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A B S T R A C T   

In the study presented here, the spatial distribution of thermal springs in South Africa was investigated using 
point distribution analysis, fractal analysis and Fry analysis, and the thermal springs’ spatial relationships with 
high-heat-producing granitoids (HHPGs), groundwater yield, and structural lineaments were investigated using 
distance distribution analysis. The purpose of these spatial investigations was to explore the regional- to district- 
scale geological controls on thermal springs occurrence in South Africa. The results show that regional- to 
district-scale geological controls on thermal springs occurrence in South Africa involve the presence of or 
proximity to HHPGs (as heat source control), groundwater yield of ~2 L/s (as water source control) and in
tersections of structural lineaments with particular trends (as pathways control). In southern and eastern South 
Africa, the pathways controls are, respectively, intersections of ENE-trending lineaments with NNW- and NW- 
trending lineaments and intersections of ENE- and WNW-trending lineaments. This spatial information com
prises a conceptual model that can be used as a framework for regional- to district-scale predictive modeling and 
mapping of the prospectivity (or likelihood) of areas where geothermal resources potentially exist in South 
Africa.   

1. Introduction 

Occurrences of hot or thermal springs are evidence of the presence of 
geothermal energy resource in the subsurface. The spatial distribution of 
thermal springs can be considered non-random because (a) their exis
tence are known to be governed by an interaction between particular 
geological features or processes and (b) they are spatially related only 
with specific geological features. Thus, investigation of the thermal 
springs’ spatial distribution of would be useful in deducing which 
geological features plausibly governed the existence of the former at 
their present locations. Besides that, investigation of the spatial re
lationships of thermal springs with specific types of relevant geological 
features would be useful in evaluating the relative import of the former 
as controls on occurrence of the former. These complementary spatial 
investigations would thus be instructive for conceptual modeling of 
geological controls on thermal springs occurrence at a specific spatial 
scale, which can be used as framework for predictive modeling of 

prospectivity for geothermal energy resource at the same spatial scale. 
On regional-scale maps, locations of thermal springs are customarily 

shown as points. Describing the spatial distribution of point objects of a 
particular kind is achievable via point distribution analysis (Boots and 
Getis, 1988), fractal analysis (Mandelbrot, 1982) and Fry analysis (Fry, 
1979). These three spatial analytical methods have been demonstrated 
by Carranza (2009) to deduce controls on mineralization associated with 
a geothermal system. Therefore, these three spatial analytical methods 
are likewise suitable for deducing controls on thermal springs occur
rence, which is invariably associated with a geothermal system. Fry 
analysis has been applied by Carranza et al. (2008), Moghaddam et al. 
(2013, 2014) and Sang et al. (2017) to describe the regional-scale spatial 
distributions of thermal springs in West Java (Indonesia), in Iwate and 
Akita provinces (Japan) and in Liaoning province (China), respectively, 
to support analysis of prospectivity for geothermal resources. However, 
to the best of the authors’ knowledge, based on review of relevant 
literature, point distribution analysis and fractal analysis have not been 
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used yet to deduce geological controls on thermal springs occurrence. 
As thermal springs and other types of geothermal sites are commonly 

structurally-controlled (e.g., Bell and Ramelli, 2009; Taillefer et al., 
2018), recognizable orientations in the thermal springs’ spatial distri
bution are typically attributed to controls by linear geological features 
(e.g., faults). However, there are certainly other non-linear geological 
features that control the occurrence of geothermal sites including hot 
springs; for example, igneous intrusions and radiogenic element-rich 
rocks, which are non-linear geological features although they may 
exhibit linear trends due to underlying tectonic controls, are typical heat 
sources of thermal springs and other types of geothermal sites (Basan
taray & Mandal, 2022). Thus, for ample deduction of geological controls 
on thermal springs occurrence, an investigation of the spatial distribu
tion of thermal springs should be complemented with an investigation of 
the spatial relationships of thermal springs with specific types of rele
vant geological features. The methods of spatial analysis that have been 
used to investigate the regional-scale spatial relationships of thermal 
springs with specific relevant geological features include spatial fre
quency distribution analysis (Carranza et al., 2008), distance distribu
tion analysis (Carranza, 2009; Moghaddam et al., 2013), 
weights-of-evidence modeling (Zehner et al., 2006; Moghaddam et al., 
2013; Sang et al., 2017), and data-driven evidential belief modeling 
(Carranza et al., 2008; Moghaddam et al., 2013). 

In this paper, the above-proposed spatial investigations were con
ducted to explore the geological controls on thermal springs’ occurrence 
on a regional-scale in South Africa. This research objective is based on 
the hypothesis that the spatial distribution of thermal springs is a 
function of geological controls. As novelty of the research described 
here, point distribution and fractal analyses were used besides Fry 
analysis to unravel the thermal springs’ regional- to district-scale spatial 
distribution in South Africa, which would offer insight to controls by 
specific linear geological features. The main advantages of these spatial 
investigations are their graphical yet quantitative nature and, thus, the 
empirical nature of the results. However, instead of using all the four 
above-mentioned spatial analytical methods to investigate the regional- 
scale spatial relationships of thermal springs with specific relevant 
geological features, only distance distribution analysis was used here. 
That is because the mathematical formulations of each of the three other 
methods (i.e., analysis of spatial frequency distribution, modeling of 
weights-of-evidence, data-driven modeling of evidential belief) are akin 
to that of the distance distribution analysis, and Carranza (2002, 2008) 
has shown that all these four methods yield strongly similar results when 
applied to investigate the spatial relationships of hydrothermal mineral 
deposits of a specific type with geological features of certain types. The 
work presented here to deduce the regional- to district-scale geological 
controls on thermal springs occurrence in South Africa made use of 
publicly available relevant geoscience spatial data. 

2. Thermal springs in South Africa 

The mainland of South Africa, measuring 1,221,037 km2, is situated 
on a stable continent and passive margin with no recorded recent vol
canic activities (Kent, 1949; Tshibalo et al., 2015; Dhansay et al., 2017); 
but, it is characterized by a variety of complex geological settings. No 
summary account of South Africa’s regional geology is given here 
because it has been described extensively in the literature (cf. Du Toit, 
1954; Johnson, 1976; Fripp et al., 1980; Compston and Kröner, 1988; 
Thomas, 1989; Thomas et al., 1992; Van Reenen et al., 1992; Eriksson 
et al., 1995; Nowicki et al., 1995; Robb and Meyer, 1995; Johnson et al., 
1996; Barnett et al., 1997; Schmitz et al., 2004; Catuneanu et al., 2005; 
McCarthy and Rubidge, 2005; Johnson et al., 2006; McCarthy et al., 
2006). 

