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Figure 6.9: Variations of 8D among different parts of various vegetation at Sagole

Tshipise
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Figure 6.10: Variations of 8D among different parts of various vegetation at Mphephu

and Siloam.
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Table 6.5: ANOVA for &D variations in different parts of the vegetation at Soutpansberg

region
Source of Variation SS df MS F P-value F critical
Sagole
Between Groups 124.73 2 62.37 0.152 0.862 5.143
Within Groups 2467.01 6 411.17
Total 2591.74 8
Mphephu
Between Groups 215.09 2 107.54 0.335 0.728 5.143
Within Groups 1927.77 6 321.30
Total 2142.86 8
Tshipise
Between Groups 312.81 2 156.40 0.760 0.508 5.143
Within Groups 1235.20 6 205.87
Total 1548.01 8
Siloam
Between Groups 2160.91 2 1080.45 6.492 0.032 5.143
Within Groups 998.63 6 166.44
Total 3159.54 8

The &'3C composition in plant-water varies from one vegetation to another and from one
part to another in the different sites (Table 6.4). Like dD in plant water, the '3C value in
core part was higher than in leaves and barks (Figure 6.11). The composition of 5'3C in
plant water ranges wide from -34.50 to -13.71%o (Table 6.4), which indicate the presence
of C3, CAM and C4 plants. Different fractionation in d2C in the plant were used to
determine the biosynthetic pathway of the plant and classify the plant type. Generally, the
C3 plants include Amarula, Lowveld and Leadwood trees; C4 plants include Acacia and
Sausage plants; and CAM plants include Fig, Guava and Mango trees (Table 6.6). But
from the soil-water, the 6'°C obtained showed that the carbon soil is induced by
Crassulacean Acid Metabolism (CAM), resulting in CAM soils. Studies have shown that

there is the possibility of having a CAM soil with either C3 or C4 or CAM plants, which
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this study has also supported (Ehleringer et al., 1993; Lajtha and Michener, 1994; Krull
et al., 2005; Seki et al., 2010).

Table 6.6: Plant type classification based on d'3C values within the Soutpansberg region

Sites Vegetation analysed Plant type
Sagole Amarula tree C3
Lowveld C3
Leadwood C3
Mphephu Acacia tree C4
Fig tree CAM
Amarula tree C3
Tshipise Sausage tree C4
Amarula tree C3
Acacia tree C4
Siloam Amarula tree C3
Guava tree CAM
Mango tree CAM
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Figure 6.11: Variations of 83C among different parts of various vegetation at Sagole, Tshipise, Mphephu and Siloam.
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Also, this study has shown that different plant types could be on the same soil type. For
instance, Siloam with CAM soil having an Amarula tree (C3), and Guava and Mango trees
(CAM). Amarula tree was classified as C3 plant at all the sites, which supports reports
from Ruwimbo (2017).

Statistically, there are significant differences in the 8'3C in plant water at different parts of
the indigenous trees (Table 6.7). This implies that the difference in *3C values among
the core, leaves and barks of each tree at each site were not by chance but real. Hence,
this accounts for the reliability of the results obtained in this study because previous
studies only examined the leaf part of the selected tree in an area. The 3'3C in the core
were higher than in the leaves and bark because the soil water is transported via core to

leaves and bark before respiration takes place.

Table 6.7: ANOVA for d'3C variations in different parts of the vegetation within
Soutpansberg region

Source of Variation SS df MS F P-value F critical
Sagole
Between Groups 161.868 2 80.934 5.146 0.049 5.143
Within Groups 94.369 6 15.728
Total 256.237 8
Mphephu
Between Groups 171.202 2 85.601 8.022 0.020 5.143
Within Groups 64.028 6 10.671
Total 235.231 8
Tshipise
Between Groups 279.020 2 139.510 34.213 0.001 5.143
Within Groups 24.466 6 4.078
Total 303.487 8
Siloam
Between Groups 40.316 2 20.158 4.984 0.053 5.143
Within Groups 24.266 6 4.044
Total 64.583 8
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6.4 Interconnectivity of 8D and &'3C within the environmental media

Water source used by indigenous plants should be used to understand the function of
these plants and the feedback mechanisms involved in soil-vegetation systems in semi-
arid zones. Rainwater is the main water source for revegetated ecosystems, and its
isotopic composition varies significantly with the seasons. A conceptual model that shows
the interconnectivity of the stable isotopes of 8D and d'3C in water, soil and vegetation is
presented in Figure 6.12. Earlier in chapter 4, it was mentioned that the rainwater is a
fundamental component of the geothermal springs/boreholes. That is groundwater is
recharged by infiltration of rainwater. Hence, the geothermal spring/borehole water
reflects the isotopic signatures (8D and &'3C) of rainwater and are trapped in the soils.
The root of the plant absorbs the soil-water and its signature is then transported via the
core part to other parts such as leaves and barks. Then, 8D and 30 in plant water in
the leaves and barks are then evaporated to form evaporated water which via
evapotranspiration process forms evapotranspired water. This evapotranspired water in

turn rains when it becomes saturated in the atmosphere.

Soil-water comes in contact with carbonic compound in which the soil microbes break
down by respiration leading to generation of respired CO2. Also, the plant water 5'3C from
the soil water is transmitted via core to the leaves and barks when respiration takes place.
Some of the respired CO:2 travels back to the atmosphere (CO:2 in the air) and to the
photosynthate (product of photosynthesis). Hence, this process is a cycle and is

summarised in Figures 6.9.

Statistically, there were strong positive and negative correlations in the variation of 6D
and &%3C isotopes in water to soil; soil to plant and water to plant. The positive correlation
coefficient ranges from 0.771 to 1, whereas the negative correlation coefficient ranges
from 0.086 to 1 (Table 6.8). The weak negative correlation was observed in soil 5'3C vs
plant 33C at Tshipise and Mphephu. Generally, the relationship of 3D and d'2C in water
and soil; water and plant were very strong with significant differences at all sites except
for Siloam (P > 0.05). There is also a relationship of 3D and 53C in soil and plant in all
the sites, but significant difference (Table 6.8). Therefore, it can be concluded that 8D

and &'3C isotope in water, soil and plant are correlated to one another to form a cycle
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(that is water to soil to plant) (Table 6.7; Figure 6.13). Although, this relationship does not

support conceptual model 100%.

Table 6.8: Spearman correlation analyses of the dD and 3'3C isotopes in water (W), soil

(S) and vegetation (P) within Soutpansberg region

Tshipise Mphephu Sagole Siloam
Variables Correlation Correlation Correlation Correlation
Coefficient (P- Coefficient (P-  Coefficient (P- Coefficient (P-
value) value) value) value)

W-313C vs S-513C

W-8D vs S-6D

S-513C vs P-3'3C

S- oD vs P-dD

W- 8'3C vs P- d'3C

W- 8D vs P- 8D

-1.000 (0.000)

1.000 (0.000)

-0.086 (0.877)

-0.429 (0.397)

1.000 (0.000)

-1.000 (0.000)

-1.000 (0.000)

-1.000 (0.000)

-0.400 (0.600)

-1.000 (0.000)

-1.000 (0.000)

1.000 (0.000)

1.000 (0.000)

1.000 (0.000)

0.771 (0.072)

-0.714 (0.111)

-1.000 (0.000)

1.000 (0.000)

-0.866 (0.333)

-0.500 (0.667)

-0.500 (0.667)

-0.866 (0.333)
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Figure 6.12: Conceptual model summarising the interconnectivity of 3D and 53C isotopes within the environmental media.
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Figure 6.13: Interconnectivity of 8D and d'3C isotopes in water, soil and plant.

6.5 Synopsis
The objective of this chapter was to determine the stable isotopes compositions
(hydrogen, carbon) in the surrounding soils and vegetation; and their interconnectivity

within the study areas (Specific Objective 3). The following results were obtained:

+ 0D values of soil water increase with depth at all sites such that the top soil has
the least concentrations but the composition of 8'3C in soil water decreases with
depth. Hence, it can be deduced that &D is directly proportional to the depth and
O13C is inversely proportional to the depth of the soil. Two equations connecting
dD and d'3C in soil-water were deduced per season for soil-water (Equations 6.1
and 6.2)

+ The composition of 8'3C in soil water ranges from -24.15 to -14.79%o, which is an
indication of Crassulacean Acid Metabolism (CAM) (mixture of C3 and C4
photosynthetic cycles) with a stronger C4 trend. This result corroborates with the
O13C of the geothermal springs, which suggested that the carbon in the soil is
induced by Crassulacean Acid Metabolism (CAM).

+ The composition of 312C in plant water ranges wide from -34.50 to -13.71%o, which
indicates the presence of C3 plants, CAM Plants and C4 plants. The C3 plants

include Amarula, Lowveld and Leadwood trees; C4 plants include Acacia and
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Sausage trees; and CAM plants include Fig, Guava and Mango trees. Hence, this
study shows that with CAM soils, there is a possibility of having either C3, C4 or
CAM vegetation on it. From literature, only Amarula and Acacia trees have been
documented for isotopic compositions, which this study has given additional
information on other indigenous plants such as Lowveld, Leadwood, Sausage, Fig,
Guava and Mango trees.

+ This study has shown that the 8D and 5'3C isotopes in water, soil and vegetation
are interconnected (conceptual model). Statistically, there is a strong correlation
among the environmental media with respect to 8D and &'3C isotopic
compositions. Therefore, surrounding soils and vegetation of geothermal springs

have similar stable isotopic compositions and are interconnected.
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CHAPTER SEVEN

ASSESSSMENT OF TRACE METALS CONCENTRATIONS AND
ASSOCIATED HUMAN HEALTH RISK WITHIN THE NEIGBOURHOOD

OF THE GEOTHERMAL SPRINGS
7.1 Preamble

The chapter presents results and discussion on the trace metals concentrations and
evaluate possible human health risks associated with the trace metals from geothermal
springs and the surrounding soils. In addition, it explores the phytoremediative ability of
the surrounding vegetation (Specific objective 4). This chapter elucidates on the possible
sources of these trace metals using principal component analysis (PCA), factor analysis
(FA) and correlation; and their potential health risk (cancer and non-cancer) using the
USEPA health risk model. Hence, the findings will be communicated via the appropriate
channel to the community members and various stakeholders. The chapter is based on
Hypothesis 4, which states that “the studied geothermal spring water and surrounding

soils have potential health risk on the inhabitants”.

7.2 Trace metals concentrations from the geothermal springs and boreholes

Table 7.1 shows the mean values for trace metals concentrations in the geothermal
springs, hot boreholes and tepid boreholes. Results show that geothermal springs are
highly mineralised owing to their geological formations as supported by Todd (1980).
More mineralisation of the geothermal springs was aided by the thermal gradient
(temperature) leading to more mineral dissolution in water (Odiyo and Makungo, 2012).
The obtained values were compared with the standard guidelines for drinking water by
SANS (2015) and WHO (2004). Generally, the trace metals concentrations of the
geothermal spring and boreholes within the Soutpansberg were within the drinking water
permissible guidelines by the SABS and WHO, except for Mercury (Hg) which is high in
summer (>1 pg/L). This high mercury concentration could be associated with igneous
activity and circulating geothermal fluids that precipitate around mineral springs, geysers
and fumaroles, particularly during summer, when there is high rainfall (Barringer et al.,

2013). Though trace metals concentrations were within the drinking water guidelines, the
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accumulation in the human body could result in adverse effect considering that some of

these metals are carcinogenic in nature.

Generally, the mean trace metals concentrations were higher in summer compared to
winter except for some trace metals such as Be, Ni, Cu, Zn, Se, Ba at different sites with
anomalous concentrations. This could be attributed to the temperature differences and
more rainfall leading to more dissolution of the host rock (minerals) in summer (Figures
7.1 and 7.2). Figures 7.1 and 7.2 show clearly the variations in the trace metal
concentrations in the geothermal spring and boreholes (hot and tepid).

The mean trace metals concentrations within the study areas were in relatively good
agreement during summer for geothermal springs (Table 7.1). As stated earlier, more
rainfall in summer (wet) enhances more rock-water interaction at the deep aquifer of the
geothermal spring and more trace metals were released into the water body at the
surface. Therefore, there are more trace metals in the geothermal spring water during
summer (wet) than in the winter (dry). At Siloam, anomalous trend was found among the
geothermal spring, hot borehole and tepid boreholes, where the boreholes were in some
cases more enriched with trace metals than the geothermal spring. This could possibly
be linked to the geology of the area, although, the geology of an area is complex and
differs from one point to another (Olivier et al., 2008; 2011). For instance, two houses
where the borehole water was sampled are next to one another and their water
characteristics are different (one is hot and the other is cold). Hence, there is possibility
of common host rock and minor faults connecting the aquifer of geothermal spring and

boreholes.
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Table 7.1: Mean trace metal concentrations of the geothermal springs and boreholes within Soutpansberg region

SABS;WHO TSS TSW SGS SGW MPS MPW SAW  SH1  SH2  BH1  BH2 SCC  TTP
Temp(°C) 55.4. 5460 44.80 4240 4270 4130 67.70 4520 4840 2240 2140 2010 2250
pH 6-9 847 846 798 882 815 805 939 886 919 817 8.1 717 817
EC <750 74500 746.67 347.33 330.00 365.00 335.00 340.00 630.00 330.00 690.00 730.00 90.00 290.00
Alkalinity 10.75 1112 65 1050 600 125 10752 1000 1200 2550 17.50 2.00  11.50
Be (ug/l) 183 584 134 001 260 513 005 321 353 437 676 506  0.01
V (ugll) 1836 1674 1351 1459 1628 13.96 321 1354 17.63 512 1246 17.83  4.62
Cr (ug/l) 50; 100 12.46 864 1048 664 1057 840 009 1040 1108 699 648 1214  9.03
Mn (ug/l)  500; 1000 267 222 1030 2555 3660 106 024 125 195 10750 1.66 152  14.69
Co (ug/l) 021 028 043 036 029 036 004 019 026 342 051 024 017
Ni (ug/l) 20; 150 225 264 099 111 214 084 071 082 148 1252 055 1.88 157
Cu(ug/)  2000;1000 11.97 1875 3058 006 128 001 035 001 184 3139 034 215 482
Zn(ugll)  3000;5000 312.90 464.85 294.38 19459 4935 21.00 095 001 001 350.90 001 001 4486
As (ug/l) 10; 10 204 201 135 197 272 210 101 103 304 192 129 305  1.30
Se (ug/l) 583 618 38 574 1002 642 068 507 1095 585 362 1094 325
Cd (ug/l) 006 002 001 005 00l 014 002 001 001 073 001 001 005
Sb (ug/l) 5,5 005 002 003 006 004 017 003 001 002 012 008 001 0.0
Ba (ug/l) 154 2639 078 4239 879 2900 1042 038 720 6732 7198 6584 001
Hg (ug/l) 1;1 611 062 326 040 182 043 035 066 080 015 160 046  0.72
Pb (ug/l) 10; 20 028 033 049 001 001 001 009 017 001 001 001 001  0.06
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Figure 7.1: Variations of trace metals concentrations in (A) Tshipise geothermal spring and
tepid borehole (B) Sagole geothermal spring.
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tepid boreholes (D) Mphephu geothermal spring.
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Relationships of trace metals in water with some physicochemical parameters were
evaluated using the Pearson’s test (Table 7.2). There is a direct relationship between
temperature and alkalinity, pH, EC, V, Zn, Hg and Pb. This means that an increase in
water temperature results to increase in EC, pH (leading to high alkalinity) and trace
metals such as V, Zn, Hg, Pb. This is an indication of dissolution of minerals (rock-water
interaction) under high temperature. Also, there was a negative correlation between
temperature and other trace metals (Be, Cr, Mn, Co, Ni, Cu, As, Se, Cd, Sh, Ba). This
means that these trace metals are in good agreement with one another or perhaps have
some common minerals in their compositions. This study revealed that pH has a negative
correlation with all the trace metals (Be, Cr, Mn, Co, Ni, Cu, As, Se, Cd, Sb, Ba, V, Zn,
Hg) except Pb. This means that increase in pH (basic) results to decrease in trace metals
concentrations in the geothermal springs/boreholes; which shows that there is less
indication of trace metals pollution (insoluble) (USEPA, 1992b). This is in support of a
previous study that stated that most metals seem to be more toxic in acidic state (Witeska
and Jezierska, 2003). The conductivity values had a significant positive relationship with
all trace metals such as Be, V, Mn, Co, Ni, Cu, Zn, Cd, Sh, Ba, Hg, Pb except alkalinity,
Cr, As and Se. It could be inferred that the changes of physicochemical parameters
depend on how seasons affect the levels of some metals (Radulescu et al., 2014).

The relationships among the trace metals were further determined by hierarchical cluster
analysis (HCA) using XLSTAT statistical software (Shan et al., 2012). They were grouped
into clusters based on the similarities and dissimilarities between different metals (Figure
7.3). Dendrogram analysis produced 6 clusters for the spatial distribution of trace metals
of the samples; clusters 2 and 5 include pH and all the trace metals except Cu. These
metals are likely present in the geothermal springs/boreholes due to agricultural run-off
or atmospheric deposition in the study areas (Igbal and Shah, 2013). This corroborated
by the findings from the Pearson correlation matrix; trace metals are insoluble at higher
pH (basic medium), hence the negative correlation. Clusters 1, 3, 4, and 6 are
temperature, conductivity, alkalinity and Cu, respectively, occurred independently. The
results of cluster analysis supported the correlation results, which suggested that the

selected metals are from anthropogenic and natural sources.
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Table 7.2: Pearson correlation matrix showing the relationships between trace metals and physicochemical parameters in
geothermal springs and boreholes water

Variables Temp pH EC Alk Be \% Cr Mn Co Ni Cu Zn As Se Cd Sh Ba Hg Pb

Temp 1.00
pH 0.71 1.00
EC 0.13 0.21 1.00

Alkalinity 0.48 0.55 -0.04 1.00

Be -0.36 -042 0.37 -0.33 1.00

\% 0.13 -0.22 0.02 -065 0.37 1.00

Cr -0.25 -048 -0.04 -086 022 0.72 1.00

Mn -0.38 -0.13 020 -0.03 0.00 -040 -0.12 1.00

Co -042 -0.17 034 000 023 -039 -0.13 0.93 1.00

Ni -0.34 -0.16 034 000 019 -034 -005 092 096 1.00

Cu -0.06 -0.23 035 -012 005 -0.15 0.12 054 063 0.64 1.00

Zn 0.18 -0.06 053 -0.18 0.03 010 011 038 041 049 0.81 1.00

As -0.14 -030 -0.35 -044 030 064 054 008 0.02 0.12 -0.11 -0.03 1.00

Se -0.21 -032 -029 -058 037 070 068 006 000 0.09 -0.15 -0.11 095 1.00

Cd -0.35 -0.12 030 0.06 0.17 -044 -017 090 098 09 058 039 0.00 -0.04 1.00

Sb -0.36 -0.24 0.09 -0.04 015 -037 -0.21 037 044 034 0.09 003 -013 -0.22 054 1.00

Ba -042 -0.10 043 003 048 -022 -041 051 062 048 016 019 -0.09 -0.15 057 051 1.00

Hg 026 -0.09 033 -0.21 -0.18 038 044 -0.19 -020 -0.15 0.26 033 -0.02 -0.05 -0.21 -0.13 -0.30 1.00
Pb 0.43 0.00 030 -0.10 -0.15 0.19 023 -0.26 -019 -0.15 060 061 -0.34 -031 -0.22 -0.34 -0.39 0.56 1.00

Values in bold are different from 0 with a significance level alpha=0.05, Alk - Alkalinity
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Figure 7.3: Dendrogram showing the spatial clustering of trace metals in geothermal

spring/borehole water samples based on the hierarchical cluster analysis using Ward’s method.

The PCA/FA loading factors for the trace metals in the geothermal springs/borehole
samples taken within Soutpansberg are shown in Table 7.3. For both seasons (winter
and summer), five important principal components (PCs) were significant with
eigenvalues > 1, explaining higher total variance of 30.27, 53.20, 70.59, 79.00 and
86.61% respectively (Table 7.3 and Figure 7.4). The factor loadings show that F1
(30.27%) has high loadings of Mn, Co, Ni, Cu, Cd, Sb, Ba; F2 (22.93%) with high loadings
of V, Cr, As, Se; F3 (17.39%) with high loading of EC, Cu, Zn, Hg, Pb; F4 (8.42%) with
the highest loading of Be; F5 (7.60%) with high loadings of pH. Multivariate analysis using
PCA/FA is very useful as a monitoring tool to identify the multiple sources of contaminants
and relationships with trace metals in the groundwater (Figure 7.4). The five factors are
interrelated and are indicative of rock-water interaction, such as thermal gradient, mineral

dissolution and ion exchange as the major geochemical processes governing the
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groundwater chemistry. This supports the previous findings in water types and confirms
that the rock-water interaction is one of the major processes controlling the chemistry of

the geothermal spring/boreholes.