Despite the lack of volcanic activities in the Recent past, 64 thermal 
springs occurrences have been documented in South Africa (Kent, 1949; 
Dhansay et al., 2017). The thermal springs’ average temperature is <
100 ◦C, namely 39.4 ◦C, indicating the likelihood of low-enthalpy 

geothermal resources in South Africa (Dhansay et al., 2017). Most of 
these thermal springs emerge along fissures, faults, contacts and dike 
intrusions (Kent, 1949), and in regions with high uranium concentra
tions (Dhansay et al., 2017) and high thorium and potassium concen
trations as well (Madi et al., 2014). Inspection of the map in Fig. 1 
indicates that 17 thermal springs exist on the Kaapvaal Craton, 14 on 
Limpopo Belt, 12 on the Cape Fold Belt, 11 on the Namaqua-Natal Belt, 9 
on the Bushveld Complex, and 1 on the Witwatersrand Basin. 

According to Dhansay et al. (2017), the South African regions that 
show high heat signatures of 60 mW/m2 are mostly associated with 
granitoid rocks and/or orogenic belts such as the Cape fold belt, 
Namaqua-Natal belt and Limpopo belt, which surround the Kaapvaal 
Craton. In these regions, the likely source of heat for the thermal springs 
are concentrations of radiogenic U in the rocks. Dhansay et al. (2017) 
have shown that the Cape Granite Suite, Namaqua-Natal belt, Archean 
granites-gneiss, and felsic rocks of the Bushveld Complex have U con
centrations of approximately 34, 10–54, 20–28 and 30 ppm, respec
tively. Rocks of the Transvaal and Witwatersrand Supergroups including 
rocks of the Pongola basins also show relatively high concentrations of 
uranium; hence, the high heat signatures in these regions (Dhansay 
et al., 2017). All these regions are endowed with thermal springs and 
have relatively higher groundwater level compared to the other parts of 
the country. 

3. Methods of spatial investigation 

3.1. Datasets/maps used 

The thermal springs database of Dhansay et al. (2017) was used in 
this study. This database contains the 64 thermal springs’ locations (i.e., 
longitude and latitude coordinates; Fig. 1), depth, temperature, esti
mated geothermal gradient, method of geothermal gradient calculation, 
and data sources. According to this database, the thermal springs’ 
temperatures range from 26 ◦C to 67 ◦C with average of 39.4 ◦C and 
standard deviation of 57.4 ◦C. According to Dhansay et al. (2017), the 
estimated geothermal gradient of each spring was based either on 
‘thermodynamics’ (implying that the gradient was estimated from an 
inferred reservoir depth, based on existing geophysical data, surround
ing heat flow and downhole temperature data, or on ‘geothermometry’ 
(i.e., using solute-based (silica or sodium-potassium) hydrochemical 
data. 

Because the average temperature of the thermal springs in South 
Africa is < 100 ◦C, namely 39.4 ◦C, which indicates likelihood of low- 
enthalpy geothermal resources (Dhansay et al., 2017), and because 
such resources are mostly associated with high-heat-producing radio
genic elements in granitoids (e.g., Siégel et al., 2014; Singh et al., 2020; 
Lacasse et al., 2022), the thermal springs’ spatial relationship with 
high-heat-producing granitoids (denoted as HHPGs) (Fig. 2a) was 
investigated. This map of HHPGs was compiled/extracted from the 1:1, 
000,000 scale geological map of South Africa, which is freely available 
from the website of the Council for Geoscience of South Africa 
(https://www.geoscience.org.za). These HHPGs, according to Dhansay 
et al. (2017), are comprised mainly of the Cape granitoids (ca. 540 Ma 
(Browning and Macey, 2015), with highest relative heat production 
based on uranium concentration), Namaqualand granitoids (ca. 1100 
Ma (cf. Clifford et al., 1975; Botha et al., 1979), with intermediate 
relative heat production based on uranium concentration), and Limpopo 
granitoids (ca. 2023–2595 Ma (McCourt & Armstrong, 1998), with 
lowest relative heat production based on uranium concentration). 

In addition, because it is intuitive that thermal springs occurrence 
requires availability of groundwater, the thermal springs spatial rela
tionship with groundwater yield was investigated. For this, a 
1:1,000,000 scale map of classified groundwater yield over the whole of 
South Africa (Fig. 2b) was obtained from the South African Department 
of Water Affairs. Moreover, because it is intuitive that most (if not all) 
thermal springs are associated with faults/fractures that penetrate from 
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certain depths in the subsurface to the ground surface, their spatial re
lationships with geological lineaments were investigated. For this, a 
1:1,000,000 scale map of lineaments (Fig. 2c) was obtained from Jelsma 
et al. (2004); this map of lineaments was used instead of a 1:1,000,000 
scale map of regional structures (shown as Fig. 2 in Dhansay et al., 2017) 
because the latter shows sparse regional structures of various types, 
which would undermine the accuracy of investigation of their spatial 
relationships with the thermal springs. 

3.2. Investigation of spatial distribution 

3.2.1. Point distribution analysis 
Point spatial distributions can be categorized into three rudimentary 

kinds (Boots and Getis, 1988):  

• Point distribution with complete spatial randomness (CSR): the 
points are unrelated to one another genetically or spatially. This kind 
of point distribution implies objects that arise from unrelated pro
cesses that happen fortuitously.  

• Clustered point distribution: the points apparently develop sets in 
contrast to those in a distribution of points with CSR. This kind of 
point distribution implies objects that arise from an interaction of 
processes that lead to ‘focusing’ of sets of those objects into specific 
sites.  

• Regular point distribution: the points are apparently farther apart 
from one another in contrast to those in a distribution of points with 
CSR. This kind of point distribution implies objects that arise from an 
interaction of processes that lead to ‘spreading’ of those objects into 
specific sites. 

A point distribution that is being investigated is contrasted to one 
with CSR. The null hypothesis of such investigation is that the former 
point distribution possesses CSR, or that the objects proxied by the 
points are spatially unrelated to one another and every object is a 
product of a random process. The simplest alternate hypothesis is that 
the investigated point distribution does not possess CSR, or that the 
objects proxied by the points are related to one another, as they all arose 
from an interaction of particular processes. Therefore, if existing ther
mal springs depicted as points on a map are distributed non-randomly, 
that is because they are due an interaction of certain geological pro
cesses, then they may exhibit either a clustered or a regular distribution. 
The null and/or alternate hypotheses can be investigated through 
various techniques, which can be classified largely into two kinds of 
analyses (Boots and Getis, 1988): (a) dispersion analysis; and (b) 
arrangement analysis. 

In a dispersion analysis, observed distances between point pairs are 
contrasted with expected distances between point pairs in a distribution 
with CSR (Boots and Getis, 1988). In a point distribution being inves
tigated, the number of points is denoted as p, and observed distances 
between point pairs are denoted as first-, second-, third- or (p− 1) 
th-order distances; the first-order distance is the closest distance. A point 
distribution with CSR is simulated with equal area and equal number of 
points as the point distribution being investigated. If the average of 
observed pth-order distances is lesser compared to the average of ex
pected pth-order distances in CSR, the point distribution under investi
gation is clustered. If the average of observed pth-order distances is 
greater compared to the average of expected pth-order distances in CSR, 
the point distribution being investigated is regular. Whether the average 
of observed and average of expected nth-order distances are signifi
cantly different or not may be verified statistically under the assumption 

Fig. 1. Simplified regional geological map of South Africa showing the major litho-tectonic units and locations of thermal springs (adapted from Dhansay et al., 
2017).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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of normal distribution. Details of dispersion analysis can be found in 
Boots and Getis (1988). 

In arrangement analysis, the number of observed reciprocal closest 
neighbor points (RCNPs) in a point distribution being investigated is 
contrasted with the number of expected RCNPs in a point distribution 
with CSR (Boots and Getis, 1988). A point distribution with CSR is 
simulated with equal area and equal number of points as the point dis
tribution being investigated. Pairs of points in a point distribution are 
regarded as first-order RCNPs as long as they are the closest neighbor of 
each other in a locality of points, as second-order RCNPs as long as they 
are second-closest neighbors of each other in a locality of points, and so 
on. RCNPs are point pairs all the time; thus, the number of observed 
RCNPs is an even number all the time. The number of expected nth-order 
RCNPs is approximated based on the likelihood that a point in a point 
distribution with CSR is the nth-closest neighbor of its own nth-closest 
neighbor (Cox, 1981). If the number of observed nth-order RCNPs is 
larger compared to the number of expected nth-order RCNPs in a point 
distribution with CSR, the point distribution under investigation is 
clustered. If the number of observed nth-order RCNPs is smaller 
compared to the number of expected nth-order RCNPs in a point dis
tribution with CSR, the point distribution being investigated is regular. 
However, Boots and Getis (1988) pointed out that no statistical tests 
exist to determine whether the difference between the numbers of 
observed and expected nth-order RCNPs is significant or not. 

Point distribution analysis has been used by several researchers to 
deduce geological controls on mineralization (e.g., Carranza, 2009; 
Zheng et al., 2020; Sadigh et al., 2022). Here, we used the GIS and 
remote sensing software ILWIS 3.3 Academic for point distribution 
analysis of thermal springs in South Africa in order to aid deducing the 
geological controls on their occurrence. 

3.2.2. Fractal analysis 
The term fractal was introduced by Mandelbrot (1982) to describe a 

geometric figure that consists of parts that possess geometries (e.g., 
form, shape), aside from scale or size, which are alike to the whole 
figure. A geometric figure is regarded as a fractal if its dimension 
(denoted as FD) exceeds its Euclidean dimension (denoted as ED). Thus, 
a fractal point has a FD within the range from 0 (ED of a point) to 1 (ED 
of a line). Likewise, a fractal line does not have ED = 1 but has a FD 
within the range from 1 to 2 (ED of an area), a fractal area has a FD 
within the range from 2 to 3 (ED of a volume), a fractal volume has a FD 
larger than 3, and so on. 

The FD of a point distribution is quantifiable by the box-counting 
technique, whereby a regular grid of square cells with size d (= side of 
a cell) is placed on a point distribution map. The number of cells, n(d), 
with at least one point is counted. This process is iterated for different 
cell sizes d and the findings are plotted on a log–log graph, with d on the 
x-axis and n(d) on the y-axis. According to Mandelbrot (1985), a point 
distribution is a fractal if the log–log plots of n(d) vs. d can be fitted with 
a power–law function, thus (cf. Carlson, 1991): 

n(d) = cd− FDb (1)  

where FDb is the slope of a line fitted by least squares method to the 
log–log plots of n(d) vs. d, and c is a constant denoting a measure of 
proportionality between n(d) and d. The FDb is a proxy measure of the FD 
of a point distribution. For a random point distribution, the slope of the 
line fitted log–log plots of n(d) vs. d is -2; for a fractal point distribution, 
the slope varies in the range from 0 to -2. The box-count FD is the ab
solute value of FDb. The n(d) vs. d relationship in Eq. (1) has been applied 
by various researchers to investigate the spatial distribution of diverse 
types of mineral deposits to deduce geological controls on their occur
rence (e.g., Carlson, 1991; Cheng et al., 1996; Weiberg et al., 2004; Ford 
and Blenkinsop, 2008). Here, we used the GIS and remote sensing 
software ILWIS 3.3 Academic for fractal analysis based on Eq. (1) to aid 
deducing the geological controls on thermal springs occurrence in South 

Fig. 2. Geological features considered for analyses of spatial relationships with 
thermal springs in South Africa: (a) high-heat-producing granitoids (adapted 
from Council for Geoscience), (b) groundwater yield (adapted from South Af
rican Department of Water Affairs), and (c) lineaments (grey lines) interpreted 
from digital elevation images (adopted from Fig. 3b of Jelsma et al., 2004). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 
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Africa. In a raster-based GIS like ILWIS, the box-counting technique 
entails (a) rasterizing the point locations of thermal springs with 
different pixel (or cell) sizes (d) to determine the count of pixels (or cells) 
where thermal springs exist [n(d)]. Then, we used Excel to plot n(d) vs. 
d and determine FDb. 

3.2.3. Fry analysis 
Fry analysis (Fry, 1979) plots translations of a set of points by 

treating every single point as a center (or origin) for translation. This can 
be done manually by having a transparent sheet with the positions of all 
the original points, a denoted center for translation and a reference line. 
A second transparent sheet is prepared with all the points, a denoted 
center for translation and a reference line like in the first sheet. The 
center for translation on the second transparent sheet is then overlaid on 
one point of the first sheet, then the positions of all the points in the first 
sheet are denoted on the second sheet. The center for translation on the 
second transparent sheet is overlaid again on a different point in the first 
sheet, then the positions of all the points in the first sheet are denoted on 
the second sheet. By doing this until all the points are used as centers for 
translation, an original distribution with p number of points yields is 
enhanced into a Fry plot with p2–p number of points, which can be used 
for further trend analysis (Fry, 1979). 