Table 7.3: Factor loadings of the trace metals concentrations and some physicochemical

parameters
F1 F2 F3 F4 F5
Temperature -0.4432 -0.4625 0.4421 -0.2965 0.4432
pH -0.1900 -0.6551 0.0840 -0.2828 0.5248
EC 0.3886 -0.0839 0.5363 0.4553 0.4652
Alkalinity 0.0419 -0.8558 -0.1334 -0.1990 0.1804
Be 0.2417 0.5150 -0.1384 0.5436 0.4214
\Y -0.4874 0.7351 0.2189 0.0749 0.3380
Cr -0.2476  0.8574 0.2698 -0.0474 -0.1765
Mn 0.8936 0.0911 -0.0276 -0.3416 -0.0365
Co 0.9687 0.0988 0.0185 -0.1507 0.0416
Ni 0.9219 0.1502 0.0891 -0.2885 0.0746
Cu 0.6030 0.1119 0.6812 -0.1419 -0.1886
Zn 0.4386 0.1176 0.7799 -0.0682 0.1081
As -0.1061 0.7733 -0.2425 -0.4112 0.2689
Se -0.1487 0.8540 -0.2373 -0.3470 0.2594
Cd 0.9591 0.0341 -0.0101 -0.1859 0.0197
Sb 0.5607 -0.0521 -0.2696 0.3223 -0.2290
Ba 0.7120 -0.0234 -0.2423 0.4370 0.3215
Hg -0.2335 0.1716 0.6983 0.0980 -0.1280
Pb -0.1928 -0.0659 0.9167 0.0710 -0.1803
Eigenvalue 5.7517 4.3560 3.3038 1.5992 1.4443
Variability (%) 30.2721 22.9262 17.3885 8.4166 7.6015
Cumulative (%) 30.2721 53.1983 70.5868 79.0034 86.6050
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Figure 7.4: The principal component analysis (PCA) biplots showing the relationships between

trace metals in the geothermal spring/borehole samples.

7.3 Evaluation of human health risk associated with trace metals in geothermal
springs and boreholes

The level of exposure through ingestion and dermal contact were estimated since these
are the major exposure pathways of geothermal springs and boreholes in the
communities. Possible health risk associated with the exposure through ingestion
depends on the weight, age and volume of groundwater consumed by an individual
(children and adults) as presented in Table 7.4. In most of the study areas, the children’s
chronic daily intake was higher than the adults, indicating that children are more
susceptible to potential health risk associated with the consumption of trace metals. When
hazard quotient (HQ) and hazard index (HI) are less than one, there is no obvious risk to
the population, but if these values exceed one, there may be concern for potential non-
carcinogenic effects (Naveedullah et al., 2014; Asare-Donkor et al., 2016). The calculated
cumulative hazard quotients (HI) for all the trace metals served as a conservative
assessment tool to estimate high-end risk rather than low end-risk in order to protect the
public. Calculated HI served as a screen value to determine whether there is a major

significant health risk that exposure of trace metals in the groundwater may pose on the
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commuinity and if there is any difference in total health risk during the study period. For
the adult population, the calculated values for HQ were less than one in dermal intakes
(Appendix 7.1). Although, calculated HI (summation of the HIs) for all the exposure
pathways was 1.23, a value greater than one is due to the ingestion pathways. Trace
metals such as Be, Cr, Hg and As are the main drivers (HI values ranges from 0.1 — 0.5),
hence, the adult population was at risk of non-carcinogenic diseases.

For children, calculated HI (summation of the HIs) was 54.7 with Be, Se, As, Mn, Cr, Hg
and V (Appendix 7.1) being the major drivers (HI values ranges from 1.04 — 9.94), through
ingestion pathway. This high value indicated trace metal pollution that may pose a very
high non-cancer health risk to children living in those communities. In general, health risk
assessment index using the overall non-carcinogenic risk assessment (HI), CDI and HQ
via ingestion and dermal adsorption routes were greater than one. This is an indication
that groundwater poses more significant health threats to both adults and children via the
pathways (Asare-Donkor et al., 2016; Naveedullah et al., 2014), however measures
should be made to avoid accumulation of heavy metals that pose adverse health

problems especially in children.

The carcinogenic risk of only Cr, Cd, As and Pb were calculated for both adults and
children because the values of carcinogenic slope factors for the other trace metals could
not be found in literature. According to regulatory bodies, the acceptable carcinogenic risk
values ranges between 106 and 10 for an individual (children and adults) (USEPA, 2004;
Government of South Africa, 2006). In this study, Cr, Cd and As were found to be the
highest contributors to the cancer risk in adults and children, respectively (Table 7.5). Pb
poses carcinogenic risk to children in all the sites in both seasons and this is of great
concern and requires attention. Whereas Cd also poses cancer risk in children at all sites
but fall within the acceptable limit for adult population except for MPW and BH1. Hence,
Cd poses cancer risk in adult at MPW and BH1. SAW (Siloam) having 4.04E-05 in Cr, it
does not pose cancer risk to its population unlike other sites. Therefore, proper monitoring
and control measures (civic education, routine sampling, remediation among others) to
protect human health within the study areas should be implemented for safety by relevant

stakeholders.
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Table 7.4: Average chronic daily intake (CDI) values in mg/kg/day of geothermal water/boreholes for adults and children within

Soutpansberg
TSS TSW SGS SGW MPS MPW SAW SH1 SH2 BH1 BH2 SCC TTP
Be Children 2.19E-01 7.01E-01 1.61E-01 1.08E-03 3.12E-01 6.16E-01 6.00E-03 3.85E-01 4.23E-01 5.24E-01 8.11E-01 6.07E-01 1.08E-03
Adult 5.74E-02 1.83E-01 4.21E-02 2.83E-04 8.16E-02 1.61E-01 1.57E-03 1.01E-01 1.11E-01 1.37E-01 2.13E-01 1.59E-01 2.83E-04
\ Children 2.20E+00 2.01E+00 1.62E+00 1.75E+00 1.95E+00 1.68E+00 3.85E-01 1.62E+00 2.12E+00 6.14E-01 1.50E+00 2.14E+00 5.54E-01
Adult 5.77E-01 5.26E-01 4.25E-01 4.59E-01 5.12E-01 4.39E-01 1.01E-01 4.26E-01 5.54E-01 1.61E-01 3.92E-01 5.60E-01 1.45E-01
Cr Children 1.50E+00 1.04E+00 1.26E+00 7.97E-01 1.27E+00 1.01E+00 1.08E-02 1.25E+00 1.33E+00 8.39E-01 7.78E-01 1.46E+00 1.08E+00
Adult 3.92E-01 2.71E-01 3.29E-01 2.09E-01 3.32E-01 2.64E-01 2.83E-03 3.27E-01 3.48E-01 2.20E-01 2.04E-01 3.82E-01 2.84E-01
Mn Children 3.20E-01 2.67E-01 1.24E+00 3.07E+00 4.39E+00 1.28E-01 2.88E-02 1.50E-01 2.34E-01 1.29E+01 1.99E-01 1.83E-01 1.76E+00
Adult 8.38E-02 6.99E-02 3.24E-01 8.03E-01 1.15E+00 3.35E-02 7.54E-03 3.94E-02 6.12E-02 3.38E+00 5.20E-02 4,79E-02 4.62E-01
Co Children 2.51E-02 3.34E-02 5.18E-02 4.27E-02 3.49E-02 4.37E-02 4.80E-03 2.23E-02 3.13E-02 4,11E-01 6.10E-02 2.86E-02 2.04E-02
Adult 6.58E-03 8.75E-03 1.36E-02 1.12E-02 9.15E-03 1.15E-02 1.26E-03 5.85E-03 8.20E-03 1.08E-01 1.60E-02 7.48E-03 5.34E-03
Ni Children 2.69E-01 3.16E-01 1.19E-01 1.33E-01 2.56E-01 1.01E-01 8.52E-02 9.80E-02 1.78E-01 1.50E+00 6.54E-02 2.26E-01 1.89E-01
Adult 7.06E-02 8.28E-02 3.12E-02 3.47E-02 6.72E-02 2.65E-02 2.23E-02 2.57E-02 4.66E-02 3.93E-01 1.71E-02 5.92E-02 4,94E-02
Cu Children 1.44E+00 2.25E+00 3.67E+00 7.70E-03 1.54E-01 1.08E-03 4.20E-02 1.08E-03 2.21E-01 3.77E+00 4.13E-02 2.58E-01 5.78E-01
Adult 3.76E-01 5.89E-01 9.61E-01 2.02E-03 4.02E-02 2.83E-04 1.10E-02 2.83E-04 5.78E-02 9.87E-01 1.08E-02 6.76E-02 1.51E-01
Zn Children 3.75E+01 5.58E+01 3.53E+01 2.34E+01 5.92E+00 2.52E+00 1.14E-01 1.08E-03 1.08E-03 4.21E+01 1.08E-03 1.08E-03 5.38E+00
Adult 9.83E+00 1.46E+01 9.25E+00 6.12E+00 1.55E+00 6.60E-01 2.99E-02 2.83E-04 2.83E-04 1.10E+01 2.83E-04 2.83E-04 1.41E+00
As Children 2.45E-01 2.42E-01 1.62E-01 2.37E-01 3.27E-01 2.52E-01 1.21E-01 1.24E-01 3.65E-01 2.30E-01 1.55E-01 3.66E-01 1.56E-01
Adult 6.42E-02 6.33E-02 4.25E-02 6.20E-02 8.55E-02 6.59E-02 3.17E-02 3.24E-02 9.56E-02 6.03E-02 4.07E-02 9.59E-02 4.09E-02
Se Children 6.99E-01 7.42E-01 4.63E-01 6.89E-01 1.20E+00 7.70E-01 8.16E-02 6.08E-01 1.31E+00 7.02E-01 4.34E-01 1.31E+00 3.90E-01
Adult 1.83E-01 1.94E-01 1.21E-01 1.80E-01 3.15E-01 2.02E-01 2.14E-02 1.59E-01 3.44E-01 1.84E-01 1.14E-01 3.44E-01 1.02E-01
Cd Children 6.76E-03 2.94E-03 1.60E-03 6.46E-03 9.20E-04 1.65E-02 2.40E-03 1.08E-03 8.40E-04 8.71E-02 1.08E-03 8.40E-04 5.40E-03
Adult 1.77E-03 7.70E-04 4.19E-04 1.69E-03 2.41E-04 4.32E-03 6.29E-04 2.83E-04 2.20E-04 2.28E-02 2.83E-04 2.20E-04 1.41E-03
Sb Children 6.36E-03 2.64E-03 3.76E-03 7.06E-03 4.28E-03 2.07E-02 3.60E-03 6.00E-04 1.80E-03 1.46E-02 9.48E-03 1.08E-03 1.14E-02
Adult 1.67E-03 6.91E-04 9.85E-04 1.85E-03 1.12E-03 5.42E-03 9.43E-04 1.57E-04 4.71E-04 3.83E-03 2.48E-03 2.83E-04 2.99E-03
Ba Children 1.84E-01 3.17E+00 9.36E-02 5.09E+00 1.06E+00 3.48E+00 1.25E+00 4.55E-02 8.64E-01 8.08E+00 8.64E+00 8.21E-01 1.08E-03
Adult 4.83E-02 8.29E-01 2.45E-02 1.33E+00 2.76E-01 9.11E-01 3.27E-01 1.19E-02 2.26E-01 2.12E+00 2.26E+00 2.15E-01 2.83E-04
Hg Children 7.33E-01 7.45E-02 3.91E-01 4.83E-02 2.18E-01 5.17E-02 4.20E-02 7.94E-02 9.58E-02 1.84E-02 1.92E-01 5.52E-02 8.64E-02
Adult 1.92E-01 1.95E-02 1.02E-01 1.27E-02 5.71E-02 1.35E-02 1.10E-02 2.08E-02 2.51E-02 4.81E-03 5.03E-02 1.45E-02 2.26E-02
Pb Children 3.38E-02 3.91E-02 5.87E-02 1.08E-03 1.08E-03 1.08E-03 1.08E-02 2.05E-02 1.08E-03 1.08E-03 1.08E-03 1.08E-03 7.68E-03
Adult 8.86E-03 1.02E-02 1.54E-02 2.83E-04 2.83E-04 2.83E-04 2.83E-03 5.37E-03 2.83E-04 2.83E-04 2.83E-04 2.83E-04 2.01E-03
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Table 7.5: Carcinogenic risk assessment of Cr, Cd, As and Pb from geothermal springs
and boreholes within Soutpansberg through ingestion pathway for adults and children

Cr Cd As Pb

Code Children Adults Children Adults Children Adults Children Adults

TSS 249E-01 5.59E-03 | 4.26E-02  9.56E-04 | 1.22E+00 2.71E-02 | 8.22E-05  5.84E-08
TSW 1.73E-01 3.88E-03 | 1.85E-02 4.16E-04 | 1.21E+00 1.82E-02 | 9.50E-05  6.75E-08
SGS 2.10E-01 4.70E-03 | 1.01E-02  2.26E-04 | 8.12E-01 2.66E-02 | 1.43E-04 1.01E-07
SGW 1.33E-01 2.98E-03 | 4.07E-02  9.13E-04 | 1.18E+00 3.67E-02 | 2.62E-06  1.86E-09
MPS 2.11E-01  4.75E-03 | 5.80E-03  1.30E-04 | 1.63E+00 2.82E-02 | 2.62E-06  1.86E-09
MPW 1.68E-01 3.77E-03 | 1.04E-01 2.33E-03 | 1.26E+00 1.36E-02 | 2.62E-06  1.86E-09
SAW 1.80E-03  4.04E-05 | 1.51E-02 3.39E-04 | 6.06E-01 1.39E-02 | 2.62E-05  1.86E-08
SH1 2.08E-01 4.67E-03 | 6.80E-03  1.53E-04 | 6.19E-01 4.10E-02 | 4.98E-05  3.54E-08
SH2 2.22E-01 497E-03 | 5.29E-03  1.19E-04 | 1.83E+00 2.59E-02 | 2.62E-06  1.86E-09
BH1 1.40E-01  3.14E-03 | 5.49E-01 1.23E-02 | 1.15E+00 1.74E-02 | 2.62E-06  1.86E-09
BH2 1.30E-01 2.91E-03 | 6.80E-03  1.53E-04 | 7.76E-01 4.11E-02 | 2.62E-06  1.86E-09
SCC 2.43E-01 5.45E-03 | 5.29E-03  1.19E-04 | 1.83E+00 1.75E-02 | 2.62E-06  1.86E-09
TTP 1.81E-01 4.05E-03 | 3.40E-02 7.64E-04 | 7.80E-01 3.35E-01 | 1.87E-05 1.32E-08

7.4 Trace metals concentrations from surrounding soils

The surrounding soils were sampled vertically from a depth of 10 cm, 30 cm and 50 cm
and mean values of trace metals concentrations are presented in Table 7.6 and
descriptive statistics are included in Appendix 7.2 for both seasons. Although, depths of
10 cm and 30 cm were used for sampling soil at Mphephu and Siloam owing to the nature
of their soils (rocky soil), the concentrations of the trace metals varied from different
sampling points at different site. At Sagole, the coefficient of variation of some trace
metals such as As, Sb, Ba and Hg were 151.66, 141.51, 159.91 and 139.94 for summer,
respectively, and 161.66 of Hg in winter (Appendix 7.2). These high coefficients of
variations suggest anthropogenic inputs as their main source. Most of the trace metals
were within acceptable limits (Department of Environmental Affairs, 2010) except for Cu
at Siloam and Mphephu soils, and at sampling depth W50 in Tshipise; Cr at all the sites
except for Sagole (S30, S50 and W50); As at Sagole (S50) and Pb in Siloam (S10 and
S30) (Table 7.6). Hence, the soils in the sites where the trace metals concentrations
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exceed the standards are contaminated. Generally, the pH ranges from acidic to alkaline
and this account for the solubility of the trace metals in soil. The pH varied from 7.5 to
8.55, 3.1t0 9.9, 6.62 to 6.97 for summer at Tshipise, Sagole and Mphephu, respectively.
Whereas pH varied from 8.01 to 8.05, 9.31 to 9.72, 7.47 to 7.76 for winter at Tshipise,
Sagole and Mphephu, respectively. Siloam sampling points have pH, which ranges from
6.67 to 7.15. The slightly acidic and slightly alkaline nature of the soil in the study sites,
for example at Mphephu and Siloam enhances the solubility of trace metals (Witeska and
Jezierska, 2003).

Generally, trace metals concentrations are comparable in both seasons (Figures 7.5 —
7.8), though in some cases the concentrations at given depths in each of the sites are
higher either in summer or winter. Though one would have expected the deeper depths
of the soil to be more enriched with trace metals than the top surface of the soil due to
leaching from the top soil to the bottom soil, the complexity of the soil environment and
the source or location of the trace metal and their solubility makes this convoluted. The
soil at Siloam was the most enriching in trace metals and to some extent Mphephu soils
and this was due to the clayey nature of the soil. Though, the soil was loosely packed
with rocky materials, its clayey texture (implying high retention capacity) accounts for
higher trace metal concentrations than others. The soil types are sandy, sand loamy and
clay loamy for Sagole, Tshipise and Mphephu soils, respectively (Olivier et al., 2008;
Durowoju, 2015). Therefore, based on the retention capacity of the soil (soil type), the
average magnitude of the absorbed trace metals was in this order of sequence; Siloam >
Mphephu > Tshipise > Sagole.
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Table 7.6: Mean concentrations of the trace metals from the surrounding soil of the geothermal springs

Tshipise (mg/Kg) Sagole (mg/Kg) Siloam (mg/Kg) Mphephu (mg/Kg)
DEA,

2010 S10 S30 S50 W10 W30 W50 S10 S30 S50 W10 W30 W50 S10 S30 S10 S30 W10 W30

pH 7.5 8.55 8.32 8.05 8.05 8.01 9.9 9.14 3.1 9.72 9.33 9.31 7.15 6.67 6.62 6.97 7.76 7.47

EC 154.2 89.4 253.9 95.8 90.1 130.2 1441 124.1 973 376 2537 19538 90.6 116.9 | 2175 111.2 274 40.8
TDS 98.7 57.2 162 613 57.6 83.3 922 79.4 623 241 162 125 58 74.8 139 71.1 175 26.1
Be - 0.188 0.138 0.212 | 0.226 0.214  0.299 0.11 0.05 0.754 | 0.093  0.058 0.04 0.588 0.643 | 0.626  0.337 | 0.198 0.312

\ 150 17.13 12.24 16.39 18.27 16.82 25.23 6.864 4.152 7.016 6.534 5.381 4.134 165.1 172.4 68.17 58.5 49.02 48.14

Cr 6.5 46.23  37.93 42.85 375 36.93 44.9 9.977 3.765  4.493 7.81 7.267 4707 | 90.54  96.35 36.1 35.32 | 27.92 38.38

Mn 740 113.2  99.98 144 130.3 1203 157.1 | 68.76 18.07 33.11 | 53.96 30.15 2459 | 118.3 119 3541 4722 | 46.96 71.84
Co 300 5.084 3.623 5.284 4.96 4.61 7.781 2.293 0.888 2.124 1.518 1.117 0.999 28.66 28.67 14.66 13.8 19.12 21.52
Ni 91 34.44 24.46 31.59 26.1 26.84 37.03 11.27 2.414 4311 6.13 4.439 3.405 51.65 57.39 21.1 15.72 11.6 21.45

Cu 16 12.7 8519 1216 | 13.73 15.05 19.13 | 8.687 8.108 9.229 | 7.141 5796 5628 | 97.07 103.6 | 33.45 25.09 19.3 25.39
Zn 240 15.24 14.16 15.75 16.15 15.49 21.25 17.17 10.64 2.512 4.93 3.827 6.104 48.62 48.94 37.74 15.52 8.082 19.77

As 5.8 0.382 0.222 0.309 | 0.369 0.673 0.925 | 0.333  0.337 7.41 0.587 0.263 0.326 | 0.787 0.794 | 1.098 0.435 | 0.103 0.668
Se - 0.27 0.092 0.091 | 0.177 0.182 0.18 0.07 0.14 0.093 | 0.098 0.083 0.001 | 0.264 0.252 | 1.534 0.36 0.114  0.332

Cd 7.5 0.034 0.043 0.024 | 0.024 0.028 0.035 | 0.022 0.01 0.012 0.01 0.006 0.017 | 0.257 0.357 | 0.094 0.04 0.018  0.037
Sb - 0.014 0.017 0.013 | 0.021 0.037 0.033 | 0.019 0.022 0.295 0.02 0.012 0.012 | 0.029 0.022 | 0.037 0.017 0.01 0.013
Ba - 12.29 11.09 13.88 14.51 16.23 20.81 10.54 3.169 253.2 19.87 5.69 3.437 48.4 51.48 45.36 23.8 18.03 41.58

Hg 0.93 0.229 0.15 0.105 | 0.066 0.291 0.025 | 0.118 0.001 0.017 | 0.001 0.043 0.001 | 0.001 0.001 | 0.005 0.001 | 0.001 0.001
Pb 20 2.358 1.996 2.417 2.959 3.89 5.742 6.084 1.74 1.425 1.486 1.148 1.153 85.02 30.6 9.453 4.078 2.963 3.51
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Figure 7.5: Trace metals concentrations and physicochemical parameters of soils at
different depth at Tshipise.
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Figure 7.6: Trace metals concentrations and physicochemical parameters of soils at
different depth at Sagole.
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Figure 7.7: Trace metals concentrations and physicochemical parameters of soils at
different depth at Mphephu.
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Figure 7.8: Trace metals concentrations and physicochemical parameters of soils at
different depth at Siloam.
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Pearson correlation shows the relationship between trace metals concentrations and
physicochemical parameters (Table 7.7). The pH values showed a negative correlation
with all the trace metals except for Hg and Mn (very weak positive correlation). This
means that the higher the pH of the soil, the lesser the trace metals concentrations in soil
and vice versa. Invariably, this relationship justifies the fact that trace metals are more
soluble in acidic soils and tend to be insoluble in alkaline soil. Very strong negative
correlation was observed between the pH and trace metals Be, As, Sb and Ba. EC and
TDS showed a positive correlation with Be, As, Sb, Ba and Hg. This is an indication of
similar source. Generally, most of the trace metals had positive correlations with each
other.

The relationships among the trace metals were further determined using a dendrogram
(HCA) (Figure 7.9). Dendrogram analysis produced 5 clusters for the spatial distribution
of trace metals of the soil samples; Cluster 1 has pH, Be, As, Se, Cd, Se and Hg; Cluster
4 has V, Cr, Co, Ni, Cu, Ba and Pb; and EC, TDS and Mn are independent clusters 2, 3
and 5, respectively. The dendrogram further strengthens the relationship observed by

Pearson’s correlation by revealing the major clusters (1 and 4).
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Figure 7.9: Dendrogram showing the spatial clustering of trace metals in surrounding soil
samples based on the hierarchical cluster analysis using Ward’s method.
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in surrounding soils of geothermal springs
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Variables pH EC TDS Be \% Cr Mn Co Ni Cu Zn As Se Cd Sh Ba Hg Pb
pH 1.00

EC -0.07 1.00

TDS -0.05 0.86 1.00

Be -0.87 0.07 0.03 1.00

Y -0.34 -0.29 -0.32 0.66 1.00

Cr -0.27 -042 -0.37 053 0.87 1.00

Mn 0.00 -0.23 -0.07 0.12 0.26 0.67 1.00

Co -0.35 -0.37 -0.40 0.60 092 080 0.23 1.00

Ni -0.22 -0.35 -029 047 075 097 081 066 1.00

Cu -0.32 -0.24 -027 065 099 088 032 087 078 1.00

Zn -0.23 -0.22 -022 062 09 087 042 079 083 090 1.00

As -0.81 046 038 062 -0.07 -0.19 -0.21 -0.11 -0.18 -0.04 -0.16 1.00

Se -0.29 -0.15 -0.16 048 029 020 -0.15 032 014 0.22 049 0.00 1.00

Cd -0.28 -0.20 -023 062 095 086 032 079 0.78 098 0.89 -004 020 1.00

Sb -0.78 048 041 058 -0.12 -023 -0.21 -0.17 -0.22 -0.09 -0.21 1.00 -0.04 -0.09 1.00

Ba -0.87 042 034 072 0.08 -0.07 -0.19 0.06 -0.09 0.10 -0.04 098 0.04 0.09 097 1.00

Hg 0.15 0.06 006 -028 -0.33 0.04 045 -0.36 0.17 -0.28 -0.14 -0.15 -0.15 -0.22 -0.10 -0.21 1.00

Pb -0.18 -0.13 -0.16 050 082 072 029 069 064 08 077 -003 010 0.78 -0.06 0.08 -0.21 1.00

Values in bold are different from 0 with a significance level alpha=0.05
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The PCA/FA loadings for the trace metals in the surrounding soil samples taken within
study sites are shown in Table 7.8. Three principal components (PCs) were significant
with eigenvalues > 1, explaining higher total cumulative variance of 80.78% (Table 7.8
and Figure 7.10). The factor loadings show that F1 (44.24%) has high loadings of V, Cr,
Co, Cu, Zn, Be, Cd, Pb and Ni; F2 (26.16%) with the high loadings of EC, As, Sb and Ba:
F3 (10.37%) with the high loadings of Mn, As and Hg. F1 could be attributed to soil
pedogenesis. Soil contains trace quantities of these elements based on its parent material
and soil forming factors (soil pedogenesis) (Siegel, 2002). F2 could be attributed to
groundwater-surface soil interaction in which the soil absorbs trace elements resulting in
their accumulation (Lakshmanan et al., 2003). Geothermal water and groundwater are
used for irrigation purposes at all the sites and there is a high tendency of the trace
elements mobility to the soil surface. The EC and TDS in the F2 are useful indicators
which show the solubility of the trace metals from the groundwater into the surrounding
soil, which, bioaccumulate with time (Durowoju et al., 2016b). F3 suggests anthropogenic
source such as wastewater discharges and sewage sludge around the study sites. The
pH has direct relationship with trace metals from the varimax (Figure 7.10) and is also

indicative of anthropogenic activities leading to the release of Hg to the soil.

Variables (axes D1 and D2: 70.40 %)
after Varimax rotation
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Figure 7.10: The principal component analysis (PCA) biplots showing the relationships
between trace metals in the surrounding soils within the Soutpansberg region.
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Table 7.8: Factor loadings of the trace metals concentrations and some
physicochemical parameters of surrounding soils

F1 F2 F3
pH -0.377 -0.819 0.006
EC -0.357 0.536 0.310
TDS -0.355 0.463 0.404
Be 0.687 0.693 -0.046
Vv 0.968 0.023 -0.137
Cr 0.946 -0.168 0.237
Mn 0.447 -0.286 0.746
Co 0.895 -0.014 -0.240
Ni 0.868 -0.187 0.419
Cu 0.966 0.037 -0.043
Zn 0.937 -0.068 0.021
As -0.063 0.973 0.086
Se 0.338 0.113 -0.423
Cd 0.930 0.027 0.013
Sb -0.113 0.963 0.119
Ba 0.078 0.978 0.045
Hg -0.200 -0.243 0.731
Pb 0.811 0.023 0.034
Eigenvalue 7.963 4.709 1.867
Variability (%) 44.241 26.162 10.372
Cumulative % 44.241 70.403 80.776

7.5 Evaluation of human health risk due to trace metals from the surrounding soils
Trace metals concentrations in the topmost soil (0 - 10 cm) were considered in the risk
assessment for both children and adults because of its closeness to the human activities
such as agriculture and exposure to dust compared to deeper soils. The trace metals

concentrations were used to estimate intake from different pathways (ingestion, inhalation
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and dermal) using standard USEPA’s exposure equations highlighted above. Appendix
7.3 shows that the ingestion pathway is the major exposure to the surrounding soil at all
sites followed by dermal and inhalation pathways. Hence, soil ingestion was the most
significant contributor to the total health risk, except for a few trace metals that do not
have RFD value for dermal exposure. Findings from this study also support the general
observation that children are more susceptible/vulnerable to potential health risk
associated with these trace metals in the environment (Figure 7.11) (USEPA, 1989;

Sundararajan et al., 2016; Hu et al., 2018). The results from the ingestion, inhalation and

dermal pathways for non-carcinogenic risks were presented in terms of HQs in Table 7.9.
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Figure 7.11: Biplot variant of the hazard quotient risk among children and adults

Within Soutpansberg region.
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Table 7:9: Average daily intake (ADI) values in mg/kg/day for adults and children in surrounding soils from the geothermal
springs for non-carcinogenic risk calculations within Soutpansberg region

Be \% Cr

Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal

Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

TSS 2.40E-06 2.58E-07 6.60E-11 2.83E-11 5.05E-09 1.05E-08 2.19E-04 2.35E-05 6.02E-09 2.58E-09 4.60E-07 9.53E-07 5.91E-04 6.33E-05 1.62E-08 6.96E-09 1.24E-06 2.57E-06

TSW 2.89E-06 3.10E-07 7.94E-11 3.40E-11 6.07E-09 1.26E-08 2.34E-04 2.50E-05 6.42E-09 2.75E-09 4.91E-07 1.02E-06 4.79E-04 5.14E-05 1.32E-08 5.65E-09 1.01E-06 2.09E-06

SGS 1.41E-06 1.51E-07 3.86E-11 1.66E-11 2.95E-09 6.12E-09 8.78E-05 9.40E-06 2.41E-09 1.03E-09 1.84E-07 3.82E-07 1.28E-04 1.37E-05 3.50E-09 1.50E-09 2.68E-07 5.55E-07

SGW 1.19E-06 1.27E-07 3.27E-11 1.40E-11 2.50E-09 5.17E-09 8.35E-05 8.95E-06 2.30E-09 9.84E-10 1.75E-07 3.63E-07 9.99E-05 1.07E-05 2.74E-09 1.18E-09 2.10E-07 4.34E-07

SAW 7.52E-06 8.05E-07 2.07E-10 8.85E-11 1.58E-08 3.27E-08 2.11E-03 2.26E-04 5.80E-08 2.49E-08 4.43E-06 9.18E-06 1.16E-03 1.24E-04 3.18E-08 1.36E-08 2.43E-06 5.04E-06

MPS 8.00E-06 8.58E-07 2.20E-10 9.42E-11 1.68E-08 3.48E-08 8.72E-04 9.34E-05 2.39E-08 1.03E-08 1.83E-06 3.79E-06 4.62E-04 4.95E-05 1.27E-08 5.43E-09 9.69E-07 2.01E-06

MPW 2.53E-06 2.71E-07 6.95E-11 2.98E-11 5.32E-09 1.10E-08 6.27E-04 6.72E-05 1.72E-08 7.38E-09 1.32E-06 2.73E-06 3.57E-04 3.82E-05 9.81E-09 4.20E-09 7.50E-07 1.55E-06

TSS 1.45E-03 1.55E-04 3.98E-08 1.70E-08 3.04E-06 6.30E-06 6.50E-05 6.96E-06 1.79E-09 7.65E-10 1.37E-07 2.83E-07 4.40E-04 4.72E-05 1.21E-08 5.18E-09 9.25E-07 1.92E-06

TSW 1.67E-03 1.78E-04 4.58E-08 1.96E-08 3.50E-06 7.25E-06 6.34E-05 6.79E-06 1.74E-09 7.47E-10 1.33E-07 2.76E-07 3.34E-04 3.58E-05 9.17E-09 3.93E-09 7.01E-07 1.45E-06

SGS 8.79E-04 9.42E-05 2.42E-08 1.04E-08 1.85E-06 3.82E-06 2.93E-05 3.14E-06 8.05E-10 3.45E-10 6.16E-08 1.28E-07 1.44E-04 1.54E-05 3.96E-09 1.70E-09 3.03E-07 6.27E-07

SGW 6.90E-04 7.39E-05 1.90E-08 8.12E-09 1.45E-06 3.00E-06 1.94E-05 2.08E-06 5.33E-10 2.29E-10 4.08E-08 8.44E-08 7.84E-05 8.40E-06 2.15E-09 9.23E-10 1.65E-07 3.41E-07

SAW 1.51E-03 1.62E-04 4.16E-08 1.78E-08 3.18E-06 6.58E-06 3.66E-04 3.93E-05 1.01E-08 4.31E-09 7.70E-07 1.59E-06 6.60E-04 7.08E-05 1.81E-08 7.78E-09 1.39E-06 2.87E-06

MPS 4.53E-04 4.85E-05 1.24E-08 5.33E-09 9.51E-07 1.97E-06 1.87E-04 2.01E-05 5.15E-09 2.21E-09 3.94E-07 8.15E-07 2.70E-04 2.89E-05 7.41E-09 3.18E-09 5.67E-07 1.17E-06

MPW 6.00E-04 6.43E-05 1.65E-08 7.07E-09 1.26E-06 2.61E-06 2.44E-04 2.62E-05 6.72E-09 2.88E-09 5.13E-07 1.06E-06 1.48E-04 1.59E-05 4.07E-09 1.75E-09 3.11E-07 6.45E-07

Cu Zn As

TSS 1.62E-04 1.74E-05 4.46E-09 1.91E-09 3.41E-07 7.06E-07 1.95E-04 2.09E-05 5.35E-09 2.29E-09 4.09E-07 8.48E-07 4.88E-06 5.23E-07 1.34E-10 5.75E-11 1.03E-08 2.12E-08

TSW 1.76E-04 1.88E-05 4.82E-09 2.07E-09 3.69E-07 7.64E-07 2.06E-04 2.21E-05 5.67E-09 2.43E-09 4.34E-07 8.98E-07 4.72E-06 5.05E-07 1.30E-10 5.55E-11 9.91E-09 2.05E-08

SGS 1.11E-04 1.19E-05 3.05E-09 1.31E-09 2.33E-07 4.83E-07 2.20E-04 2.35E-05 6.03E-09 2.58E-09 4.61E-07 9.55E-07 4.26E-06 4.56E-07 1.17E-10 5.01E-11 8.94E-09 1.85E-08

SGW 9.13E-05 9.78E-06 2.51E-09 1.07E-09 1.92E-07 3.97E-07 6.30E-05 6.75E-06 1.73E-09 7.42E-10 1.32E-07 2.74E-07 7.51E-06 8.04E-07 2.06E-10 8.84E-11 1.58E-08 3.26E-08

SAW 1.24E-03 1.33E-04 3.41E-08 1.46E-08 2.61E-06 5.40E-06 6.22E-04 6.66E-05 1.71E-08 7.32E-09 1.31E-06 2.70E-06 1.01E-05 1.08E-06 2.76E-10 1.18E-10 2.11E-08 4.38E-08

MPS 4.28E-04 4.58E-05 1.17E-08 5.04E-09 8.98E-07 1.86E-06 4.83E-04 5.17E-05 1.33E-08 5.68E-09 1.01E-06 2.10E-06 1.40E-05 1.50E-06 3.86E-10 1.65E-10 2.95E-08 6.11E-08

MPW 2.47E-04 2.64E-05 6.78E-09 2.91E-09 5.18E-07 1.07E-06 1.03E-04 1.11E-05 2.84E-09 1.22E-09 2.17E-07 4.49E-07 1.32E-06 1.41E-07 3.62E-11 1.55E-11 2.77E-09 5.73E-09
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Se Cd Sh
Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 3.45E-06 3.70E-07 9.48E-11 4.06E-11 7.25E-09 1.50E-08 4.35E-07 4.66E-08 1.19E-11 5.12E-12 9.13E-10 1.89E-09 1.79€E-07 1.92E-08 4.92E-12 2.11E-12 3.76E-10 7.79E-10
TSW 2.26E-06 2.42E-07 6.22E-11 2.66E-11 4.75E-09 9.84E-09 3.07E-07 3.29E-08 8.43E-12 3.61E-12 6.44E-10 1.33E-09 2.68E-07 2.88E-08 7.38E-12 3.16E-12 5.64E-10 1.17E-09
SGS 8.95E-07 9.59E-08 2.46E-11 1.05E-11 1.88E-09 3.89E-09 2.81E-07 3.01E-08 7.73E-12 3.31E-12 5.91E-10 1.22E-09 2.43E-07 2.60E-08 6.67E-12 2.86E-12 5.10E-10 1.06E-09
SGW | 1.25E-06 1.34E-07 3.44E-11 1.48E-11 2.63E-09 5.45E-09 1.28E-07 1.37E-08 3.51E-12 1.51E-12 2.68E-10 5.56E-10 2.56E-07 2.74E-08 7.02E-12 3.01E-12 5.37E-10 1.11E-09
SAW 3.38E-06 3.62E-07 9.27E-11 3.97E-11 7.09E-09 1.47E-08 3.29E-06 3.52E-07 9.03E-11 3.87E-11 6.90E-09 1.43E-08 3.71E-07 3.97E-08 1.02E-11 4.37E-12 7.79E-10 1.61E-09
MPS 1.96E-05 2.10E-06 5.39E-10 2.31E-10 4.12E-08 8.53E-08 1.20E-06 1.29E-07 3.30E-11 1.42E-11 2.52E-09 5.23E-09 4.73E-07 5.07E-08 1.30E-11 5.57E-12 9.93E-10 2.06E-09
MPW 1.46E-06 1.56E-07 4.00E-11 1.72E-11 3.06E-09 6.34E-09 2.30E-07 2.47E-08 6.32E-12 2.71E-12 4.83E-10 1.00E-09 1.28E-07 1.37E-08 3.51E-12 1.51E-12 2.68E-10 5.56E-10
Ba Hg Pb
TSS 1.57E-04 1.68E-05 4.32E-09 1.85E-09 3.30E-07 6.84E-07 2.93E-06 3.14E-07 8.04E-11 3.45E-11 6.15E-09 1.27E-08 3.01E-05 3.23E-06 8.28E-10 3.55E-10 6.33E-08 1.31E-07
TSW 1.86E-04 1.99E-05 5.10E-09 2.18E-09 3.90E-07 8.07E-07 8.44E-07 9.04E-08 2.32E-11 9.94E-12 1.77E-09 3.67E-09 3.78E-05 4.05E-06 1.04E-09 4.45E-10 7.94E-08 1.65E-07
SGS 1.35E-04 1.44E-05 3.70E-09 1.59E-09 2.83E-07 5.86E-07 1.51E-06 1.62E-07 4.14E-11 1.78E-11 3.17E-09 6.56E-09 7.78E-05 8.33E-06 2.14E-09 9.16E-10 1.63E-07 3.38E-07
SGW | 2.54E-04 2.72E-05 6.98E-09 2.99E-09 5.33E-07 1.11E-06 1.28E-08 1.37E-09 3.51E-13 1.51E-13 2.68E-11 5.56E-11 1.90E-05 2.04E-06 5.22E-10 2.24E-10 3.99E-08 8.26E-08
SAW 6.19E-04 6.63E-05 1.70E-08 7.29E-09 1.30E-06 2.69E-06 1.28E-08 1.37E-09 3.51E-13 1.51E-13 2.68E-11 5.56E-11 1.09E-03 1.16E-04 2.99E-08 1.28E-08 2.28E-06 4.73E-06
MPS 5.80E-04 6.21E-05 1.59E-08 6.83E-09 1.22E-06 2.52E-06 6.39E-08 6.85E-09 1.76E-12 7.53E-13 1.34E-10 2.78E-10 1.21E-04 1.29E-05 3.32E-09 1.42E-09 2.54E-07 5.26E-07
MPW 2.31E-04 2.47E-05 6.33E-09 2.71E-09 4.84E-07 1.00E-06 1.28E-08 1.37E-09 3.51E-13 1.51E-13 2.68E-11 5.56E-11 3.79E-05 4.06E-06 1.04E-09 4.46E-10 7.96E-08 1.65E-07
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When HQ and HI values are less than a unit, there is no obvious risk to the population,
but if these values exceed one, there may be concern for potential non-carcinogenic
effects (USEPA, 2004) as explained earlier. Most of these metals are associated with
negative neurological impacts on humans (e.g., mental retardation and developmental
delay) (Jacob et al., 2002; Madl et al., 2007; Bouchard et al., 2008). For both children and
adults, the calculated HQ was less than one for the three pathways within Soutpansberg.
This implies that there is no significant non-carcinogenic risk in their population. The total
HQ for Cr in child population was, however, greater than one and therefore implies that
there is a possible non-carcinogenic risk to their population. Hence, there is a need for
necessary mitigation strategies (such as civic education, routine sampling) to reduce
concentrations and limit human exposure in the selected communities. In addition, the HI
values were less than one in both populations at all sites implying that there is no
significant non-carcinogenic risk to their population, but the relatively high value of Cr is
of great concern as explained (Table 7.10).