Complementary rose diagrams can be created for the Fry analysis 
results in order to visualize the orientations of every pair of Fry points. 
Rose diagrams can be generated for analysis of orientation data for (a) 
all Fry point pairs and (b) Fry point pairs at specific distances from one 
another. Orientations in analysis (a) can be attributed to regional-scale 
geological factors, while orientations in analysis (b) can be ascribed to 
district-scale geological factors. For orientation analysis (a), the mini
mum distance between Fry point pairs where there is the highest 
probability of finding at least one point next to another is specified. This 
minimum distance is obtained from point distribution analysis where 
the probability that at least one point exists next to another point is 
calculated as a function of distance (Boots and Getis, 1988). 

As mentioned in the Introduction, Fry analysis has been applied by 
several researchers (e.g., Carranza et al., 2008; Moghaddam et al., 2013, 
2014; Sang et al., 2017) to describe the regional-scale spatial distribu
tions of thermal springs elsewhere. Here, we used the free DotProc 
software for Fry analysis to aid deducing the geological controls on 
thermal springs’ occurrence in South Africa. The point coordinates of the 
thermal springs stored in ILWIS 3.3 Academic were exported to DotProc. 
The coordinates of Fry points generated by DotProc were then exported 
into ILWIS 3.3 Academic for visualizing and investigating together the 
spatial distributions of the Fry plots and the thermal springs. The output 
file of trends of every pair of Fry points generated by DotProc was also 
exported into the free GeoRose software to create rose diagrams. 

3.3. Investigation of spatial relationship 

As discussed in the Introduction section, distance distribution anal
ysis was used in this study to investigate the regional-scale spatial re
lationships of thermal springs with specific relevant geological features. 
The distance distribution analysis used here to investigate the spatial 
relationship of a distribution of points with a set of other geometric 
features is adapted from Berman (1977, 1986). The distance distribution 
analysis has been employed by Ghosh and Carranza (2010) and Gorum 
and Carranza (2015) to investigate the spatial relationships of landslide 
occurrences with various geological features. The description of the 
distance distribution analysis given below is modified from Carranza 
(2009). 

The distance distribution analysis entails a comparison of an accu
mulative relative frequency of distances from a set of geometric figures 
to individual points in the point distribution being investigated (denoted 
as D(I)) and an accumulative relative frequency of distances from the 
same set of geometric figures to all locations in the same area covered by 
the point distribution (denoted as D(R)). The D(I) is assumed to be a non- 

random distribution of points of interest based on the geometric figures 
and the D(R) portrays a random distribution of all locations based on the 
same geometric figures. The null hypothesis of this analysis, which can 
be tested by comparing the plots D(I) and D(R), is that the point distri
bution being investigated lacks spatial relationship with the set of geo
metric figures. 

If the D(I) plot follows the D(R) plot closely, the points of interest are 
distributed randomly with respect to the geometric figures. If the D(I) 
plot lies above the D(I) plot (i.e., a positive D(I)–D(R) difference), the 
point distribution being investigated possess positive spatial relation
ship with the geometric figures; if not, they possess negative spatial 
relationship. A positive D(I)–D(R) difference (denoted as D) depicts a 
chance of occurrence of the points of interest that is higher than a 
random chance as a function of distance from the geometric figures. The 
magnitude of D reflects the strength or weakness of the positive spatial 
relationship of the points of interest with the geometric figures being 
investigated. Geometric figures with which a point distribution has 
strong positive spatial relationship represent a spatial control on the 
occurrence of the points of interest. The highest peak in a plot of D 
corresponds to a distance from the geometric figures within which the 
positive spatial relationship of the points of interest with the geometric 
figures is optimum. The magnitude of the ratio of D(I) to D(R) at the 
distance of optimum positive spatial relationship of the points of interest 
with the geometric figures is a measure of the relative strength of the 
spatial relationship; this ratio allows comparing the relative strengths of 
the spatial relationships of the points of interest with different sets of 
geometric features. 

For the investigations of the thermal springs’ spatial relationships 
with geological lineaments, the latter were grouped according to six 
general orientations (i.e., ENE (i.e., 60◦–90◦), NE (i.e., 30◦–60◦), NNE (i. 
e., 0◦–30◦), NNW (i.e., 330◦–360◦), NW (i.e., 300◦–330◦), WNW (i.e., 
270◦–300◦)) because it can be expected that not all sets of geological 
lineaments based on orientation are associated with thermal springs, as 
indicated by the Fry analyses above. For example, several thermal 
springs in the Cape Fold Belt in southern South Africa are linked to ENE- 
trending faults (Diamond and Harris, 2000; Madi et al., 2016). Similarly, 
certain thermal springs in KwaZulu-Natal in eastern South Africa are 
associated with ENE-trending faults (Gravelet-Blondin, 2013). In addi
tion, it can be expected that not all sets of geological lineaments based 
on orientation are associated with the heat and/or water sources of the 
thermal springs. For example, Du Plessis and Walraven (1990) 
concluded that the ENE-trending Thabazimbi–Murchison lineament 
controlled the emplacement of the Bushveld Complex, which comprise 
some of the HHPGs in eastern South Africa (Figs. 1, 7a). Also, Abiye 
et al. (2020) found that ENE-trending tectonic lineaments and dolerite 
dikes dictate the groundwater flow pattern in the Hout River Catchment, 
Limpopo province, in eastern South Africa. 

4. Results 

The investigations of the thermal springs’ spatial distribution and 
their spatial relationships with geological features were carried out over 
the whole of South Africa. However, as noted in Section 2 above, there is 
an apparent geographic and geologic control on the thermal springs’ 
spatial distribution. As can be seen in Fig. 1, many thermal springs are 
distributed in southern part of the country where they exist on the 
Namaqua-Natal and Cape Fold Belts, and many thermal springs are 
distributed in the eastern part of the country where they exist on the 
Kaapvaal Craton, Limpopo Belt and Bushveld Complex. Therefore, it is 
instructive to investigate the thermal springs’ spatial distribution and 
their spatial relationships with geological features separately in the 
southern and eastern parts of the country. Because there is no obvious 
geological basis for drawing the boundary of the southern and eastern 
parts with rest of the country, we used the administrative boundaries of 
South Africa’s provinces to delineate the southern and eastern parts of 
the country for the purpose of the investigations (Fig. 3). However, a 
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long section of the Vaal River forms the boundary of the Free State 
province with the provinces of Northwest, Gauteng and Mpumalanga 
whereas a short section of the Orange River forms the boundary of the 
Free State province with the provinces of Northern Cape and Eastern 
Cape. The rough correlations of the administrative boundaries of South 
Africa’s provinces with topographical or geomorphological features, like 
major rivers, somehow justify using them to delineate the southern and 
eastern parts of the country for the purpose of the investigations. Thus, 
southern South Africa pertains to the provinces of Western Cape and 
Eastern Cape, where 20 thermal springs exist on the Namaqua-Natal and 
Cape Fold Belts, and eastern South Africa pertains to the provinces of 
KwaZulu-Natal, Mpumalanga and Limpopo, where 33 thermal springs 
exist on the Kaapvaal Craton, Limpopo Belt and Bushveld Complex 
(Figs. 1 and 2). Performing the investigation per litho-tectonic unit 
(Fig. 1) was not considered because structures that may have controlled 
the thermal springs’ occurrence in the country likely cut through 
different litho-tectonic units. 