The excess lifetime cancer risks for adults and children are calculated separately from
the average concentrations of individual metals in soil for all the exposure pathways using
equations (3.9 — 3.13). Based on the carcinogenic risk values of the calculated ADI and
HQ values presented in Tables 7.11 and 7.12, respectively, the results of the excess
lifetime cancer risk are presented in Table 7.13. The HQ values for the three exposure

pathways were presented in Appendix 7.4.
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Table 7.10: Hazard index (HI) for non-carcinogenic risk from the surrounding soils within

Soutpansberg region.

TSS TSW SGS SGW SAW MPS MPW
Be Children 1.20E-02 1.44E-02 7.03E-03 5.95E-03 3.76E-02 4.00E-02 1.27E-02
Adults 1.29E-03  1.55E-03  7.54E-04 6.37E-04 4.03E-03 4.29E-03 1.36E-03
\% Children 4.35E-02 4.63E-02 1.74E-02 1.66E-02 4.19E-01 1.73E-01 1.24E-01
Adults 4.66E-03 4.97E-03 1.87E-03 1.78E-03 4.49E-02 1.85E-02 1.33E-02
Cr Children 1.98E-01 1.61E-01 4.27E-02 3.34E-02 3.88E-01 1.55E-01 1.20E-01
Adults 2.22E-02 1.80E-02 4.79E-03  3.75E-03 4.35E-02 1.73E-02  1.34E-02
Mn Children 6.24E-02  7.19E-02 3.79E-02 2.98E-02 6.52E-02 1.95E-02 2.59E-02
Adults 1.09E-02 1.25E-02 6.60E-03 5.18E-03 1.14E-02 3.40E-03 4.51E-03
Co Children 5.68E-03 5.54E-03 2.56E-03 1.69E-03 3.20E-02 1.64E-02 2.13E-02
Adults 5.32E-03 5.19E-03 2.40E-03 1.59E-03 3.00E-02 1.53E-02 2.00E-02
Ni Children 2.22E-02 1.68E-02 7.26E-03  3.95E-03 3.33E-02 1.36E-02 7.47E-03
Adults 2.70E-03  2.05E-03  8.84E-04 4.81E-04 4.05E-03 1.65E-03 9.10E-04
Cu Children 4.40E-03 4.76E-03 3.01E-03 2.48E-03 3.37E-02 1.16E-02 6.69E-03
Adults 5.00E-04 5.40E-04 3.42E-04 2.81E-04 3.82E-03 1.32E-03  7.59E-04
Zn Children 6.55E-04 6.94E-04 7.38E-04 2.12E-04 2.09E-03 1.62E-03 3.47E-04
Adults 8.09E-05 8.57E-05 9.11E-05 2.62E-05 2.58E-04 2.00E-04 4.29E-05
As Children 1.63E-02 1.58E-02 1.42E-02 251E-02 3.36E-02 4.69E-02 4.40E-03
Adults 1.82E-03 1.75E-03 1.58E-03 2.79E-03  3.74E-03  5.22E-03  4.89E-04
Se Children 6.90E-04 4.53E-04 1.79E-04 2.51E-04 6.75E-04 3.92E-03 2.92E-04
Adults 7.40E-05 4.85E-05 1.92E-05 2.69E-05 7.23E-05 4.20E-04 3.12E-05
Cd Children 436E-04 3.08E-04 2.82E-04 1.28E-04 3.29E-03 1.20E-03 2.31E-04
Adults 4.86E-05 3.43E-05 3.14E-05 1.43E-05 3.67E-04 1.34E-04 2.57E-05
Sb Children 4.48E-04 6.71E-04 6.07E-04 6.39E-04 9.27E-04 1.18E-03  3.20E-04
Adults 480E-05 7.19E-05 6.51E-05 6.85E-05 9.93E-05 1.27E-04 3.43E-05
Ba Children 7.86E-04 9.28E-04 6.74E-04 1.27E-03  3.09E-03 2.90E-03 1.15E-03
Adults 8.42E-05 9.94E-05 7.22E-05 1.36E-04 3.32E-04 3.11E-04 1.24E-04
Hg Children 9.78E-03  2.82E-03  5.04E-03 4.27E-05 4.27E-05 2.14E-04 4.27E-05
Adults 1.09E-03  3.14E-04 5.61E-04 4.75E-06 4.75E-06 2.38E-05 4.75E-06
Pb Children 8.73E-03  1.10E-02 2.25E-02 5.50E-03 3.15E-01 3.50E-02 1.10E-02
Adults 1.17E-03 1.47E-03 3.03E-03 7.39E-04 4.23E-02 4.70E-03  1.47E-03
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Table 7.11: Average daily intake (ADI) values in mg/kg/day for adults and children in surrounding soils from the geothermal springs for

carcinogenic risk calculations within Soutpansberg region.

Be \% Cr
Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

TSS 2.06E-07 1.10E-07 5.66E-12 1.21E-11 | 4.33E-10 | 4.48E-09 1.88E-05 | 1.01E-06 | 5.16E-10 | 1.11E-10 | 3.94E-08 | 4.08E-07 | 5.07E-05 | 2.71E-05 1.39E-09 | 2.98E-10 1.06E-07 1.10E-06
TSW 2.48E-07 1.33E-07 6.80E-12 1.46E-11 | 6.07E-09 | 5.39E-09 2.00E-05 | 1.07E-06 | 5.50E-10 | 1.18E-10 | 4.20E-08 | 4.35E-07 | 4.11E-05 | 2.20E-05 1.13E-09 | 2.42E-10 | 8.63E-08 | 8.94E-07
SGS 1.21E-07 | 6.46E-08 3.31E-12 | 7.10E-12 | 2.95E-09 | 2.62E-09 7.52E-06 | 4.03E-07 2.07E-10 | 4.43E-11 | 1.58E-08 | 1.64E-07 1.09E-05 | 5.86E-06 3.00E-10 | 6.44E-11 | 2.30E-08 | 2.38E-07
SGW 1.02E-07 | 5.46E-08 2.80E-12 | 6.00E-12 | 2.50E-09 | 2.22E-09 7.16E-06 | 3.84E-07 1.97E-10 | 4.22E-11 | 1.50E-08 | 1.56E-07 | 8.56E-06 | 4.59E-06 2.35E-10 | 5.04E-11 1.80E-08 1.86E-07
SAW 6.44E-07 | 3.45E-07 1.77E-11 | 3.79E-11 1.58E-08 1.40E-08 1.81E-04 | 9.69E-06 | 4.97E-09 1.07E-09 | 3.80E-07 | 3.94E-06 9.92E-05 | 5.32E-05 2.73E-09 | 5.84E-10 | 2.08E-07 | 2.16E-06
MPS 6.86E-07 | 3.68E-07 1.88E-11 | 4.04E-11 1.68E-08 1.49E-08 7.47E-05 | 4.00E-06 | 2.05E-09 | 4.40E-10 | 1.57E-07 | 1.62E-06 | 3.96E-05 | 2.12E-05 1.09E-09 | 2.33E-10 | 8.31E-08 | 8.60E-07
MPW 2.17E-07 1.16E-07 5.96E-12 1.28E-11 | 5.32E-09 | 4.72E-09 5.37E-05 | 2.88E-06 | 1.48E-09 | 3.16E-10 | 1.13E-07 | 1.17E-06 | 3.06E-05 | 1.64E-05 8.41E-10 | 1.80E-10 | 6.43E-08 | 6.65E-07

Mn Co Ni
TSS 1.24E-04 | 6.65E-05 3.41E-09 | 7.30E-09 | 2.61E-07 | 2.70E-06 | 5.57E-06 | 2.98E-06 | 1.53E-10 | 3.28E-10 | 1.17E-08 | 1.21E-07 | 3.77E-05 | 2.02E-05 1.04E-09 | 2.22E-09 | 7.93E-08 | 8.21E-07
TSW 1.43E-04 | 7.65E-05 | 3.92E-09 | 8.41E-09 | 3.00E-07 | 3.11E-06 5.44E-06 | 2.91E-06 | 1.49E-10 | 3.20E-10 | 1.14E-08 | 1.18E-07 2.86E-05 | 1.53E-05 7.86E-10 | 1.68E-09 | 6.01E-08 | 6.22E-07
SGS 7.54E-05 4.04E-05 2.07E-09 4.44E-09 1.58E-07 1.64E-06 2.51E-06 1.35E-06 6.90E-11 1.48E-10 5.28E-09 5.47E-08 1.24E-05 6.62E-06 3.39E-10 7.27E-10 2.59E-08 2.69E-07
SGW 5.91E-05 | 3.17E-05 1.62E-09 | 3.48E-09 1.24E-07 1.29E-06 1.66E-06 | 8.91E-07 | 4.57E-11 | 9.79E-11 | 3.49E-09 | 3.62E-08 6.72E-06 | 3.60E-06 1.85E-10 | 3.95E-10 1.41E-08 1.46E-07
SAW 1.30E-04 | 6.95E-05 | 3.56E-09 | 7.63E-09 | 2.72E-07 | 2.82E-06 | 3.14E-05 | 1.68E-05 | 8.63E-10 | 1.85E-09 | 6.60E-08 | 6.83E-07 5.66E-05 | 3.03E-05 1.56E-09 | 3.33E-09 1.19E-07 1.23E-06
MPS 3.88E-05 | 2.08E-05 1.07E-09 | 2.28E-09 | 8.15E-08 | 8.44E-07 1.61E-05 | 8.61E-06 | 4.41E-10 | 9.46E-10 | 3.37E-08 | 3.49E-07 2.31E-05 | 1.24E-05 6.35E-10 | 1.36E-09 | 4.86E-08 | 5.03E-07
MPW 5.15E-05 | 2.76E-05 1.41E-09 | 3.03E-09 1.08E-07 1.12E-06 2.10E-05 | 1.12E-05 | 5.76E-10 | 1.23E-09 | 4.40E-08 | 4.56E-07 1.27E-05 | 6.81E-06 | 3.49E-10 | 7.48E-10 | 2.67E-08 | 2.76E-07

Cu Zn As
TSS 1.39E-05 | 7.46E-06 3.82E-10 | 8.19E-10 | 2.92E-08 | 3.03E-07 1.67E-05 | 8.95E-06 | 4.59E-10 | 9.83E-10 | 3.51E-08 | 3.63E-07 | 4.19E-07 | 2.24E-07 1.15E-11 | 2.46E-11 | 8.79E-10 | 9.11E-09
TSW 1.50E-05 | 8.06E-06 | 4.13E-10 | 8.86E-10 | 3.16E-08 | 3.27E-07 1.77E-05 | 9.48E-06 | 4.86E-10 | 1.04E-09 | 3.72E-08 | 3.85E-07 | 4.04E-07 | 2.17E-07 1.11E-11 | 2.38E-11 | 8.49E-10 | 8.80E-09
SGS 9.52E-06 5.10E-06 2.62E-10 5.60E-10 2.00E-08 2.07E-07 1.88E-05 1.01E-05 5.17E-10 1.11E-09 3.95E-08 4.09E-07 3.65E-07 1.95E-07 1.00E-11 2.15E-11 7.66E-10 7.94E-09
SGW 7.83E-06 4.19E-06 2.15E-10 4.61E-10 1.64E-08 1.70E-07 5.40E-06 2.89E-06 1.48E-10 3.18E-10 1.13E-08 1.18E-07 6.43E-07 3.45E-07 1.77E-11 3.79E-11 1.35E-09 1.40E-08
SAW 1.06E-04 | 5.70E-05 2.92E-09 | 6.26E-09 | 2.23E-07 | 2.31E-06 | 5.33E-05 | 2.85E-05 | 1.46E-09 | 3.14E-09 | 1.12E-07 | 1.16E-06 | 8.62E-07 | 4.62E-07 2.37E-11 | 5.08E-11 1.81E-09 1.88E-08
MPS 3.67E-05 1.96E-05 1.01E-09 2.16E-09 7.70E-08 7.97E-07 4.14E-05 2.22E-05 1.14E-09 2.43E-09 8.69E-08 9.00E-07 1.20E-06 6.45E-07 3.31E-11 7.08E-11 2.53E-09 2.62E-08
MPW 2.12E-05 | 1.13E-05 5.81E-10 1.25E-09 | 4.44E-08 | 4.60E-07 | 8.86E-06 | 4.74E-06 | 2.43E-10 | 5.21E-10 | 1.86E-08 | 1.93E-07 1.13E-07 | 6.05E-08 3.10E-12 | 6.65E-12 | 2.37E-10 | 2.46E-09
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Se Cd Sb
Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

TSS 2.96E-07 1.59E-07 | 8.13E-12 | 1.74E-11 | 6.21E-10 | 6.44E-09 | 3.73E-08 | 2.00E-08 | 1.02E-12 | 2.19E-12 | 7.82E-11 | 8.10E-10 1.53E-08 | 8.22E-09 | 4.21E-13 | 9.03E-13 | 3.22E-11 | 3.34E-10
TSW 1.94E-07 1.04E-07 | 5.33E-12 | 1.14E-11 | 4.07E-10 | 4.22E-09 2.63E-08 | 1.41E-08 | 7.23E-13 | 1.55E-12 | 5.52E-11 | 5.72E-10 | 2.30E-08 | 1.23E-08 | 6.32E-13 | 1.35E-12 | 4.83E-11 | 5.01E-10
SGS 7.67E-08 | 4.11E-08 | 2.11E-12 | 4.52E-12 1.61E-10 1.67E-09 2.41E-08 | 1.29E-08 | 6.62E-13 | 1.42E-12 | 5.06E-11 | 5.24E-10 | 2.08E-08 | 1.12E-08 | 5.72E-13 | 1.23E-12 | 4.37E-11 | 4.53E-10
SGW 1.07E-07 | 5.75E-08 | 2.95E-12 | 6.32E-12 | 2.26E-10 | 2.34E-09 1.10E-08 | 5.87E-09 | 3.01E-13 | 6.45E-13 | 2.30E-11 | 2.38E-10 | 2.19E-08 | 1.17E-08 | 6.02E-13 | 1.29E-12 | 4.60E-11 | 4.77E-10
SAW 2.89E-07 1.55E-07 7.95E-12 1.70E-11 6.08E-10 6.29E-09 2.82E-07 1.51E-07 7.74E-12 1.66E-11 5.91E-10 6.13E-09 3.18E-08 1.70E-08 8.73E-13 1.87E-12 6.67E-11 6.91E-10
MPS 1.68E-06 | 9.01E-07 | 4.62E-11 | 9.90E-11 | 3.53E-09 | 3.66E-08 1.03E-07 | 5.52E-08 | 2.83E-12 | 6.06E-12 | 2.16E-10 | 2.24E-09 | 4.05E-08 | 2.17E-08 | 1.11E-12 | 2.39E-12 | 8.52E-11 | 8.82E-10
MPW 1.25E-07 6.69E-08 3.43E-12 7.35E-12 2.62E-10 2.72E-09 1.97E-08 1.06E-08 5.42E-13 1.16E-12 4.14E-11 4.29E-10 1.10E-08 5.87E-09 3.01E-13 6.45E-13 2.30E-11 2.38E-10

Ba Hg Pb
TSS 1.35E-05 | 7.22E-06 | 3.70E-10 | 7.93E-10 | 2.83E-08 | 2.93E-07 2.51E-07 | 1.34E-07 6.89E-12 1.48E-11 | 5.27E-10 | 5.46E-09 | 2.58E-06 | 1.38E-07 | 7.10E-11 | 1.52E-10 | 5.43E-09 | 5.62E-08
TSW 1.59E-05 8.52E-06 4.37E-10 9.36E-10 3.34E-08 3.46E-07 7.23E-08 3.87E-08 1.99E-12 4.26E-12 1.52E-10 1.57E-09 3.24E-06 1.74E-07 8.91E-11 1.91E-10 6.81E-09 7.05E-08
SGS 1.16E-05 | 6.19E-06 | 3.17E-10 | 6.80E-10 | 2.43E-08 | 2.51E-07 1.29E-07 | 6.93E-08 | 3.55E-12 | 7.61E-12 | 2.72E-10 | 2.81E-09 | 6.67E-06 | 3.57E-07 | 1.83E-10 | 3.93E-10 | 1.40E-08 | 1.45E-07
SGW 2.18E-05 | 1.17E-05 | 5.98E-10 | 1.28E-09 | 4.57E-08 | 4.74E-07 1.10E-09 | 5.87E-10 | 3.01E-14 | 6.45E-14 | 2.30E-12 | 2.38E-11 1.63E-06 | 8.72E-08 | 4.47E-11 | 9.59E-11 | 3.42E-09 | 3.54E-08
SAW 5.30E-05 | 2.84E-05 1.46E-09 | 3.12E-09 1.11E-07 1.15E-06 1.10E-09 | 5.87E-10 | 3.01E-14 | 6.45E-14 | 2.30E-12 | 2.38E-11 | 9.32E-05 | 4.99E-06 | 2.56E-09 | 5.49E-09 | 1.96E-07 | 2.03E-06
MPS 4.97E-05 | 2.66E-05 1.37E-09 | 2.93E-09 1.04E-07 1.08E-06 | 5.48E-09 | 2.94E-09 1.51E-13 | 3.23E-13 | 1.15E-11 | 1.19E-10 1.04E-05 | 5.55E-07 | 2.85E-10 | 6.10E-10 | 2.18E-08 | 2.25E-07
MPW 1.98E-05 1.06E-05 5.43E-10 1.16E-09 4.15E-08 4.30E-07 1.10E-09 5.87E-10 3.01E-14 6.45E-14 2.30E-12 2.38E-11 3.25E-06 1.74E-07 8.92E-11 1.91E-10 6.82E-09 7.06E-08
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Table 7.12: Hazard index for carcinogenic risk for from the surrounding soils within