4.1. Investigation of spatial distribution of thermal springs 

4.1.1. Point distribution analysis 
Based on the dispersion analysis, the distribution of thermal springs 

in the whole of South Africa is clustered because the averages of 
observed first- to sixth-order neighbor distances in their distribution are 
smaller than the corresponding averages of expected first- to sixth-order 
neighbor distances in a point distribution with CSR (Table 1). However, 

based on the arrangement analysis, only the observed number of first- 
order RCNPs of the thermal springs exceeded the expected number of 
first-order RCNPs of a point distribution with CSR, indicating a clustered 
distribution; the observed and expected numbers of lower-order RCNPs 
indicate a regular distribution (Table 2). Thus, based on both the 
dispersion and arrangement analyses, the spatial distribution of thermal 
springs in the whole of South Africa is largely clustered and partly 
regular. 

Based on the dispersion analysis, the thermal springs’ distribution in 
southern South Africa is clustered because the averages of observed first- 
to sixth-order neighbor distances in their distribution are smaller than 
the corresponding averages of expected first- to sixth-order neighbor 
distances in a point distribution with CSR (Table 3). However, based on 

Fig. 3. Division of South Africa into a southern part and an eastern part based on boundaries of administrative provinces to supplement the investigation of the 
thermal springs’ spatial distribution and their spatial relationships with geological features over the whole of the country. WC = Western Cape. EC = Eastern Cape. 
KZN = KwaZulu-Natal. MP = Mpumalanga. L = Limpopo. NW = North West. FS = Free State. NC = Northern Cape.  (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article). 

Table 1 
Results of dispersion analysis of the thermal springs’ spatial distribution in the 
whole of South Africa.  

Order Averages of neighbor distances (km) 
Observed Expected in CSR 

1 45.6 85.6 
2 83.4 127.8 
3 108.9 160.0 
4 125.6 186.7 
5 142.3 210.1 
6 167.8 231.2  
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the arrangement analysis, the thermal springs’ distribution in southern 
Africa is mostly regular because only the observed number of sixth-order 
RCNPs of the thermal springs exceeded the corresponding expected 
number of sixth-order RCNPs of a point distribution with CSR, which 
indicate a clustered distribution (Table 4). Thus, based on both the 
dispersion and arrangement analyses, the thermal springs’ distribution 
in the whole of South Africa is largely clustered and partly regular. 

Based on the dispersion analysis, the distribution of thermal springs 
in eastern South Africa is clustered because the averages of observed 
first- to sixth-order neighbor distances in their distribution are smaller 
than the corresponding averages of expected first- to sixth-order 
neighbor distances in a point distribution with CSR (Table 5). Howev
er, based on the arrangement analysis, only the observed numbers of 
first- to second-order RCNPs of the thermal springs exceeded the cor
responding expected numbers of first- to second-order RCNPs of a point 
distribution with CSR, indicating a clustered distribution; the observed 
and expected numbers of lower-order RCNPs indicate a regular distri
bution (Table 6). Thus, based on both the dispersion and arrangement 
analyses, the spatial distribution of thermal springs in eastern of South 
Africa is largely clustered and partly regular. 

4.1.2. Fractal analysis 
The spatial distribution of the existing thermal springs in the whole 

of South Africa has two box-counting FDs, as two straight lines, sepa
rated at d = 100 km, fit the log–log plots of n(d) vs. d almost perfectly 
(Fig. 4a). The slope of the straight line fitted through plots for d ≤ 100 
km is -0.066 (i.e., FDb = 0.066), whereas that for the one fitted through 
plots for d ≥ 100 km is -1.192 (i.e., FDb = 1.091). Likewise, the spatial 
distribution of the existing thermal springs in southern South Africa has 

two box-counting FDs, as two straight lines, separated at d = 100 km, fit 
the log–log plots of n(d) vs. d almost perfectly (Fig. 4b). The slope of the 
straight line fitted through plots for d ≤ 100 km is -0.077 (i.e., FDb =

0.077), whereas that for the one fitted through plots for d ≥ 100 km is 
-0.833 (i.e., FDb = 0.833). Similarly, the spatial distribution of the 
existing thermal springs in eastern South Africa has two box-counting 
FDs, as two straight lines, separated at d = 50 km, fit the log–log plots 
of n(d) vs. d almost perfectly (Fig. 4c). The slope of the straight line fitted 
through plots for d ≤ 50 km is -0.071 (i.e., FDb = 0.071), whereas that for 
the one fitted through plots for d ≥ 50 km is -0.857 (i.e., FDb = 0.857). 

Because none of the slopes of the fitted lines was equal to -2, which is 
the slope of a line fitted through log–log plots of n(d) vs. d for a random 
point distribution, the results indicate that the spatial distributions of 
thermal springs in the whole, southern and eastern South Africa are non- 
random. Whether the spatial distribution of the thermal springs under 
investigation is clustered or not can be deduced from the values of FDb. 
Note that a point and a line have Euclidean dimensions of 0 and 1, 
respectively. Now, the values of FDb at shorter distances or smaller 
spatial scales (i.e., d ≤ 100 km for the whole and southern South Africa, 
and d ≤ 50 km for eastern South Africa) are remarkably close to 0. This 
implies that, at spatial scales of d ≤ 100 km, the thermal springs behave 
like points, meaning that they are focused (or clustered) at certain lo
cations but not spread out to certain locations. In contrast, the values of 
FDb at longer distances or larger spatial scales (i.e., d ≥ 100 km for the 
whole and southern South Africa, and d ≥ 50 km for eastern South Af
rica) are quite close to 1. This implies that, at spatial scales of d ≥ 50 km, 
the thermal springs behave less like points but more like lines, meaning 
that they are oriented (or are spread) along certain linear trends. The 
overall interpretation of the two box-counting FDs at two spatial scales is 
that the thermal springs form clusters at spatial scales of d ≤ 100 km and 
that these clusters of thermal springs follow certain linear trends at 
spatial scales of d ≥ 50. 

In southern South Africa, the clustering of the thermal springs is 
within a spatial scale of 100 whereas in eastern South Africa the clus
tering of the thermal springs is within a spatial of 50 km. 