Soutpansberg region

TSS TSW SGS SGW SAW MPS MPW
Be Children 1.03E-03  1.24E-03 6.03E-04 5.10E-04 3.22E-03 3.43E-03  1.08E-03
Adults 5.52E-04 6.63E-04 3.23E-04 2.73E-04 1.73E-03 1.84E-03 5.81E-04
\% Children 3.72E-03 3.97E-03  1.49E-03 1.42E-03  3.59E-02 1.48E-02 1.07E-02
Adults 2.00E-04 2.13E-04 8.00E-05 7.61E-05 1.92E-03 7.94E-04 5.71E-04
Cr Children 1.70E-02 1.38E-02 3.66E-03 2.87E-03 3.32E-02 1.33E-02 1.02E-02
Adults 9.42E-03 7.64E-03 2.03E-03 1.59E-03 1.85E-02 7.36E-03 5.69E-03
Mn Children 5.35E-03 6.16E-03  3.25E-03  2.55E-03 5.59E-03 1.67E-03 2.22E-03
Adults 4.66E-03 5.36E-03 2.83E-03 2.22E-03 4.87E-03 1.46E-03 1.93E-03
Co Children 487E-04 4.75E-04 2.19E-04  1.45E-04 2.74E-03 1.40E-03 1.83E-03
Adults 2.28E-03 2.23E-03 1.03E-03 6.81E-04 1.29E-02 6.58E-03  8.58E-03
Ni Children 1.90E-03  1.44E-03 6.22E-04 3.38E-04 2.85E-03 1.16E-03  6.40E-04
Adults 1.16E-03 8.77E-04 3.79E-04 2.06E-04 1.74E-03 7.09E-04 3.90E-04
Cu Children 3.77E-04 4.08E-04 2.58E-04 2.12E-04 2.88E-03 9.94E-04 5.74E-04
Adults 2.14E-04 2.32E-04 1.46E-04 1.20E-04 1.64E-03 5.64E-04 3.25E-04
Zn Children 5.61E-05 5.95E-05 6.33E-05 1.82E-05 1.79E-04 1.39E-04 2.98E-05
Adults 3.47E-05 3.67E-05 3.91E-05 1.12E-05 1.11E-04 8.59E-05 1.84E-05
As Children 1.40E-03  1.35E-03 1.22E-03 2.15E-03 2.88E-03 4.02E-03  3.77E-04
Adults 7.78E-04 7.52E-04 6.78E-04 1.20E-03 1.60E-03 2.24E-03  2.10E-04
Se Children 5.92E-05 3.88E-05 1.53E-05 2.15E-05 5.79E-05 3.36E-04  2.50E-05
Adults 3.17E-05 2.08E-05 8.22E-06 1.15E-05 3.10E-05 1.80E-04 1.34E-05
Cd Children 3.74E-05 2.64E-05 242E-05 1.10E-05 2.82E-04 1.03E-04 1.98E-05
Adults 2.08E-05 147E-05 1.35E-05 6.12E-06 1.57E-04 5.75E-05 1.10E-05
Sb Children 3.84E-05 5.75E-05 5.21E-05 548E-05 7.95E-05 1.01E-04 2.74E-05
Adults 2.06E-05 3.08E-05 2.79E-05 2.94E-05 4.26E-05 5.43E-05 1.47E-05
Ba Children 6.73E-05  7.95E-05 5.78E-05 1.09E-04 2.65E-04 2.49E-04 9.88E-05
Adults 3.61E-05 4.26E-05 3.09E-05 5.83E-05 1.42E-04 1.33E-04 5.29E-05
Hg Children 8.38E-04 2.42E-04 4.32E-04 3.66E-06 3.66E-06 1.83E-05 3.66E-06
Adults 4.67E-04 1.34E-04 2.40E-04 2.04E-06 2.04E-06 1.02E-05 2.04E-06
Pb Children 7.49E-04 9.39E-04 1.93E-03 4.72E-04 2.70E-02  3.00E-03  9.41E-04
Adults 147E-04 1.84E-04 3.78E-04 9.24E-05 5.29E-03 5.88E-04 1.84E-04
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The carcinogenic risk was calculated for trace metals (As, Cd, Cr, Co and Pb) with an
available carcinogenic slope factor from literature (Table 3.5). Cr, As and Co were found
to be the highest contributors (value greater than recommended standard from 104 to 10
%) to cancer risk in the selected communities. Cd does not pose cancer risk to children at
all the sites except for Siloam (SAW). The cancer risk from winter to summer ranges from
1.56E-02 to 1.37E-02; 2.84E-02 to 2.69E-02; 5.98E-03 to 6.15E-02; 1.22E-02 to 9.30E-
03; 2.71E-02 to 2.38E-02; 7.19E-02 to 8.73E-02 for children and adults, respectively
(Table 7.13 and Figure 7.12). There is high possibility of cancer risk at the study areas
and there is need for intervention. Therefore, the cancer risk is high in the general
population, that is 1 in 72-162 individuals in children’s population and 1 in 7-107
individuals for adult population. The ingestion route seems to be the major contributor to
excess lifetime cancer risk followed by the dermal pathway. This quantitative evidence
demonstrates the critical need for mitigation strategies to protect the residents especially
the children.

Table 7.13: Carcinogenic risk assessment of Cr, Cd, As, Co and Pb from surrounding

soils within Soutpansberg region

Cr Cd As Pb Co
Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 8.48E-03 4.71E-03 | 2.35E-04 1.31E-04 | 2.10E-03 1.17E-03 | 6.36E-06 1.25E-06 | 4.77E-03 2.24E-02
TSW 6.88E-03 3.82E-03 | 1.66E-04 9.25E-05 | 2.03E-03 1.13E-03 | 7.99E-06 1.56E-06 | 4.65E-03 2.18E-02
SGS 1.83E-03 1.02E-03 | 1.52E-04 8.48E-05 | 1.83E-03 1.02E-03 | 1.64E-05 3.22E-06 | 2.15E-03 1.01E-02
SGW 1.43E-03 7.96E-04 | 6.92E-05 3.86E-05 | 3.22E-03 1.79E-03 | 4.01E-06 7.86E-07 | 1.42E-03 6.67E-03
SAW 1.66E-02 9.23E-03 | 1.78E-03 9.91E-04 | 4.32E-03 2.40E-03 | 2.29E-04 4.49E-05 | 2.69E-02 1.26E-01
MPS 6.63E-03 3.68E-03 | 6.51E-04 3.62E-04 | 6.03E-03 3.35E-03 | 2.55E-05 5.00E-06 | 1.37E-02 6.45E-02
MPW 5.12E-03 2.85E-03 | 1.25E-04 6.94E-05 | 5.66E-04 3.15E-04 | 8.00E-06 1.57E-06 | 1.79E-02 8.41E-02
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Figure 7.12: Cancer risk values of trace metals for adults and children in surrounding
soil within Soutpansberg region.

7.6 Trace metals concentrations from surrounding vegetation

The trace metals from geothermal springs and their surrounding soils were also measured
in the vegetation except for Be, As and Se because they are below the detection limit
(BDL) of the instrument. Table 7.14 summarises the mean trace metals concentrations in
various parts of different vegetation at specific sites. Generally, vegetation growing on
soil has a tendency of absorbing trace metals through its root system and transporting
them to other parts of the plant (Otieno et al., 2005; Ojekunle et al., 2014). In addition to
the study by Durowoju (2015), this study has shown that geothermal spring water
contaminates the surrounding surface soil with trace metals. Since plants depend on soil
for their nutrients, there is a high possibility of them absorbing and transmitting these trace
metals via their various parts. Also, vegetation has the potential capacity to reduce the

concentrations of absorbed trace metals to a harmless state (Phyto-remediation).
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Table 7.14: Mean trace metals concentrations (mg/kg) in the surrounding vegetation within Soutpansberg

\ Cr Mn Co Ni Cu Zn Cd Sb Ba Hg Pb

Sagole Amarula Core 0.489 1.220 12.060 0.372 4.373 2.380 8.297 0.098 0.019 31.300 0.090 0.990
Leaf 1.034 16.970 50.500 0.462 19.210 21.178 22.090 0.000 0.016 32.380 1.019 0.000

Bark 1.958 2.901 29.910 0.864 10.605 5.089 10.805 0.052 0.018 39.765 0.115 0.562

Lowveld mangosteen | Core 0.000 0.477 0.554 0.000 2.406 2.266 11.385 0.000 0.000 2.367 0.000 0.000

Leaf 0.621 7.842 40.915 0.323 7.506 3.940 43.890 0.000 0.018 6.430 0.319 1.295

Bark 3.499 6.485 54.860 2.005 14.680 26.390 35.080 0.055 0.024 16.940 0.090 1.597

leadwood tree Core 0.488 1.145 15.035 0.475 8.498 3.002 10.031 0.000 0.013 59.305 0.058 0.000

Leaf 0.412 3.254 66.885 2.313 5.332 6.578 29.650 0.000 0.026 19.915 0.367 0.000

Bark 1.999 3.653 47.370 1.100 15.315 6.061 12.505 0.000 0.013 96.810 0.089 0.636

Mphephu | Acacia tree Core 0.266 0.558 9.020 0.137 1.472 1.773 8.509 0.090 0.019 21.510 0.080 0.980
Leaf 0.515 1.167 81.305 0.238 2.003 8.246 40.935 0.143 0.026 45.290 0.498 0.000

Bark 0.759 2.672 24.200 0.605 10.308 8.067 27.500 0.117 0.011 54.150 0.075 0.000

Fig tree Core 2.128 1.339 3.921 0.057 6.425 2.721 26.160 0.000 0.022 14.755 0.354 0.000

Leaf 0.644 1.113 29.175 0.228 7.259 6.758 10.892 0.000 0.017 43.130 0.456 0.000

Bark 1.622 4.396 17.800 0.585 12.755 3.719 13.235 0.000 0.015 68.585 0.000 0.000

Amarula Core 0.000 0.340 4.430 0.087 3.453 1.781 8.877 0.000 0.000 38.985 0.000 0.000

Leaf 23.200 16.565 163.900 | 5.264 11.820 13.560 31.005 0.000 0.011 82.155 0.195 1.924

Bark 0.567 1.832 14.880 0.278 3.661 3.048 8.574 0.000 0.011 58.550 0.000 0.000

Tshipise Suage tree Core 0.000 0.872 7.919 0.068 2.777 4.760 26.640 0.070 0.012 12.425 0.072 0.727
Leaf 0.000 0.730 8.828 0.075 5.104 5.486 19.210 0.187 0.011 11.085 0.189 0.000

Bark 2,711 6.594 29.310 0.514 6.054 10.158 15.010 0.000 0.015 23.875 0.000 0.710

Amarula Core 0.000 0.487 6.617 0.128 6.763 3.244 10.760 0.000 0.000 20.760 0.058 0.000

Leaf 0.323 1.281 22.130 0.290 2.892 2.814 13.300 0.000 0.000 24.885 0.308 0.000

Bark 0.359 2.054 10.414 0.248 6.055 4.024 10.475 0.000 0.015 20.375 0.000 0.000

Acacia tree Core 0.000 0.518 5.376 0.251 5.656 3.273 7.548 0.259 0.017 35.215 0.000 0.000

Leaf 0.190 1.043 27.520 5.179 4.036 7.294 38.360 0.000 0.012 19.995 0.237 0.000

Bark 0.326 0.806 5.797 0.428 4.625 3.104 11.375 0.000 0.000 68.775 0.000 0.000

Siloam Amarula Core 0.000 0.547 1.112 0.063 4.975 2.105 8.948 0.000 0.000 21.940 0.000 0.000
Leaf 8.330 4.629 37.200 1.399 4.564 7.857 11.899 0.000 0.016 22.525 0.125 0.000

Bark 1.056 9.158 29.435 0.371 12.420 9.292 19.125 0.000 0.015 45.350 0.142 0.000

Guava Core 0.000 0.477 0.554 0.000 2.406 2.266 11.385 0.000 0.000 2.367 0.000 0.000

Leaf 0.208 0.605 8.669 0.159 5.683 4.913 17.815 0.462 0.014 26.915 0.000 1.960

Bark 0.992 1.931 57.075 0.394 12.335 13.855 12.315 0.000 0.016 28.240 0.118 0.000

Mango Core 0.000 0.430 2.857 0.023 2.755 1.180 9.545 0.000 0.000 2.653 0.000 0.000

Leaf 4.480 2.659 40.950 0.989 4.730 5.364 11.190 0.000 0.012 38.030 0.066 0.756

Bark 0.719 8.332 124.850 | 0.250 8.743 4.583 13.620 0.061 0.016 39.115 0.111 0.000
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Phytoremediation pathway involves phytoextraction, phytodegradation, phytovolatilation,
phytostabilisation and phytostimulation of the absorbed trace metals from the soil. Hence,
either of the phytoremediation pathways take place in the plant metabolism. The total
concentrations of the trace metals in the different parts of vegetation at all the sites
showed a similar decreasing trend from the root to the core (that is root — leaf — core).
This seems to be the general trend for all plants in the process of their metabolism. This
shows that the root system absorbs trace metals from the surrounding soil before
transmitting via core to the leaves. The inner core has the lowest concentrations of trace
metals because it serves as channel for transpiration compared to bark and leaves that
could store before metabolism; except for the Amarula tree at all the sites which shows a
contrary trend from the others, with the trend being from leaf to the core (that is a leaf —
bark — core). Amarula tree has the largest leaves, and therefore contained more trace

elements than its roots.

Statistically, there are significant differences in variances of trace metals concentrations
from different parts (core, leaves and barks) in Amarula, Lowveld and Leadwood at
Sagole (P < 0.05). This means that the variations of trace metals concentrations in core,
leaves and barks of the plants were significant and not random. Significant variations of
trace metals concentrations were observed in two different types of vegetation at
Mphephu (Acacia and Fig trees), Tshipise (Sausage tree and Amarula tree) and Siloam
(Amarula tree and Mango tree) (P < 0.05). However, no significant differences were
observed in Amarula, Acacia and Guava trees in Mphephu, Tshipise and Siloam,

respectively (Table 7.15).

Figures 7.13 — 7.16 show clearly that the various plant parts (core, leaves and barks)
absorb trace metals concentrations differently from different sites. From this study, it can
be inferred that the leaf part of the Amarula tree absorbs more trace metals than other
plants’ leaves. However, the barks of mango and Leadwood trees also absorb more trace
metals than barks of other vegetation. This further confirms the significant variations of
the trace metals concentrations among the various parts of the vegetation at different

sites.
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Source of Variation SS df MS F P-value F critical
SAGOLE Amarula
Between Groups 4387.88 11 398.90 8.407 4.56E-04 2.717
Within Groups 569.41 12 47.45
Lowveld
Between Groups 5655.27 11 514.12 12.973 5.05E-05 2.717
Within Groups 475.57 12 39.63
Leadwood
Between Groups 10279.73 11 934.52 3.351 2.42E-02 2.717
Within Groups 3346.10 12 278.84
MPHEPHU Acacia tree
Between Groups 8922.34 11 811.12 4.968 6.58E-03 2.818
Within Groups 179581 11 163.26
Fig tree
Between Groups 5847.26 11 531.57 15.291 2.12E-05 2.717
Within Groups 417.17 12 34.76
Amarula
Between Groups 19286.61 11 1753.33 1.739 1.78E-01 2.717
Within Groups 12101.15 12 1008.43
TSHIPISE  Sausage tree
Between Groups 1253.00 11 113.91 4.105 1.12E-02 2.717
Within Groups 332.99 12 27.75
Amarula
Between Groups 1283.16 11 116.65 15.749 1.81E-05 2.717
Within Groups 88.88 12 7.41
Acacia tree
Between Groups 4189.27 11 380.84 2.525 6.33E-02 2.717
Within Groups 1810.09 12 150.84
SILOAM Amarula
Between Groups 3329.18 11 302.65 9.412 2.61E-04 2.717
Within Groups 385.87 12 32.16
Guava
Between Groups 2901.61 11 263.78 2.526 6.31E-02 2.717
Within Groups 125293 12 104.41
Mango
Between Groups 13249.04 11 1204.46 4.065 1.16E-02 2.717
Within Groups 3555.22 12 296.27
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Figure 7.13: Variations of trace metals concentrations in the different parts of the vegetation at Sagole.
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7.7 Uptake efficiency of the trace metals in parts of the vegetation

This study adopts the passive monitoring/observation of analysing trace metals in
selected indigenous plants to explore their bioaccumulative/phytoremediative capacity
(Ceburnis and Valiulis, 1999). Various plants have been used as bio-indicators to assess
the impact of pollution sources in their vicinity due to high metal accumulation in plants
(Onder and Dursun, 2006). The percentage uptake of the trace elements core, barks and

leaves of the plant were calculated using the formula by Lawal et al. (2011):
% Conc. of uptake = Conc. of plant’s part + (Conc. of plant’s part + Conc. of soil) x 100

The total trace metals concentrations for soil used for the uptake efficiency are 125.30
mg/kg, 260.36 mg/kg, 270.49 mg/kg and 722.89 mg/kg (Table 7.6) for Sagole, Mphephu,
Tshipise and Siloam, respectively. These values were obtained from the average,
summation of trace metals analysed in both seasons. The percentage uptake results
indicate that different tree species have different uptake capacities with respect to
different parts of the tree. The percentage mean trace element uptake by Amarula tree,
Lowveld mangosteen and Leadwood trees were 32.99%, 56.82%, 45.03%; 13.44%,
47.44%, 56.34%; 43.90%, 51.81%, 59.69% for inner core, leaves and barks, respectively
at Sagole (Figure 7.17). These species of trees have shown high uptake capacity in this
magnitude: Leadwood tree > Amarula tree > Lowveld mangosteen with the leaf and bark
as the most absorptive parts. At Mphephu, % uptake by Acacia tree, Fig tree and Amarula
tree were 14.57%, 40.92%, 33.04%; 18.19%, 27.68%, 32.03%; 18.21%, 57.31%, 25.98%
for inner core, leaves and barks, respectively (Figure 7.17). The uptake capacity
decreases in this magnitude; Amarula tree, Acacia tree and Fig tree. Similarly, the leaves
and barks of these species of tree are more absorptive. At Tshipise, % uptake by Sausage
tree, Amarula tree, Acacia tree was 17.24%, 15.84%, 25.98%; 15.29%, 20.14%, 16.65%;
17.68%, 27.75%, 26.04% for inner core, leaves and barks, respectively (Figure 7.17).
The uptake capacity decreases in this magnitude; Acacia tree, Sausage tree and Amarula
trees, respectively. Although, the leaf and bark parts of these species of tree are the most
absorptive parts as observed at Sagole and Mphephu but % uptake rate is lower

compared to other sites.
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The percentage uptake by Amarula tree, Guava tree and Mango tree were 5.20%,
12.00%, 14.88%:; 2.62%, 8.53%, 14.97%:; 2.62%, 13.13%, 21.70% for inner core, leaves
and barks, respectively at Siloam (Figure 7.17). The uptake capacity decreases in this
magnitude; Mango tree, Amarula tree and Guava tree. Similarly, the leaves and barks of
these species of trees are more absorptive. The determination of the percentage uptake
ensured the level of bioaccumulation of these trace elements by each tree. All the
indigenous trees could be used as bio-indicators to access the level of contamination of
trace elements in the soil since their uptake capacity is high. However, the study by
Ojekunle et al. (2014) showed that mango tree and guava have high uptake capability for
some selected heavy metals, which the present study cannot justify. This could be as a
result of the broader scope of this study considering about 12 trace metals collectively at
four different sites rather than selecting a few elements to evaluate their % uptake
individually. This study recommends the use of indigenous trees such as Amarula tree,
Acacia tree, Fig tree, mango tree, guava tree, Lowveld mangosteen, Leadwood and
Sausage tree for remediation of trace metals contaminated soil. Hence, Amarula tree is

selected as the best among others based on its uptake consistency at different sites.

7.8 Synopsis
The study aimed to assess trace metals concentrations and evaluate the potential health
risk of inhabitants (adult and children) from the geothermal spring water and surrounding
soils (Specific Objective 4). The following results were obtained:
+ Trace metals concentrations of the geothermal springs and boreholes were within
drinking permissible guidelines by SABS and WHO, with the exception of Mercury
(Hg) which is high in summer. Presence of Hg could be associated with igneous
activity and circulating geothermal fluids that precipitate around geothermal
springs, geysers and fumaroles, especially during summer when there is high
rainfall. Mean trace metals concentrations were higher in summer compared to
winter except for a few anomalious concentrations in some metals. This could be
attributed to the temperature differences (approximately 1°C) and more rainfall
leading to more dissolution of the host rock (minerals) in summer. Pearson’s

correlation revealed that there is a strong relationship between the temperature
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and pH; and inversely correlated to most of the trace metals. This is an indication
of dissolution of minerals (rock-water interaction) under high temperature. HCA
and PCA/FA further elucidated the relationship and possible sources of the trace
metals. It can be inferred that the rock-water interaction is the main geochemical
process governing the formation of trace metals in groundwater.

+ Even though trace metals concentrations were within the drinking guideline, the
accumulations in the human body could result in adverse effect considering that
some of these metals are carcinogenic in nature. HI values for both children and
adults were higher than one and this implies that the communities have a high risk
of non-cancer health conditions. The ingestion pathway is the major pathway with
trace metals such as As, Be, Se, Cr, Co, Mn, Hg, V and Zn as the main drivers.
As, Cr and Cd were found to be the highest contributors to the cancer risk in study
areas with children having a higher risk than adults. Therefore, proper monitoring
and control measures to protect human health, particularly in children, within the
study areas should be implemented for safety.

+ The concentrations of the trace metals at different depths of the surrounding soil
were found within the acceptable limits of the Department of Environmental Affairs
(DEA) except for Cu, Cr, As and Pb at Siloam and Mphephu; Siloam, Tshipise and
Mphephu; Sagole; and Siloam, respectively. The trace metals concentrations were
higher at deeper depths at all sites (leaching effects). The soil type plays a vital
role in the trace metals retention capacity in the soil, making Siloam, the most
enriched soil among others. The relationship of the trace metals and
physicochemical parameters was assessed using Pearson’s correlation matrix,
HCA and PCA/FA. This study showed that trace metals are more soluble in acidic
soil and tends to be insoluble in alkaline soil. The sources of trace metals are soil
pedogenesis (geogenic), groundwater-surface soil interaction and anthropogenic
sources.

+ From the risk assessment of trace metals in soil, it was confirmed that ingestion
pathway is the major exposure to the surrounding soil at all sites followed by
dermal and inhalation pathways. Hence, soil ingestion was the most significant

contributor to the total health risk. The findings from this study also support the

211 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



()

o
- A
University of Venda

general observations that children are more susceptible/vulnerable to potential
health risk associated with these trace metals in the environment. For both children
and adult population, the calculated HQ was less than one for the three pathways;
this means that there is no significant non-carcinogenic risk in their population. Cr,
As and Co were found to be the highest contributors to the cancer risk in the
selected communities. Therefore, the cancer risk is high in the general population;
thatis 1in 72-162 individuals in child population and 1 in 7-107 individuals for adult
populations. The ingestion route seems to be the major contributor to excess
lifetime cancer risk followed by the dermal pathway.

+ The trace metals in the surrounding trees within the geothermal springs were
determined to assess the phytoremediative capacity of the plants. The total
concentrations of the trace metals in the different parts of vegetation at all the sites
showed a similar decreasing trend from the root to the core (that is root — leaf —
core). Statistically, there is a significant difference in variance of trace metals
concentrations from different parts for every surrounding plant analysed at different
sites. The determination of the percentage uptake ensured the level of
bioaccumulation of these trace metals by each tree. All the surrounding trees could
be used as bio-indicators to access the level of contamination of trace metals in
the soil since their uptake capacity is high. Although, all the surrounding trees are
good for remediations of contaminated soils, this study recommends Amarula tree

based on its high uptake consistency at different sites.
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CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS
8.1 Overview of the study

Geothermal springs within Soutpansberg (Siloam, Mphephu, Sagole and Tshipise) were
studied comprehensively to elucidate on isotopic and trace metals compositions in
relation to their surrounding soils and vegetation. This is an eco-hydrological study that
shows the interconnectivity of isotopic signatures among water (rainwater, geothermal
springs and boreholes), soils and vegetation. It has been shown that rainwater is one of
the major components of recharge of geothermal spring, which is isotopically depleted as
it infiltrates through the soil. The signatures from soil-water is absorbed by the plant (plant
water) and which is evapotranspired via the leaves and barks to the atmosphere. This
study has provided better comprehensive understanding of the geochemical processes,
sources, reservoir temperatures and suitability of these geothermal springs. Also, the
local meteoric water line was generated, which will be useful for future isotopic research
within the locality. Assessment of trace metals concentrations of geothermal springs,
surrounding soils and vegetation was carried out; possible health risk associated with
these trace metals concentrations in geothermal springs and surrounding soils were

assessed in adults and children.

8.2 Conclusions

Conclusions drawn from this research are as follows:

1) The physicochemical, geochemical and isotopic compositions of rainwater,
geothermal springs and boreholes led to the following conclusions:

+ Temperature plays a vital and significant role in the geochemical processes of
groundwater. Na-Cl and Na-HCOs are water types, which are typical of marine and
deep/deeper groundwaters which are influenced by the ion - exchange processes.
Gibb’s plot indicates that rock-water interaction process leads to chemical
weathering of the rock-forming minerals. The reservoir temperature of all the
geothermal springs within Soutpansberg concentrated in range between 95°C to

185°C. Most of geothermal springs and borehole sources were characterised with
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high chlorine from the Na-Cl water type, they are affected by geothermal water
mixed with salt water, which is not native water. Whereas, Na-HCO3-C| water

indicating water rising from periphery of hot granitic source (Siloam).

+ The geothermal springs and boreholes water are not fit for drinking due to high
fluoride content, except for the treated water such as water from SCC and TTP.
According to Wilcox (US salinity) diagram, all geothermal and boreholes water
samples were suitable for irrigation purposes. Other indices such as SAR, RSC,
Pl, and EC showed similar results except for KR and SP, implying that the
geothermal springs /boreholes water fall under excellent to good category in both
seasons with respect to these parameters. Although, geothermal
springs/boreholes water are not fit for drinking due to high fluoride content but
could be used for the following; domestic uses due to its softness, direct heating
in refrigeration, green-housing, spa, therapeutic uses, aquaculture, sericulture,

concrete curing and coal washing.

+ The 0D values of the rainwater varied from -76.3 %o to +22.7 %o (SMOW) with a
weighted mean of — 9.8 %o and &'80 values ranged from -10.78 %o to +3.07 %o
(SMOW) with a weighted mean of -2.7 %0 (n=12). Rain formation processes at
Thohoyandou occurred under isotopic equilibrium conditions with minor
evaporation effect during the precipitation, as reflected by the slope of the local
meteoric water line of 3D = 7.565'80 + 10.64. The slightly high d-excess value is
an indication that the rainwater is formed from water vapour near the land surface
that is, either by re-condensation of the evaporated rainfall or evaporation of

surface waters.

+ The dD and &80 values of the geothermal springs/boreholes water confirm that
the waters are of meteoric origin, which implies that rainfall is the fundamental
component of these groundwaters. That is, the groundwater was derived from the
infiltration of local precipitation, with significant contribution of another type of water
in the deeper part of the aquifer. Stable isotopic composition of the geothermal
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spring and boreholes water further confirms the significant role of evaporation on
the groundwater chemistry of the studied areas with rock-water interaction being
the main process. The isotopic signatures further confirm that there is an
interconnectivity between the hot boreholes and geothermal spring at Siloam.
Hence, this could be attributed to the minor faults connecting the shallow aquifer
of hot boreholes to the deep aquifer of the geothermal spring.

2) The geothermal springs have higher tritium values in summer compared to winter.
This implies that the geothermal springs were recharged before 1952 (submodern)
for winter and recharged before and after 1952 (Mixture of modern and
submodern) for the summer season. Radiocarbon values of the geothermal spring
range from 2700 BP to 7350 BP (where the BP- Before Present, which is 1950)
without correction. The radiocarbon further the longer residence time in the aquifer
in winter compared to summer, where there is a mixture of modern and submodern
water for recharge. From several carbon-14 correction models employed in this
study, Vogel model which is an empirical model showed a good result with respect
to the uncorrected radiocarbon age (apparent age). Incorporating the tritium age,
Ingerson and Pearson, Eichinger and Fontes and Garnier correction models
results proved to be the most appropriate models for radiocarbon correction of

groundwater, particularly in semi-arid region.

3) The composition of 8'3C in soil water ranges from -24.15 to -14.79%., which is an
indication of Crassulacean Acid Metabolism (CAM) (mix of C3 and C4
photosynthetic cycles) with a stronger C4 trend. It can be deduced that &D is
directly proportional to the depth and d3*3C is inversely proportional to the depth of
the soil. Therefore, 8D of the soil is inversely proportional to the 8*2C of the sail,
where the depth of the soil is constant. The composition of 3'3C in plant water
ranges wide from -35.50 to -10.42%o, which indicates the presence of C3 plants,
CAM plants and C4 plants. The C3 plants include Amarula tree, Lowveld tree and
Leadwood tree; C4 plants include Acacia tree and Sausage tree; and CAM plants

include Fig tree, Guava tree and Mango tree. Hence, this study shows that with
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CAM soils, there is a possibility of having either C3, C4 or CAM vegetation on it.
This study has shown that the 8D and d'3C isotopes in water, soil and vegetation
are interconnected. The study statistically justified that there is a strong correlation

among the environmental media with respect to 3D and 5'3C isotopes.

4) Assessment of trace metals concentrations and their associated health risk in
adults and children from geothermal spring water and surrounding soils led to the
following conclusions:

+ Trace metals concentrations of the geothermal springs/boreholes were within
permissible drinking guidelines by the SABS and WHO, with exception of
Mercury (Hg) which is high in summer season. Pearson’s correlation reveals
that there is a strong relationship between the temperature and pH; and
inversely correlated to most of the trace metals. This is an indication of
dissolution of minerals (rock-water interaction) under high temperature. HCA
and PCA/FA further elucidate the relationship and possible sources of the trace
metals. It can be inferred that the rock-water interaction is the main

geochemical process governing the formation of trace metals in groundwater.

+ HI values for both children and adults were higher than one and this implies
that the communities are at high risk of non-cancer health effects. The ingestion
pathway is the major pathway with trace metals such as As, Be, Se, Cr, Co,
Mn, Hg, V and Zn as the main drivers. As, Cr and Cd were found to be the
highest contributors to the cancer risk in study areas with children having a
higher risk than adults. Therefore, proper monitoring and control measures to
protect human health, particularly the children, within the study areas should
be implemented for safety.

+ The concentrations of the trace metals at different depths of the surrounding
soil were found within acceptable limit set by the Department of Environmental
Affairs (DEA) except for Cu, Cr, As and Pb at Siloam and Mphephu; Siloam,
Tshipise and Mphephu; Sagole; and Siloam, respectively. The relationship of
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the trace metals and physicochemical parameters was assessed using
Pearson’s correlation matrix, HCA and PCA/FA. This study shows that trace
metals are more soluble in acidic soil and tends to be insoluble in alkaline soil.
The sources of trace metals are soil pedogenesis (geogenic), groundwater-

surface soil interaction and anthropogenic sources.

It was confirmed that ingestion pathway is the major exposure to the
surrounding soil at all sites followed by dermal and inhalation pathways. For
both children and adult population, the calculated HQ was less than one of the
three pathways, which means that there was no significant non-carcinogenic
risk in their population. Cr, As and Co were found to be the highest contributors
to the cancer risk in the selected communities. Therefore, the cancer risk is
high in the general population, thatis (1 in 72-162 individuals in child population
and 1 in 7-107 individuals for adult population). The ingestion route seems to
be the major contributor to excess lifetime cancer risk followed by the dermal

pathway.

The determination of the percentage uptake ensured the level of
bioaccumulation of these trace metals by each surrounding tree. All the
surrounding trees could be used as bioindicators to access the level of
contamination of trace elements in the soil since their uptake capacity is high.
Although, all the surrounding trees are good for remediation of contaminated
soils, but this study recommended Amarula tree based on its uptake
consistency at different sites.

8.3 Recommendations

Though this research on isotopic signatures and trace metals in geothermal springs and

their environmental media within Soutpansberg in Limpopo Province, South Africa

contributed to the body of knowledge of geothermal springs in South Africa, it also gave

room for future research. The following are recommendations for future research:
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+ Long term monitoring of the isotopic composition of rainwater across the province
to generate a regional, meteoric water line which will help in proper water
management across the province.

+ Isotopic characterisation of surface water and groundwater within the
Soutpansberg. This will provide detailed information on surface and groundwater
interactions.

+ Compound specific 3D and d3C analyses of n-alkane should be carried out to
differentiate the water sources of different vegetation types.

+ Extensive mineralogical study to ascertain the deductions from this present study

on trace metals concentrations.
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APPENDICES

Appendix 5.1: Images of outcome obtained from NETPATH software for 14C correction

Initial Carbon-14, AO, (percent modern)
for Total Dissolved Carbon

Mode | Initial well

: Original Data - 45.20
: Mass Balance - 409.95
: Vogel - 85.00
: Tamers - 50. 30
: Ingerson and Pearson 64.92
: Mook - /73.66
: Fontes and Garnier : 68.7
: Eichinger - 65.
: User-defined - 100.
: Revised F&G gas ex : 74.
: Revised F&G solid ex: 65.

HFOWORNOWVMAEWNME-

1
1

Initial Carbon-14, A0, (percent
for Total Dissolved Carbon

Model Initial well

: Original Data - 41.20
: Mass Balance - 358.55
: Vogel - 85.00
: Tamers - 50.31
: Ingerson and Pearson: 36.28
: Mook - 22.39
: Fontes and Garnier : 34.

: Eichinger : 31.

: User-defined -

: Revised F&G gas ex

: Revised F&G solid ex:

HOWONOWVMAEAWN M

—
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, (percent modern
for Total D1sso1ved Carbon

Mode Initial well Age

: Original Data - 70.70 0.00
: Mass Balance - -429.64 0.00
: Vogel : 85.00 1522.76
: Tamers - 50.62 -2762.26
: Ingerson and Pearson: 77.20 727.08
: Mook - 103.30 3135.04
: Fontes and Garnier : 86.27 1645.7
: Eichinger - /7.98 809. 94
: User-defined - 100.00  2866.25
: Revised F&G gas ex : 105, 32 3310. 35
: Revised F&G solid ex: 78.01 813.

HOO~NOYUVAE WN -

1
2,

Initia . , (percent modern
for Total D1sso1ved Carbon

Mode Initial well Age

: Original Data - 66.50 0.
: Mass Balance - -219.45 0.
: Vogel - 85.00 2029.
: Tamers - 50.78 -2229.
: Ingerson and Pearson: 65.60 -112.
: Mook - /78.89 1412.
: Fontes and Garnier : 70.81 518.
: Eichinger - 04.97 -192.
: User-defined - 100.00 3372.
: Revised F&G gas ex : 80.38 1567/.
: Revised F&G solid ex: 064.95 -195.

HOWOWO~NOYUVIEWN -

e
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Initial Carbon-14, AO,
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P
<

for Total Dissolved Carbon

Mode |

Initial Carbon-14, AO,

Initial well

: Original Data - 49.80
: Mass Balance - 133.58
: Vogel :

. Tamers :
: Ingerson and Pearson:
: Mook
: Fontes and Garnier : Y
: Eichinger - 62.
: User-defined . 100.
: Revised F&G gas ex : 2.
: Revised F&G solid ex: 62.

85.00
50.93
: 63.
- 7 & R

(percent

for Total Dissolved Carbon

Mode |

Initial well

: Original Data - 44 .40
: Mass Balance - 212.26
: Vogel -
. Tamers =
: Ingerson and Pearson: 52.96
: Mook -
: Fontes and Garnier : 3.

: Eichinger - 51.06
: User-defined - 100.00
: Revised F&G gas ex : 39422
: Revised F&G solid ex: 51. 36

85.00
50.14

54.18
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Appendix 5.2: Plots of outcome obtained from NETPATH software for 4C correction
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Appendix 7.1: Hazard quotient for geothermal springs and boreholes within Soutpansberg
Hazard Quotient
TSS TSW SGS SGW MPS MPW SAW SH1 SH2 BH1 BH2 SCC TTP Hl-total
Be
Ingestion 1.10E+00  3.50E+00 8.03E-01 5.40E-03 1.56E+00 3.08E+00 3.00E-02 1.92E+00 2.12E+00 2.62E+00 4.06E+00 3.04E+00 5.40E-03 2.38E+01
Children Dermal - - - - - - - - - - - - - -
Ingestion 2.46E-02 7.86E-02 1.80E-02 1.21E-04  3.50E-02 6.91E-02 6.73E-04  4.32E-02 4.75E-02 5.88E-02 9.11E-02 6.82E-02 1.21E-04 5.35E-01
Adult Dermal - - - - - - - - - - - - - -
\
Ingestion  4.37E-01 3.98E-01 3.22E-01 3.47E-01 3.88E-01 3.32E-01 7.64E-02 3.22E-01 4.20E-01 1.22E-01 2.97E-01 4.25E-01 1.10E-01  4.00E+00
Children Dermal - - - - - - - - - - - - - -
Ingestion  9.81E-03 8.94E-03 7.22E-03  7.80E-03  8.70E-03 7.46E-03 1.72E-03  7.24E-03 9.42E-03 2.74E-03 6.66E-03 9.53E-03  2.47E-03 8.97E-02
Adult Dermal - - - - - - - - - - - - - -
Cr
Ingestion 4.98E-01 3.46E-01 4.19E-01 2.66E-01 4.23E-01 3.36E-01 3.60E-03 4.16E-01 4.43E-01 2.80E-01 2.59E-01 4.86E-01 3.61E-01  4.54E+00
Children Dermal 1.83E-03 1.27E-03 1.54E-03 9.74E-04  1.55E-03 1.23E-03 1.32E-05 1.53E-03 1.63E-03 1.03E-03 9.51E-04 1.78E-03 1.32E-03 1.66E-02
Ingestion 1.12E-02 7.76E-03 9.41E-03 597E-03  9.49E-03 7.55E-03 8.08E-05 9.34E-03 9.95E-03 6.28E-03 5.82E-03 1.09E-02  8.10E-03 1.02E-01
Adult Dermal 5.31E-05 3.68E-05 4.47E-05 2.83E-05 4.50E-05 3.58E-05 3.84E-07 4.43E-05 4.72E-05 2.98E-05 2.76E-05 5.17E-05 3.85E-05 4.83E-04
Mn
Ingestion 1.33E-02 1.11E-02 5.15E-02 1.28E-01 1.83E-01 5.32E-03 1.20E-03 6.27E-03 9.73E-03 5.38E-01 8.28E-03 7.62E-03 7.35E-02  1.04E+00
Children Dermal 8.21E-04 6.84E-04 3.17E-03 7.86E-03 1.13E-02 3.28E-04 7.38E-05 3.86E-04 5.99E-04 3.31E-02 5.09E-04 4.69E-04 4.52E-03 6.38E-02
Ingestion 2.99E-04 2.50E-04 1.16E-03 2.87E-03 4.11E-03 1.19E-04 2.69E-05 1.41E-04 2.18E-04 1.21E-02 1.86E-04 1.71E-04 1.65E-03 2.33E-02
Adult Dermal 2.38E-05 1.99E-05 9.21E-05 2.28E-04 3.27E-04 9.52E-06 2.15E-06 1.12E-05 1.74E-05 9.61E-04 1.48E-05 1.36E-05 1.31E-04 1.85E-03
Co
Ingestion 1.26E-03 1.67E-03 2.59E-03 2.13E-03 1.75E-03 2.19E-03 2.40E-04 1.12E-03 1.57E-03 2.05E-02 3.05E-03 1.43E-03 1.02E-03 4.05E-02
Children Dermal 1.62E-02 2.15E-02 3.33E-02 2.75E-02 2.25E-02 2.81E-02 3.09E-03 1.44E-02 2.01E-02 2.64E-01 3.92E-02 1.84E-02 1.31E-02 5.21E-01
Ingestion 2.82E-05 3.75E-05 5.82E-05 4.79E-05 3.92E-05 4.91E-05 5.39E-06 2.51E-05 3.52E-05 4.61E-04 6.84E-05 3.21E-05 2.29E-05 9.10E-04
Adult Dermal 4.69E-04 6.25E-04 9.69E-04 7.98E-04 6.53E-04 8.17E-04 8.97E-05 4.17E-04 5.85E-04 7.67E-03 1.14E-03 5.34E-04 3.81E-04 1.52E-02

261 | Isotopic signatures and trace metals in geothermal springs and their environmental media within Soutpansberg

© University of Venda



/S
>

(=€

&5 | | University of Venda

Ni

Ingestion  1.35E-02 158E-02 5.95E-03 6.63E-03 1.28E-02  5.06E-03 4.26E-03 4.90E-03  8.89E-03 7.51E-02 3.27E-03 1.13E-02 9.43E-03 1.77E-01

Children Dermal 1.08E-08 1.26E-08  4.75E-09  5.30E-09 1.02E-08  4.04E-09 3.40E-09 3.92E-09  7.11E-09 6.00E-08 2.61E-09 9.03E-09 7.53E-09 1.41E-07
Ingestion  3.02E-04  3.55E-04 1.34E-04 1.49E-04 2.88E-04 1.13E-04 9.56E-05 1.10E-04 2.00E-04  1.69E-03 7.34E-05  2.54E-04 2.12E-04 3.97E-03

Adult Dermal 5.13E-06  6.02E-06  2.26E-06 2.52E-06 4.88E-06 1.92E-06 1.62E-06 1.87E-06  3.38E-06 2.86E-05 1.24E-06  4.30E-06 3.59E-06 6.73E-05

Cu

Ingestion  3.88E-02 6.08E-02  9.92E-02 2.08E-04  4.15E-03 2.92E-05 1.14E-03 2.92E-05 5.96E-03 1.02E-01 1.12E-03  6.98E-03 1.56E-02 3.36E-01

Children Dermal 2.19E-04  3.44E-04 5.61E-04 1.18E-06 2.35E-05 1.65E-07 6.42E-06 1.65E-07  3.37E-05 5.75E-04  6.31E-06  3.94E-05 8.83E-05 1.90E-03
Ingestion  8.71E-04 1.37E-03  2.23E-03 4.67E-06  9.32E-05 6.55E-07 2.55E-05 6.55E-07 1.34E-04  2.29E-03 2.50E-05 157E-04 3.51E-04  7.54E-03