4.1.3. Fry analysis 
Table 7 summarizes the trends depicted by Fry plots of thermal 

springs in South Africa, whereas Figs. 5 to 7 illustrates these trends. 
Fig. 5a shows the Fry plot of the 64 thermal springs in the whole 

South Africa. The major trend of all pairs of Fry points of thermal springs 

Table 2 
Results of arrangement analysis of the thermal springs’ spatial distribution in the 
whole South Africa.  

Order Number of RCNPs 
Observed Expected in CSR 

1 42 39.8 
2 18 21.1 
3 12 15.6 
4 8 12.9 
5 8 11.3 
6 6 10.1  

Table 3 
Results of dispersion analysis of the thermal springs’ spatial distribution in 
southern South Africa.  

Order Averages of neighbor distances (km) 
Observed Expected in CSR 

1 70.0 75.6 
2 103.4 113.4 
3 136.7 142.3 
4 158.9 165.6 
5 178.9 186.7 
6 232.3 205.6  

Table 4 
Results of arrangement analysis of the thermal springs’ spatial distribution in 
southern South Africa.  

Order Number of RCNPs 
Observed Expected in CSR 

1 10 12.43 
2 4 6.58 
3 4 4.86 
4 2 4.03 
5 2 3.52 
6 4 3.16  

Table 5 
Results of dispersion analysis of the thermal springs’ spatial distribution in 
eastern South Africa.  

Order Averages of neighbor distances (km) 
Observed Expected in CSR 

1 30.0 47.8 
2 48.9 71.1 
3 72.2 90.0 
4 81.1 104.5 
5 98.9 117.8 
6 114.5 128.9  

Table 6 
Results of arrangement analysis of the thermal springs’ spatial distribution in 
eastern South Africa.  

Order Number of RCNPs 
Observed Expected in CSR 

1 26 22.37 
2 12 11.85 
3 8 8.75 
4 4 7.25 
5 2 6.34 
6 4 5.70  
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in the whole country is NE–SW (i.e., 30◦–60◦ or 210◦–240◦) (Fig. 5b, 
Table 7). This regional-scale trend in the thermal springs’ spatial dis
tribution in the whole of South Africa may somehow be influenced by 
the NE–SW trend of the country’s long axis (Fig. 5a), or it may be related 
to regional-scale NE–SW-trending linear geological structures. There are 
also minor regional-scale NNW–SSE (i.e., 330◦–360◦ or 150◦–180◦) and 
ENE–WSW (i.e., 60◦–90◦ or 240◦–270◦) trends among all pairs of Fry 
points of thermal springs in the whole country (Fig. 5a, Table 7). In 
contrast, for Fry point pairs within 220 km of each other (i.e., the 
minimum distance from any thermal spring within which there is 
maximum probability that at least one thermal spring exists next to it), 
the major district-scale trend is WNW–ESE (i.e., 270◦–300◦ or 90◦–120◦) 
(Fig. 5c, Table 7), which may be related district-scale WNW–ESE- 
trending linear geological structures. However, there is a minor district- 
scale NE–SW trend among the Fry point pairs within 220 km of each 
other (Fig. 5c), suggesting that some of the thermal springs in the whole 
of South Africa may be related to regional-scale NE–SW-trending linear 
geological structures. There is also a minor NW–SE (i.e., 300◦–330◦ or 
120◦–150◦) district-scale trend among the Fry point pairs within 220 km 

of each other (Fig. 5c), suggesting that some thermal springs in the 
whole of South Africa may be related to district-scale NW–SE-trending 
linear geological structures. 

Fig. 6a shows the Fry plot of the 36 thermal springs in southern South 
Africa. The major trend of all pairs of Fry points of thermal springs in this 
district is ENE–WSW (Fig. 6b). This district-scale trend in the thermal 
springs’ spatial distribution in southern South Africa may be influenced 
by the ENE–WSW trend of this region’s long axis (Fig. 6a), or it may be 
related to district-scale ENE–WSW-trending linear structures in this 
district. However, a major local-scale ENE–WSW trend is exhibited by 
Fry point pairs within 220 km of each other (i.e., the minimum distance 
from any thermal spring within which there is maximum probability 
that at least one thermal spring exists next to it) (Fig. 6c). Therefore, the 
major district- and local-scale ENE–WSW trends in the Fry plot of the 
thermal springs in southern South Africa is likely due to geological 
controls rather than to the shape of this district. 

Fig. 7a shows the Fry plot of the 36 thermal springs in eastern South 
Africa. The major trend of all pairs of Fry plots for thermal springs in this 
district is NNW–SSE (Fig. 7b, Table 7). This district-scale trend in the 

Fig. 4. Log–log plots (white and black dots) defining the following relation of n(d) vs. d for the thermal springs’ spatial distribution in (a) the whole of South Africa, 
(b) southern South Africa, and (c) eastern South Africa. See Fig. 3 for the locations of thermal springs in these areas. 

Table 7 
Summary of trends depicted by Fry plots of thermal springs in South Africa. Trends in bold are common at regional- and district-scales in the whole of South Africa or at 
district- and local-scales in southern or eastern South Africa.  

Region/District Regional-scale trend(s) District-scale trend(s) Local-scale trend(s)  
Major Minor Major Minor Major Minor 

Whole of South Africa NE–SW NNW–SSE, ENE–WSW WNW–ESE NW–SE, ENE–WSW, NE–SW   
Southern South Africa   ENE–WSW  ENE–WSW  
Eastern South Africa   NNW–SSE NE–SW NE–SW WNW–ESE, 

ENE–WSW, NNW–SSE  
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thermal springs’ spatial distribution in eastern South Africa may be 
influenced by the NNW–SSE trend of this region’s long axis (Fig. 7a), or 
it may be related to district-scale NNW–SSE-trending linear geological 
structures in this district. There is also a minor district-scale NE–SW 
trend among all pairs of Fry plots for thermal springs in this district 
(Fig. 7b, Table 7). In contrast, for Fry point pairs within 67 km of each 
other (i.e., the minimum distance from any thermal spring in this district 
within which there is maximum probability that at least one thermal 
spring exists next to it), the major trend is NE–SW (Fig. 5c, Table 7). This 
major local-scale NE–SW trend in the thermal springs’ spatial distribu
tion in eastern South Africa, which is also a minor district-scale trend 
(Fig. 7b, Table 7), may be related mostly to local-scale and partly to 
district-scale NE–SW-trending linear geological structures in this dis
trict. However, there is a minor local-scale NNW–SSE trend among the 
Fry point pairs within 67 km of each other (Fig. 7c). This minor local- 
scale NNW–SSE trend, which is also the major district-scale trend 
(Fig. 7b, Table 7), suggests that some of the thermal springs in eastern 
South Africa may be related mostly to local-scale and partly to district- 
scale NNW–SSE-trending linear geological structures in this district. 
There is also a minor WNW–SSE to ENE–WSW local-scale trend among 
the Fry point pairs within 67 km of each other (Fig. 7c), suggesting that 
some thermal springs in eastern South Africa may be related to local- 
scale WNW–SSE-trending linear geological structures in this district. 