Adult Dermal 6.37E-06  9.99E-06 1.63E-05 3.42E-08 6.82E-07 4.79E-09 1.86E-07 4.79E-09  9.80E-07 1.67E-05 1.83E-07 1.15E-06 2.57E-06  5.52E-05

Zn

Ingestion  1.25E-01 1.86E-01 1.18E-01 7.78E-02 1.97E-02  8.40E-03 3.80E-04 3.60E-06 3.60E-06 1.40E-01 3.60E-06 3.60E-06 1.79E-02 6.94E-01

Children Dermal 1.84E-03  2.73E-03 1.73E-03  1.14E-03 2.90E-04 1.23E-04 557E-06 5.28E-08 5.28E-08 2.06E-03 5.28E-08 5.28E-08 2.63E-04 1.02E-02
Ingestion ~ 7.30E-04  2.34E-03  5.35E-04 3.60E-06 1.04E-03 2.05E-03 2.00E-05 1.28E-03  1.41E-03 1.75E-03 2.70E-03  2.02E-03 3.60E-06  1.59E-02

Adult Dermal 5.33E-05 7.92E-05 5.02E-05 3.32E-05 8.41E-06 3.58E-06 1.62E-07 1.53E-09  1.53E-09 5.98E-05 1.53E-09 1.53E-09 7.65E-06 2.96E-04

As

Ingestion 8.17E-01 8.05E-01 5.41E-01 7.89E-01 1.09E+00 8.39E-01  4.04E-01 4.13E-01 1.22E+00 7.68E-01 5.18E-01 1.22E+00 5.20E-01  9.94E+00

Children Dermal 2.99E-03 2.95E-03 1.98E-03 2.89E-03  3.99E-03 3.07E-03 1.48E-03 1.51E-03 4.46E-03 2.82E-03 1.90E-03 4.47E-03 1.91E-03 3.64E-02

Ingestion 1.83E-02 1.81E-02 1.21E-02 1.77E-02 2.44E-02 1.88E-02 9.07E-03  9.27E-03 2.73E-02 1.72E-02 1.16E-02 2.74E-02 1.17E-02 2.23E-01

Adult Dermal 8.70E-05 8.58E-05 5.77E-05 8.41E-05 1.16E-04 8.93E-05 4.30E-05 4.40E-05 1.30E-04 8.18E-05 5.51E-05 1.30E-04 5.54E-05 1.06E-03
Se

Ingestion  1.40E-01 1.48E-01 9.25E-02  1.38E-01 2.41E-01 1.54E-01 1.63E-02 1.22E-01 2.63E-01 1.40E-01 8.68E-02 2.63E-01  7.79E-02  1.88E+00

Children Dermal - - - - - - - - - - - - - -
Ingestion  3.14E-03  3.33E-03  2.08E-03 3.09E-03 5.40E-03 3.46E-03 3.66E-04 2.73E-03 5.90E-03 3.15E-03 1.95E-03 5.89E-03 1.75E-03  4.22E-02

- Dermal - - - - - - - - - - - - - -

Cd

Ingestion  6.76E-03 ~ 2.94E-03 1.60E-03 6.46E-03 9.20E-04 1.65E-02 2.40E-03 1.08E-03 8.40E-04 8.71E-02 1.08E-03  8.40E-04 5.40E-03 1.34E-01
Children Dermal 2.48E-05 1.08E-05 587E-06 2.37E-05 3.37E-06 6.05E-05 8.80E-06 3.96E-06  3.08E-06 3.19E-04 3.96E-06 3.08E-06 1.98E-05 4.91E-04

Adult Ingestion  1.52E-04 6.60E-05 3.59E-05 1.45E-04 2.07E-05 3.70E-04 5.39E-05 2.42E-05 1.89E-05 1.96E-03 2.42E-05 1.89E-05 1.21E-04 3.01E-03
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Dermal 7.20E-07 3.13E-07 1.70E-07 6.88E-07 9.80E-08 1.76E-06 2.56E-07 1.15E-07 8.95E-08 9.28E-06 1.15E-07 8.95E-08 5.75E-07 1.43E-05
Sh
Ingestion  1.59E-02  6.60E-03  9.40E-03 1.76E-02 1.07E-02 5.18E-02 9.00E-03 1.50E-03  4.50E-03  3.66E-02 2.37E-02  2.70E-03  2.85E-02  2.18E-01
Children Dermal - - - - - - - - - - - - - -
Ingestion  3.57E-04  1.48E-04 2.11E-04 3.96E-04 2.40E-04 1.16E-03 2.02E-04 3.37E-05 1.01E-04 8.22E-04 5.32E-04 6.06E-05 6.40E-04 4.90E-03
Adult Dermal - - - - - - - - - - - - - -
Ba
Ingestion 9.22E-04 1.58E-02 4.68E-04  2.54E-02 5.28E-03 1.74E-02 6.25E-03  2.27E-04 4.32E-03 4.04E-02 4.32E-02 4.10E-03 5.40E-06 1.64E-01
Children Dermal - - - - - - - - - - - - - -
Ingestion 2.07E-05 3.55E-04 1.05E-05 5.71E-04 1.18E-04 3.91E-04 1.40E-04  5.10E-06 9.70E-05 9.07E-04 9.70E-04 9.21E-05 1.21E-07 3.68E-03
Adult Dermal - - - - - - - - - - - - - -
Hg
Ingestion  2.44E+00 2.48E-01 1.30E+00 1.61E-01 7.27E-01 1.72E-01  1.40E-01 2.65E-01 3.19E-01 6.12E-02 6.40E-01 1.84E-01 2.88E-01 6.95E+00
Children Dermal 8.96E-03 9.11E-04 4.78E-03  5.90E-04 2.67E-03 6.31E-04 5.13E-04 9.71E-04 1.17E-03 2.24E-04 2.35E-03 6.75E-04  1.06E-03 2.55E-02
Ingestion  5.49E-02  5.58E-03  2.93E-02 3.62E-03  1.63E-02  3.87E-03 3.14E-03  5.94E-03 7.17E-03  1.37E-03  1.44E-02 4.13E-03 6.47E-03  1.56E-01
Adult Dermal 2.60E-04 2.65E-05 1.39E-04 1.72E-05 7.74E-05 1.83E-05 1.49E-05 2.82E-05 3.40E-05 6.52E-06 6.81E-05 1.96E-05 3.07E-05 7.41E-04
Pb
Ingestion  9.67E-03 ~ 1.12E-02  1.68E-02 3.09E-04 3.09E-04 3.09E-04 3.09E-03 5.86E-03 3.09E-04 3.09E-04 3.09E-04 3.09E-04 2.19E-03  5.09E-02
Children Dermal 2.36E-04 2.73E-04 4.10E-04  7.54E-06 7.54E-06 7.54E-06  7.54E-05 1.43E-04 7.54E-06 7.54E-06 7.54E-06 7.54E-06  5.36E-05 1.24E-03
Ingestion ~ 2.17E-04  2.51E-04 3.77E-04 6.93E-06 6.93E-06 6.93E-06 6.93E-05 1.32E-04 6.93E-06 6.93E-06 6.93E-06 6.93E-06 4.93E-05 1.14E-03
Adult Dermal 6.87E-06 7.94E-06 1.19E-05  2.19E-07 2.19E-07 2.19E-07  2.19E-06 4.16E-06 2.19E-07 2.19E-07 2.19E-07 2.19E-07  1.56E-06 3.62E-05
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Appendix 7.2: Statistical summary of the trace metals concentrations from the surrounding soll
of the geothermal springs

Tshipise  Tshipise | Mphephu Mphephu | Sagole S | Sagole Siloam
S w S w w
pH Min 7.50 8.01 6.62 7.47 3.10 9.31 6.67
Max 8.55 8.05 6.97 7.76 9.90 9.72 7.15
Mean 8.12 8.04 6.80 7.62 7.38 9.45 6.91
SD 0.55 0.02 0.25 0.21 3.73 .23 0.34
Ccv 6.79 0.29 3.64 2.69 50.49 2.45 491
EC Min 89.40 90.10 111.20 27.40 124.10 165.80 90.60
Max 253.90 130.20 217.50 40.80 1441.00 376.00 116.90
Mean | 165.83 105.37 164.35 34.10 846.03 275.17 103.75
SD 82.86 21.69 75.17 9.48 667.57 92.00 18.60
Ccv 49.97 20.59 45.73 27.79 78.91 33.43 17.92
TDS Min 57.20 57.60 71.10 17.50 79.40 125.00 58.00
Max 162.00 613.00 139.00 26.10 922.00 241.00 74.80
Mean | 105.97 251.30 105.05 21.80 541.47 176.00 66.40
SD 52.78 313.50 48.01 6.08 427.18 59.25 11.88
Ccv 49.80 124.75 45.70 27.90 78.89 33.67 17.89
Be Min 0.14 0.21 0.34 0.20 0.05 0.04 0.59
Max 0.21 0.30 0.63 0.31 0.75 0.09 0.64
Mean 0.18 0.25 0.48 0.26 0.30 0.06 0.62
SD 0.04 0.05 0.20 0.08 0.39 0.03 0.04
cv 21.05 18.68 42.44 31.61 128.10 42.33 6.32
\Y, Min 12.24 16.82 58.50 48.14 4.15 4.13 165.10
Max 17.13 25.23 68.17 49.02 7.02 6.53 172.40
Mean 15.25 20.11 63.34 48.58 6.01 5.35 168.75
SD 2.64 4.50 6.84 0.62 161 1.20 5.16
cv 17.28 22.36 10.80 1.28 26.81 22.44 3.06
Cr Min 37.93 36.93 35.32 27.92 3.77 4.71 90.54
Max 46.23 44.90 36.10 38.38 9.98 7.81 96.35
Mean 42.34 39.78 35.71 33.15 6.08 6.59 93.45
SD 4.17 4.45 0.55 7.40 3.40 1.66 4.11
Ccv 9.86 11.18 1.54 22.31 55.87 25.13 4.40
Mn Min 99.98 120.30 35.41 46.96 18.07 24.59 118.30
Max 144.00 157.10 47.22 71.84 68.76 53.96 119.00
Mean | 119.06 135.90 41.32 59.40 39.98 36.23 118.65
SD 22.59 19.03 8.35 17.59 26.03 15.60 0.49
Ccv 18.97 14.00 21.21 29.62 65.12 43.06 0.42
Co Min 3.62 4.61 13.80 19.12 0.89 1.00 28.66
Max 5.28 7.78 14.66 21.52 2.29 1.52 28.67
Mean 4.66 5.78 14.23 20.32 1.77 1.21 28.67
SD 0.91 1.74 0.61 1.70 0.77 0.27 0.01
cv 19.44 30.06 4.27 8.35 43.38 22.46 0.02
Ni Min 24.46 26.10 15.72 11.60 2.41 3.41 51.65
Max 34.44 37.03 21.10 21.45 11.27 6.13 57.39
Mean 5.14 29.99 18.41 .16.53 6.00 4.66 54.52
SD 30.16 6.11 3.80 6.97 4.66 1.3 4.06
Ccv 17.04 20.37 20.66 42.15 77.74 29.53 7.44
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Cu Min 8.52 13.73 25.09 19.30 8.11 5.63 97.07
Max 12.70 19.13 33.45 25.39 9.23 7.14 103.60
Mean 11.13 15.97 29.27 22.35 8.67 6.19 100.34
SD 2.27 2.82 5.91 4.31 0.56 0.83 4.62
CV 20.44 17.63 20.20 19.27 6.46 13.40 4.60
Zn Min 14.16 1549 15.52 8.08 2.51 3.83 48.62
Max 15.75 21.25 37.74 19.77 17.17 6.10 48.94
Mean 15.05 17.63 26.63 13.93 10.11 4.95 48.78
SD 0.81 3.15 15.71 8.26 7.34 1.14 0.23
CV 5.39 17.88 59.00 59.35 72.66 22.99 0.46
As Min 0.22 0.37 0.44 0.10 0.33 0.26 0.79
Max 0.38 0.93 1.10 0.67 7.41 0.59 0.79
Mean 0.30 0.66 0.77 0.39 2.69 0.39 0.79
SD 0.08 0.28 0.47 0.40 4.08 0.17 0.00
CVv 26.32 42.46 61.16 103.64 151.66 43.82 0.63
Se Min 0.09 0.18 0.36 0.11 0.07 0.00 0.25
Max 0.27 0.18 1.53 0.33 0.14 0.10 0.26
Mean 0.15 0.18 0.95 0.22 0.10 0.06 0.26
SD 0.10 0.00 0.83 0.15 0.04 0.05 0.01
Cv 68.25 1.40 87.66 69.13 35.33 86..07 3.29
Cd Min 0.02 0.02 0.04 0.02 0.01 0.01 0.26
Max 0.04 0.04 0.09 0.04 0.02 0.02 0.36
Mean 0.03 0.03 0.07 0.03 0.01 0.01 0.31
SD 0.01 0.01 0.04 0.01 0.01 0.01 0.07
Cv 28.23 19.20 56.99 48.85 43.83 50.62 23.03
Sb Min 0.01 0.02 0.02 0.01 0.02 0.01 0.02
Max 0.02 0.04 0.04 0.01 0.30 0.02 0.03
Mean 0.01 0.03 0.03 0.01 0.11 0.01 0.03
SD 0.00 0.01 0.01 0.00 0.16 0.00 0.00
Ccv 14.19 27.45 52.38 18.45 141.51 31.49 19.41
Ba Min 11.09 14.51 23.80 18.03 3.17 3.44 48.40
Max 13.88 20.81 45.36 41.58 253.20 19.87 51.48
Mean 12.42 17.18 34.58 20.81 88.97 9.67 49.94
SD 1.40 3.26 15.25 16.65 142.28 8.91 2.18
Ccv 11.27 18.95 44.09 55.87 159.91 92.17 4.36
Hg Min 0.11 0.03 0.00 0.00 0.00 0.00 0.00
Max 0.23 0.29 0.01 0.00 0.12 0.04 0.00
Mean 0.16 013 0.00 0.00 0.05 0.02 0.00
SD 0.06 0.14 0.00 0.00 0.06 0.02 0.00
Cv 38.91 112.47 94.28 0.00 139.94 161.66 0.00
Pb Min 2.00 2.96 4.08 2.96 1.43 1.15 30.60
Max 2.42 5.74 9.45 3.51 6.08 1.49 85.02
Mean 2.26 4.20 6.77 3.24 3.08 1.26 57.81
SD 0.23 1.42 3.80 0.39 2.60 0.19 38.48
CVv 10.10 33.75 56.18 11.95 84.45 15.35 66.56
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Appendix 7.3: Hazard quotient (Non-cancer) for surrounding soils of the geothermal springs within Soutpansberg

Be Vv Cr
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 1.20E-02 1.29E-03 3.30E-07 1.42E-07 - - 4.35E-02 4.66E-03 1.19E-06 5.12E-07 - - 1.97E-01 2.11E-02 5.41E-04 2.32E-04 4.14E-04 8.57E-04
TSW 1.44E-02 1.55E-03 3.97E-07 1.70E-07 - - 4.63E-02 4.97E-03 1.27E-06 5.46E-07 - - 1.60E-01 1.71E-02 4.39E-04 1.88E-04 | 3.36E-04 | 6.95E-04
SGS 7.03E-03 7.53E-04 1.93E-07 8.28E-08 - - 1.74E-02 1.87E-03 4.78E-07 2.05E-07 - - 4.25E-02 4.56E-03 1.17E-04 5.01E-05 8.93E-05 1.85E-04
SGW 5.95E-03 6.37E-04 1.63E-07 7.00E-08 - - 1.66E-02 1.78E-03 4.55E-07 1.95E-07 - - 3.33E-02 3.57E-03 9.14E-05 3.92E-05 | 6.99E-05 1.45E-04
SAW 3.76E-02 4.03E-03 1.03E-06 4.43E-07 - - 4.19E-01 4.49E-02 1.15E-05 4.93E-06 - - 3.86E-01 4.13E-02 1.06E-03 4.54E-04 8.10E-04 1.68E-03
MPS 4.00E-02 4.29E-03 1.10E-06 4.71E-07 - - 1.73E-01 1.85E-02 4.75E-06 2.04E-06 - - 1.54E-01 1.65E-02 4.23E-04 1.81E-04 3.23E-04 6.69E-04
MPW 1.27E-02 1.36E-03 3.48E-07 1.49€E-07 - - 1.24E-01 1.33E-02 3.42E-06 1.46E-06 - - 1.19E-01 1.27E-02 3.27E-04 1.40E-04 | 2.50E-04 | 5.18E-04
Mn Co Ni
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 6.03E-02 6.46E-03 1.66E-06 7.10E-07 2.13E-03 4.40E-03 | 3.25E-03 3.48E-04 3.13E-05 1.34E-05 2.39E-03 | 4.96E-03 2.20E-02 2.36E-03 6.05E-07 2.59E-07 1.65E-04 | 3.42E-04
TSW 6.94E-02 7.44E-03 1.91E-06 8.17E-07 2.45E-03 5.07E-03 3.17E-03 3.40E-04 3.06E-05 1.31E-05 2.34E-03 4.84E-03 1.67E-02 1.79E-03 4.58E-07 1.96E-07 1.25E-04 2.59E-04
SGS 3.66E-02 3.92E-03 1.01E-06 4.31E-07 1.29E-03 2.67E-03 1.47E-03 1.57E-04 1.41E-05 6.06E-06 1.08E-03 2.24E-03 7.20E-03 7.72E-04 1.98E-07 8.48E-08 5.40E-05 1.12E-04
SGW 2.87E-02 3.08E-03 7.90E-07 3.38E-07 1.01E-03 2.10E-03 | 9.70E-04 1.04E-04 9.35E-06 4.01E-06 7.15E-04 1.48E-03 3.92E-03 4.20E-04 1.08E-07 4.61E-08 | 2.94E-05 | 6.09E-05
SAW 6.30E-02 6.75E-03 1.73E-06 7.42E-07 2.22E-03 4.60E-03 1.83E-02 1.96E-03 1.77E-04 7.57E-05 1.35E-02 2.80E-02 3.30E-02 3.54E-03 9.07E-07 3.89E-07 2.48E-04 5.13E-04
MPS 1.89E-02 2.02E-03 5.18E-07 2.22E-07 6.65E-04 1.38E-03 | 9.37E-03 1.00E-03 9.03E-05 3.87E-05 6.91E-03 1.43E-02 1.35E-02 1.45E-03 3.71E-07 1.59E-07 1.01E-04 | 2.10E-04
MPW 2.50E-02 2.68E-03 6.87E-07 2.95E-07 8.82E-04 1.83E-03 1.22E-02 1.31E-03 1.18E-04 5.05E-05 9.01E-03 1.87E-02 7.42E-03 7.95E-04 2.04E-07 8.73E-08 5.56E-05 1.15E-04
Cu Zn As
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 4.39E-03 4.70E-04 1.21E-07 5.17E-08 1.42E-05 2.94E-05 6.49E-04 6.96E-05 1.78E-08 7.65E-09 5.46E-06 1.13E-05 1.63E-02 1.74E-03 4.47E-07 1.92E-07 3.42E-05 7.08E-05
TSW 4.74E-03 5.08E-04 1.30E-07 5.59E-08 1.54E-05 3.18E-05 | 6.88E-04 7.37E-05 1.89E-08 8.10E-09 5.78E-06 1.20E-05 1.57E-02 1.68E-03 4.32E-07 1.85E-07 | 3.30E-05 | 6.84E-05
SGS 3.00E-03 3.22E-04 8.25E-08 3.53E-08 9.72E-06 2.01E-05 | 7.32E-04 7.84E-05 2.01E-08 8.62E-09 6.15E-06 1.27E-05 1.42E-02 1.52E-03 3.90E-07 1.67E-07 | 2.98E-05 | 6.17E-05
SGW 2.47E-03 2.64E-04 6.78E-08 2.91E-08 7.99E-06 1.65E-05 2.10E-04 2.25E-05 5.77E-09 2.47E-09 1.76E-06 3.66E-06 2.50E-02 2.68E-03 6.87E-07 2.95E-07 5.25E-05 1.09E-04
SAW 3.35E-02 3.59E-03 9.22E-07 3.95E-07 1.09E-04 2.25E-04 | 2.07E-03 2.22E-04 5.69E-08 2.44E-08 1.74E-05 | 3.61E-05 3.35E-02 3.59E-03 9.21E-07 3.95E-07 | 7.04E-05 1.46E-04
MPS 1.16E-02 1.24E-03 3.18E-07 1.36E-07 3.74E-05 7.75E-05 1.61E-03 1.72E-04 4.42E-08 1.89E-08 1.35E-05 2.80E-05 4.68E-02 5.01E-03 1.29E-06 5.51E-07 9.83E-05 2.04E-04
MPW 6.67E-03 7.15E-04 1.83E-07 7.85E-08 2.16E-05 4.47E-05 3.44E-04 3.69E-05 9.46E-09 4.06E-09 2.89E-06 5.99E-06 4.39E-03 4.70E-04 1.21E-07 5.17E-08 9.22E-06 1.91E-05
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Se Cd Sb
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 6.90E-04 7.40E-05 1.90E-08 8.13E-09 - - 4.35E-04 4.66E-05 2.10E-07 8.98E-08 9.13E-07 1.89E-06 4.47E-04 4.79E-05 1.23E-08 5.27E-09 - -
TSW 4.53E-04 4.85E-05 1.24E-08 5.33E-09 - - 3.07E-04 3.29E-05 1.48E-07 6.34E-08 6.44E-07 1.33E-06 6.71E-04 7.19E-05 1.84E-08 7.90E-09 - -
SGS 1.79E-04 1.92E-05 4.92E-09 2.11E-09 - - 2.81E-04 3.01E-05 1.36E-07 5.81E-08 5.91E-07 1.22E-06 6.07E-04 6.51E-05 1.67E-08 7.15E-09 - -
SGW 2.51E-04 2.68E-05 6.88E-09 2.95E-09 - - 1.28E-04 1.37E-05 6.16E-08 2.64E-08 2.68E-07 5.56E-07 6.39E-04 6.85E-05 1.76E-08 7.53E-09 - -
SAW 6.75E-04 7.23E-05 1.85E-08 7.95E-09 - - 3.29E-03 3.52E-04 1.58E-06 6.79E-07 6.90E-06 1.43E-05 9.27E-04 9.93E-05 2.55E-08 1.09E-08 - -
MPS 3.92E-03 4.20E-04 1.08E-07 4.62E-08 - - 1.20E-03 1.29E-04 5.79E-07 2.48E-07 2.52E-06 5.23E-06 1.18E-03 1.27E-04 3.25E-08 1.39E-08 - -
MPW 2.92E-04 3.12E-05 8.01E-09 3.43E-09 - - 2.30E-04 2.47E-05 1.11E-07 4.75E-08 4.83E-07 1.00E-06 3.20E-04 3.42E-05 8.78E-09 3.76E-09 - -
Ba Hg Pb
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults
TSS 7.86E-04 8.42E-05 2.16E-08 9.25E-09 - - 9.76E-03 1.05E-03 9.35E-07 4.01E-07 2.05E-05 4.25E-05 8.61E-03 9.23E-04 2.37E-07 1.01E-07 1.21E-04 2.50E-04
TSW 9.28E-04 9.94E-05 2.55E-08 1.09E-08 - - 2.81E-03 3.01E-04 2.70E-07 1.16E-07 5.91E-06 1.22E-05 1.08E-02 1.16E-03 2.97E-07 1.27E-07 1.51E-04 3.13E-04
SGS 6.74E-04 7.22E-05 1.85E-08 7.93E-09 - - 5.03E-03 5.39E-04 | 4.82E-07 2.07E-07 1.06E-05 2.19E-05 2.22E-02 2.38E-03 6.11E-07 2.62E-07 3.11E-04 6.45E-04
SGW 1.27E-03 1.36E-04 3.49E-08 1.50E-08 - - 4.26E-05 4.57E-06 4.08E-09 1.75E-09 8.95E-08 1.85E-07 5.43E-03 5.82E-04 1.49€E-07 6.39E-08 7.60E-05 1.57E-04
SAW 3.09E-03 3.32E-04 8.50E-08 3.64E-08 - - 4.26E-05 4.57E-06 | 4.08E-09 1.75E-09 8.95E-08 1.85E-07 3.11E-01 3.33E-02 8.53E-06 3.66E-06 4.35E-03 9.01E-03
MPS 2.90E-03 3.11E-04 7.97E-08 3.41E-08 - - 2.13E-04 2.28E-05 2.04E-08 8.75E-09 4.47E-07 9.27E-07 3.45E-02 3.70E-03 9.49E-07 4.07E-07 4.83E-04 1.00E-03
MPW 1.15E-03 1.23E-04 3.17E-08 1.36E-08 - - 4.26E-05 4.57E-06 4.08E-09 1.75E-09 8.95E-08 1.85E-07 1.08E-02 1.16E-03 2.97E-07 1.27E-07 1.52E-04 3.14E-04
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Appendix 7.4: Hazard quotient (Cancer) for surrounding soils of the geothermal springs within Soutpansberg