4.2. Investigation of spatial relationships of thermal springs with 
geological features 

4.2.1. Thermal springs vs. high-heat-producing granitoids 
The thermal springs in South Africa have positive spatial 

relationships with HHPGs (Figs. 8a, 9a, 10a). According to Table 8, at 
regional- to district-scales, about 53 % to 100 % of the known thermal 
springs in South Africa exists within 39–46 km of an HHPG. The thermal 
springs’ positive spatial relationships with HHPGs in southern and the 
whole South Africa are stronger than in eastern South Africa (Table 8). 

4.2.2. Thermal springs vs. groundwater yield 
The thermal springs in South Africa have positive spatial relation

ships with groundwater yield (Figs. 8b, 9b, 10b). According to Table 9, 
at regional- to district-scales, about 90 % to 94 % of the known thermal 
springs in South Africa exists where there is at least 2 L/s of groundwater 
yield. This finding supports the findings of the point distribution analysis 
and fractal analysis that the thermal springs’ spatial distribution in 
South Africa is not random. The thermal springs’ positive spatial re
lationships with groundwater yield in eastern and southern South Africa 
are weaker than in the whole of South Africa (Table 9), and the thermal 
springs’ positive spatial relationship with HHPGs in southern South 
Africa is weaker than in eastern South Africa. 

4.2.3. Thermal springs vs. ENE-trending geological lineaments 
Among all the thermal springs in South Africa, only ENE-trending 

lineaments have positive spatial relationships with thermal springs in 
the whole of South Africa (Figs. 8–10). According to Table 10, at 
regional- to district-scales, about 74 % to 81 % of the known thermal 
springs in South Africa exists within 19 km of an ENE-trending linea
ment. The thermal springs’ positive spatial relationships with ENE- 
trending lineaments is strongest in the whole of South Africa, interme
diate in southern South Africa, and weakest in eastern South Africa 
(Table 10). 

Fig. 5. Spatial distribution of 64 thermal springs in the whole of South Africa: (a) Fry plot; (b) rose diagrams of trends among all Fry point pairs in (a); (c) rose 
diagrams of trends among Fry point pairs within 220 km of each other (i.e., the minimum distance from any thermal spring within which there is maximum 
probability that at least one thermal spring exists next to it).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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4.2.3. Thermal springs vs. other sets of geological lineaments 
Among the remaining sets of geological lineaments based on orien

tation, WNW-trending lineaments have positive spatial relationships 
with thermal springs in the whole of South Africa and in eastern South 
Africa (Figs. 8h, 10h) but they have mostly independent spatial rela
tionship with thermal springs in southern South Africa (Fig. 9h). Ac
cording to Table 11, at regional- to district-scales, about 82 %t to 89 % of 
the known thermal springs in South Africa, especially in eastern South 
Africa, exists within 39 km of a WNW-trending lineament. The thermal 
springs’ positive spatial relationships with WNW-trending lineaments is 
stronger in eastern South Africa than in the whole South Africa 
(Table 11). That is, in conjunction with the results of Fry analyses, 
WNW-trending lineaments impose a minor district- and local-scale 
WNW–ESE trend in the thermal springs’ spatial distribution in eastern 
South Africa, but they do not impose a regional-scale WNW–ESE trend in 
the thermal springs’ spatial distribution in the whole of South Africa (cf. 
Table 7). 

NNW- and NW-trending lineaments have positive spatial relation
ships with thermal springs in southern South Africa (Fig. 9f, g) but not in 
the whole of South Africa and in eastern South Africa. This means that 
NNW- and NW-trending lineaments have controls on thermal spring 
occurrence in southern South Africa but not in other parts of South Af
rica. This further means that the major NNW–SSE trend in the Fry plot of 
thermal springs in eastern South Africa is not due to controls by NNW- 
trending lineaments but to the influence of the long axis of eastern 
South Africa. In southern South Africa, the optimum distance of positive 
spatial relationship between the thermal springs and NNW-trending 
lineaments is 29 km (Fig. 9f), whereas that between the thermal 
springs and NW-trending lineaments is 9 km (Fig. 9g); thus, the thermal 
springs have stronger positive spatial relationship with the latter set of 

lineaments compered to the former. However, these trends are not 
depicted by the Fry analyses in southern South Africa (Fig. 6), which 
reveal regional- and district-scale trends, and so NNW- and NW-trending 
lineaments only have local-scale controls on thermal spring occurrence 
in southern South Africa. 

NNE- and NE-trending lineaments have either negative or indepen
dent spatial relationships with thermal springs in the whole of South 
Africa including its southern and eastern parts (Figs. 8d, 8e, 9d, 9e, 10d, 
10e). There is no distinct NNE–SSW trend in the Fry plot of the thermal 
springs in the whole of South Africa (Fig. 5); therefore, the negative or 
independent spatial relationships of the thermal springs thermal springs 
with NNE-trending lineaments in the country is real. However, the 
presence of distinct NE–SW trends in the Fry plot of the thermal springs 
in the whole of South Africa (Fig. 5) and the negative or independent 
spatial relationships of the thermal springs thermal springs with NE- 
trending lineaments in the country indicate that the distinct NE–SW 
trends in the Fry plot of thermal springs in South Africa (Fig. 5) are not 
due to lineaments controls but to the general NE–SW long axis of the 
shape of the country. In contrast, the presence of major local-scale 
NE–SW trend in the Fry plot of the thermal springs in eastern South 
Africa (Fig. 7, Table 7) and the negative or independent spatial re
lationships of the thermal springs thermal springs with NE-trending 
lineaments in eastern South Africa suggest that that distinct NE–SW 
trend in the Fry plot of thermal springs is likely due to controls by local- 
scale linear structures, but the spatial relationship analysis made use of 
regional- to district-scale lineaments (Fig. 2c). 

4.2.4. Thermal springs vs. intersections of geological lineaments 
In southern South Africa, thermal springs have (a) strong positive 

spatial relationships with ENE-trending lineaments (Fig. 9c) weak 

Fig. 6. Spatial distribution of 20 thermal springs in southern South Africa: (a) Fry plot; (b) rose diagram of trends among all Fry point pairs in (a); (c) rose diagram of 
trends among Fry point pairs within 220 km of each other (i.e., the minimum distance from any thermal spring within which there is maximum probability that at 
least one thermal spring exists next to it).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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positive spatial relationships with NNW- and NW-trending lineaments 
(Fig. 9f, g), exhibit major ENE–WSW trend but even minor NNW–SSE 
and NW–SE trends in their Fry plot (Fig. 7, Table 7). These suggest that 
(a) thermal springs in southern South Africa have positive spatial rela
tionship with intersections of NNW- and NW-trending lineaments with 
ENE-trending lineaments, and (b) these intersections exhibit a major 
ENE–WSW trend. Suggestion (a) is proven by spatial relationship 
investigation (Fig. 11) and suggestion (b) is proven by Fry analysis 
(Fig. 12). About 68 % of the thermal springs in southern South Africa 
exist within 20 km of an intersection of NNW- and NW-trending linea
ments with ENE-trending lineaments. 