Be \% Cr
Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

TSS 1.03E-03 5.52E-04 2.83E-08 6.06E-08 - - 3.72E-03 2.00E-04 1.02E-07 2.19E-08 - - 1.69E-02 9.05E-03 4.64E-05 9.94E-06 3.55E-05 3.67E-04
TSW 1.24E-03 6.63E-04 3.40E-08 7.29E-08 - - 3.97E-03 2.13E-04 1.09E-07 2.34E-08 - - 1.37E-02 7.34E-03 3.76E-05 8.06E-06 2.88E-05 2.98E-04
SGS 6.03E-04 3.23E-04 1.66E-08 3.55E-08 - - 1.49E-03 8.00E-05 4.10E-08 8.79E-09 - - 3.64E-03 1.95E-03 1.00E-05 2.15E-06 7.65E-06 7.93E-05
SGW 5.10E-04 2.73E-04 1.40E-08 3.00E-08 - - 1.42E-03 7.61E-05 3.90E-08 8.36E-09 - - 2.85E-03 1.53E-03 7.84E-06 1.68E-06 5.99E-06 6.21E-05
SAW 3.22E-03 1.73E-03 8.85E-08 1.90E-07 - - 3.59E-02 1.92E-03 9.86E-07 2.11E-07 - - 3.31E-02 1.77E-02 9.09E-05 1.95E-05 6.95E-05 7.19E-04
MPS 3.43E-03 1.84E-03 9.42E-08 2.02E-07 - - 1.48E-02 7.94E-04 4.07E-07 8.73E-08 - - 1.32E-02 7.06E-03 3.62E-05 7.76E-06 2.77E-05 2.87E-04
MPW 1.08E-03 5.81E-04 2.98E-08 6.39E-08 - - 1.07E-02 5.71E-04 2.93E-07 6.27E-08 - - 1.02E-02 5.46E-03 2.80E-05 6.00E-06 2.14E-05 2.22E-04

Mn Co Ni
TSS 5.17E-03 2.77E-03 1.42E-07 3.04E-07 1.82E-04 1.89E-03 2.79E-04 1.49E-04 2.69E-06 5.75E-06 2.05E-04 2.13E-03 1.89E-03 1.01E-03 5.18E-08 1.11E-07 1.42E-05 1.47E-04
TSwW 5.95E-03 3.19E-03 1.63E-07 3.50E-07 2.10E-04 2.17E-03 2.72E-04 1.46E-04 2.62E-06 5.61E-06 2.00E-04 2.07E-03 1.43E-03 7.66E-04 3.93E-08 8.42E-08 1.07E-05 1.11E-04
SGS 3.14E-03 1.68E-03 8.63E-08 1.85E-07 1.11E-04 1.15E-03 1.26E-04 6.73E-05 1.21E-06 2.60E-06 9.26E-05 9.59E-04 6.18E-04 3.31E-04 1.70E-08 3.64E-08 4.63E-06 4.80E-05
SGW 2.46E-03 1.32E-03 6.77E-08 1.45E-07 8.68E-05 8.99E-04 8.32E-05 4.46E-05 8.02E-07 1.72E-06 6.13E-05 6.35E-04 3.36E-04 1.80E-04 9.23E-09 1.98E-08 2.52E-06 2.61E-05
SAW 5.40E-03 2.89E-03 1.48E-07 3.18E-07 1.90E-04 1.97E-03 1.57E-03 8.41E-04 1.51E-05 3.24E-05 1.16E-03 1.20E-02 2.83E-03 1.52E-03 7.78E-08 1.67E-07 2.12E-05 2.20E-04
MPS 1.62E-03 8.66E-04 4.44E-08 9.52E-08 5.70E-05 5.90E-04 8.03E-04 4.30E-04 7.74E-06 1.66E-05 5.92E-04 6.13E-03 1.16E-03 6.19E-04 3.18E-08 6.81E-08 8.67E-06 8.98E-05
MPW 2.14E-03 1.15E-03 5.89E-08 1.26E-07 7.56E-05 7.83E-04 1.05E-03 5.61E-04 1.01E-05 2.16E-05 7.72E-04 8.00E-03 6.36E-04 3.41E-04 1.75E-08 3.74E-08 4.77E-06 4.94E-05

Cu Zn As
TSS 3.76E-04 2.02E-04 1.03E-08 2.21E-08 1.22E-06 1.26E-05 5.57E-05 2.98E-05 1.53E-09 3.28E-09 4.68E-07 4.84E-06 1.40E-03 7.48E-04 3.83E-08 8.21E-08 2.93E-06 3.04E-05
TSW 4.07E-04 2.18E-04 1.12E-08 2.39E-08 1.32E-06 1.36E-05 5.90E-05 3.16E-05 1.62E-09 3.47E-09 4.96E-07 5.13E-06 1.35E-03 7.22E-04 3.70E-08 7.94E-08 2.83E-06 2.93E-05
SGS 2.57E-04 1.38E-04 7.07E-09 1.51E-08 8.33E-07 8.63E-06 6.27E-05 3.36E-05 1.72E-09 3.69E-09 5.27E-07 5.46E-06 1.22E-03 6.52E-04 3.34E-08 7.16E-08 2.55E-06 2.65E-05
SGW 2.12E-04 1.13E-04 5.81E-09 1.25E-08 6.85E-07 7.09E-06 1.80E-05 9.65E-06 4.95E-10 1.06E-09 1.51E-07 1.57E-06 2.14E-03 1.15E-03 5.89E-08 1.26E-07 4.50E-06 4.66E-05
SAW 2.88E-03 1.54E-03 7.90E-08 1.69E-07 9.31E-06 9.64E-05 1.78E-04 9.51E-05 4.88E-09 1.05E-08 1.49E-06 1.55E-05 2.87E-03 1.54E-03 7.90E-08 1.69E-07 6.04E-06 6.25E-05
MPS 9.91E-04 5.31E-04 2.72E-08 5.83E-08 3.21E-06 3.32E-05 1.38E-04 7.39E-05 3.79E-09 8.12E-09 1.16E-06 1.20E-05 4.01E-03 2.15E-03 1.10E-07 2.36E-07 8.42E-06 8.72E-05
MPW 5.72E-04 3.06E-04 1.57E-08 3.37E-08 1.85E-06 1.92E-05 2.95E-05 1.58E-05 8.11E-10 1.74E-09 2.48E-07 2.57E-06 3.76E-04 2.02E-04 1.03E-08 2.22E-08 7.90E-07 8.18E-06
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Se Cd Sh
Ingestion inhalation dermal Ingestion inhalation dermal Ingestion inhalation dermal
Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults Children Adults

TSS 5.92E-05 3.17E-05 1.63E-09 3.48E-09 - - 3.73E-05 | 2.00E-05 1.80E-08 3.85E-08 7.82E-08 8.10E-07 3.84E-05 2.05E-05 1.05E-09 2.26E-09 - -
TSW 3.88E-05 2.08E-05 1.07E-09 2.28E-09 - - 2.63E-05 1.41E-05 1.27E-08 2.72E-08 5.52E-08 5.72E-07 5.75E-05 3.08E-05 1.58E-09 3.39E-09 - -
SGS 1.53E-05 8.22E-06 4.21E-10 9.03E-10 - - 2.41E-05 1.29E-05 1.16E-08 2.49E-08 5.06E-08 5.24E-07 5.21E-05 2.79E-05 1.43E-09 3.06E-09 - -
SGW 2.15E-05 1.15E-05 5.90E-10 1.26E-09 - - 1.10E-05 | 5.87E-06 5.28E-09 1.13E-08 2.30E-08 2.38E-07 5.48E-05 2.94E-05 1.51E-09 3.23E-09 - -
SAW 5.79E-05 3.10E-05 1.59E-09 3.41E-09 - - 2.82E-04 1.51E-04 1.36E-07 2.91E-07 5.91E-07 6.13E-06 7.95E-05 | 4.26E-05 2.18E-09 | 4.68E-09 - -
MPS 3.36E-04 1.80E-04 9.24E-09 1.98E-08 - - 1.03E-04 | 5.52E-05 4.96E-08 1.06E-07 2.16E-07 2.24E-06 1.01E-04 5.43E-05 2.78E-09 5.97E-09 - -
MPW 2.50E-05 1.34E-05 6.86E-10 1.47E-09 - - 1.97E-05 1.06E-05 9.51E-09 2.04E-08 | 4.14E-08 | 4.29E-07 2.74E-05 1.47E-05 7.53E-10 1.61E-09 - -

Ba Hg Pb
TSS 6.73E-05 3.61E-05 1.85E-09 3.96E-09 - - 8.37E-04 | 4.48E-04 8.02E-08 1.72E-07 1.76E-06 1.82E-05 7.38E-04 3.96E-05 2.03E-08 | 4.35E-08 1.03E-05 1.07E-04
TSW 7.95E-05 4.26E-05 2.18E-09 4.68E-09 - - 2.41E-04 1.29E-04 2.31E-08 4.95E-08 5.06E-07 5.24E-06 9.26E-04 | 4.96E-05 2.55E-08 5.45E-08 1.30E-05 1.34E-04
SGS 5.78E-05 3.09E-05 1.59E-09 3.40E-09 - - 4.31E-04 | 2.31E-04 4.13E-08 8.85E-08 9.05E-07 9.38E-06 1.90E-03 1.02E-04 5.23E-08 1.12E-07 2.67E-05 2.76E-04
SGW 1.09E-04 5.83E-05 2.99E-09 6.41E-09 - - 3.65E-06 1.96E-06 3.50E-10 7.50E-10 7.67E-09 7.95E-08 4.65E-04 2.49E-05 1.28E-08 2.74E-08 6.51E-06 6.75E-05
SAW 2.65E-04 1.42E-04 7.29E-09 1.56E-08 - - 3.65E-06 1.96E-06 3.50E-10 7.50E-10 7.67E-09 7.95E-08 2.66E-02 1.43E-03 7.31E-07 1.57E-06 3.73E-04 3.86E-03
MPS 2.49E-04 1.33E-04 6.83E-09 1.46E-08 - - 1.83E-05 | 9.78E-06 1.75E-09 3.75E-09 3.84E-08 3.97E-07 2.96E-03 1.59E-04 8.13E-08 1.74E-07 | 4.14E-05 | 4.29E-04
MPW 9.88E-05 5.29E-05 2.71E-09 5.82E-09 - - 3.65E-06 1.96E-06 3.50E-10 7.50E-10 7.67E-09 7.95E-08 9.28E-04 | 4.97E-05 2.55E-08 5.46E-08 1.30E-05 1.35E-04
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Appendix 8: Spectrogram from IRMS
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Appendix 9: Request and Permission letters obtained for/during the study

SCHOOL OF ENVIRONMENTAL SCIENCES
OFFICE OF THE DEAN

TO: THE MANAGER, FOREVER RESORTS TSHIPISE

FROM: DEAN, SCHOOL OF ENVIRONMENTAL SCIENCES

SUBJECT: REQUEST FOR PERMISSION TO CONDUCT RESEARCH

DATE: 11 APRIL 2017

Mr. Durowoju Olatunde (student number 11634830) is a PhD student in the School of
Environmental Sciences at the University of Venda. He is researching on “Isotopic
signatures from thermal springs and environmental media within Soutpansberg”.

Kindly allow him to collect water samples from the springs. The data collected will

solely be used for research purposes.

Thanks for your consideration.

- § "A st
U OUR INFO

Yours faithfully, -0 11

e —

Prof J.O. Odiyo

Head, Department of Hydrology and Water Resources

4

0Z
N

University of Venda

PRIVATE BAG X5050 THOHOYANDOU 0950 SOUTH AFRICA
TEL: +27 15 962 8511; E-mail; john.odiyo@univen.ac.za
“A quality driven, i i rural-based pi
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BrE2012 Gmail - Permission to conduct Research

M Gmall OLATUNDE DUROWOJU <durotunde@gmail.com>

Permission to conduct Research

Pieter Erasmus <picter@foreversa.co.za> 13 April 2017 at 07:46
To: durctunde{@gmail.com
Ce: Beauty Maseka <infoi@foreversa.co za=

Dear Durowaoju,

| trust that you are doing well today.

‘fou are welcome to do your research at our resort. Please just inform us when you will be coming well in advance.

Kind regards

Pioter Erasmus | GEMERAL MAMAGER

Tshipise, AFOREVER RESORT

Cell: 072 624 2376

Tel: 015 539 0634

Fax to mail: 086 660 5040
Email: pieterfiforeversaco.za

Website: www.forevertshipise.co.za

GPS: -22 36' 20™5/ 20 10° 24°E

Physical Address: R525, Towards the Kruger National Park Pafuri Gate, Tshipise, Limpopo Province

Postal Address: PO Box 4, Tshipise, 0901
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University of Venda
o) South African
\@_:) Weather Service
. IS09001 Certiied Organisahon
Disclosure Statement
SCHEDULE 1

Please note: The South African Weather Service will only act upon customer requirements noted on this
disclosure statement and not from any other correspondence.

FULL PERSONAL DETAILS OF USER

Full Names DUROWOJU OLATUNDE SAMOD
University/school/organisation UNIVERSITY OF VENDA
, | Student Number (if applicable) 11634830
Email address durotunde@gmial.com
Cellphone 0780642299
Supervisor Prof JO Odiyo
Project/Thesis Title ISOTOPIC SIGNATURES IN GEOTHERMAL SPRINGS AND
THEIR ENVIRONMENTAL MEDIA WITHIN SOUTPANSBERG
Current registered degree (e.g. BSc) | PhD
Expected finalization date (MMYYYY) | September, 2018

The South African Weather Service reserves the right to request, at any time, from the student proof of
registration for the Degree at the University.

THE PURPOSE (Please indicate a detailed description of the purpose for which the data will be used)

The data set to consolidate with the isotopic composition of the precipitation and groundwater samples
and to show spatial-temporal variations of the isotopes and their relationships with the regional annual
hydrological cycle.

DATA REQUIRED (Please include the weather elements (e.g. rain, temperature), place/s and time period)
The data required are Monthly Rainfall, Temperature, and Altitude data for Thohoyandou, Sagole, Siloam,
Mphephu and Tshipise from January 2015 to November 2017.

| hereby accept that:
e SAWS will be acknowledged in the resulting thesis/project or when published, for the data it provided.
e  SAWS will be provided with a copy of the final results in printed or electronic format.
e __ The data received shall nohbeprovided to any third party.

Signature of the User:

Date: 0‘7(11’9&1:,_

type your name in as this is a legal document and requires a signature.)

(Please sign the document and

Private Document Document Template Reference: CLS-Disclosure-001.10
Record Reference: CLS-CI-DS
Page 2 of 2
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8/18/2019 Gmail - FW: Climate Data Requests

M Gmail OLATUNDE DUROWOJU <durotunde@gmail.com>

FW: Climate Data Requests

Joe Matsapola <Joe.Matsapola@weathersa.co.za> 8 December 2017 at 08:24
To: "durotunde@gmail.com” <durotunde@gmail.com>
Cc: Elsa DeJager <Elsa DeJager@weathersa co za>

Good morning, attached please find the data you requested. Please note most stations you requested are not opened
but | added two more stations.

Kind regards

Joe Matsapola

Scientist: Climate Information

Tel: 0822338282/ 0123676029

Fax: 0123676031

e-mail: joe.matsapola@weathersa.co.za

Physical address: 442 Rigel Ave South, Erasmusrand, Pretoria
Postal adress: Private Bag X097, Pretoria 0001

Weatherlines: *120"555*3# or 083 123 0500
www.weathersa.co.za

“Creating a weather-smart nation — Innovating, Adapting and Facing the Future together”
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