The Fry points of the intersections of NNW- and NW-trending line
aments with ENE-trending lineaments seem to be distributed along E–W- 
trending corridors that are regularly spaced at roughly 100 km intervals 
(Fig. 12). In addition, the spatial distribution of the intersections of 
NNW- and NW-trending lineaments with ENE-trending lineaments is 
clustered according to dispersion and arrangement point distribution 
analyses (Tables 12, 13). Moreover, the spatial distribution of the in
tersections of NNW- and NW-trending lineaments with ENE-trending 
lineaments exhibit two box-count fractal dimensions (Fig. 13), one for 
scales of <100 km wherein these lineament intersections behave like 
points (i.e., FDb = 0.18) or are strongly clustered, and one for scales of 
>100 km wherein these lineament intersection behave like lines (i.e., 
FDb = 1.214). The thermal springs in southern South Africa cluster (i.e., 
behave like points) within an average of 20 km from an intersection of 
NNW- and NW-trending lineaments with ENE-trending lineaments, and 
most of these clusters of thermal springs follow linear trends (i.e., 
behave like lines) similar to those of ENE–WSW-trending lineaments. 

In eastern South Africa, thermal springs have strong positive spatial 
relationships with ENE- and WNW-trending lineaments (Fig. 10b, h) but 

exhibit minor ENE–WSW trend in their Fry plot (Fig. 7, Table 7), and 
they have negative or independent spatial relationships with either 
NNW- or NW-trending lineaments (Fig. 10f, g) but exhibit major to 
minor NNW–SSE trends in their Fry plot (Fig. 7, Table 7). These suggest 
that (a) thermal springs in eastern South Africa have positive spatial 
relationship with intersections between ENE- and WNW-trending line
aments, and (b) these lineament intersections follow NNW–SSE trends. 
These suggest that (a) thermal springs in eastern South Africa have 
positive spatial relationship with intersections of ENE- and WNW- 
trending lineaments, and (b) these intersections exhibit minor or local- 
scale ENE–WSW trends. Suggestion (a) is proven by spatial relation
ship investigation (Fig. 14) and suggestion (b) is proven by Fry analysis 
(Fig. 15). About 86 % of the thermal springs in eastern South Africa exist 
within 50 km of an intersection of ENE- and WNW-trending lineaments. 

The Fry points of the intersections of ENE- and WNW-trending lin
eaments seem to be distributed along ENE–WSW-trending corridors that 
are regularly spaced at roughly 130 km intervals (Fig. 15). In addition, 
the spatial distribution of the intersections of ENE- and WNW-trending 
lineaments is largely clustered according to dispersion and arrange
ment point distribution analyses and partly regular according to 
arrangement point distribution analysis (Tables 14, 15). Moreover, the 
spatial distribution of the intersections of NNW- and NW-trending lin
eaments with ENE-trending lineaments exhibit two box-count fractal 
dimensions (Fig. 16), one for scales of <50 km wherein these lineament 
intersections behave like points (i.e., FDb = 0.028) or are strongly 
clustered, and one for scales of >50 km wherein these lineament 
intersection behave like lines (i.e., FDb = 0.83). The thermal springs in 
eastern South Africa cluster (i.e., behave like points) within an average 
of 50 km from an intersection of ENE- and WNW-trending lineaments, 
and most of these clusters of thermal springs follow linear trends (i.e., 

Fig. 7. Spatial distribution of 36 thermal springs in eastern South Africa: (a) Fry plot; (b) rose diagram of trends among all Fry point pairs in (a); (c) rose diagram of 
trends among Fry point pairs within 67 km of each other (i.e., the minimum distance from any thermal spring within which there is maximum probability that at least 
one thermal spring exists next to it).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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Fig. 8. Whole of South Africa: spatial relationships of thermal springs with (a) high-heat-producing granitoids (HHPGs), (b) groundwater yield, (c) ENE-trending 
lineaments, (d) NE-trending lineaments, (e) NNE-trending lineaments, (f) NNW-trending lineaments, (f) NW-trending lineaments, and (h) WNW-trending linea
ments. See Section 3.2 for explanations of D(I), D(R) and D. The slopes of the D(I) and D(R) curves in (b) differ from those in the other graphs because the proximity 
analyses depicted in all graphs except those in (b) followed an increasing approach (i.e., from small to large distances from lineaments, as thermal springs are 
expected to exist close to but not far from faults/fractures) whereas the groundwater analysis followed a decreasing approach (i.e., from high to low groundwater 
yield, as thermal springs are expected to exist where groundwater is abundant but not scarce).  (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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Fig. 9. Southern South Africa: spatial relationships of thermal springs with (a) high-heat-producing granitoids (HHPGs), (b) groundwater yield, (c) ENE-trending 
lineaments, (d) NE-trending lineaments, (e) NNE-trending lineaments, (f) NNW-trending lineaments, (f) NW-trending lineaments, and (h) WNW-trending linea
ments. See Section 3.2 for explanations of D(I), D(R) and D. The slopes of the D(I) and D(R) curves in (b) differ from those in the other graphs because the proximity 
analyses depicted in all graphs except those in (b) followed an increasing approach (i.e., from small to large distances from lineaments, as thermal springs are 
expected to exist close to but not far from faults/fractures) whereas the groundwater analysis followed a decreasing approach (i.e., from high to low groundwater 
yield, as thermal springs are expected to exist where groundwater is abundant but not scarce).  (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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Fig. 10. Eastern South Africa: spatial relationships of thermal springs with (a) high-heat-producing granitoids (HHPGs), (b) groundwater yield, (c) ENE-trending 
lineaments, (d) NE-trending lineaments, (e) NNE-trending lineaments, (f) NNW-trending lineaments, (f) NW-trending lineaments, and (h) WNW-trending linea
ments. See Section 3.2 for explanations of D(I), D(R) and D. The slopes of the D(I) and D(R) curves in (b) differ from those in the other graphs because the proximity 
analyses depicted in all graphs except those in (b) followed an increasing approach (i.e., from small to large distances from lineaments, as thermal springs are 
expected to exist close to but not far from faults/fractures) whereas the groundwater analysis followed a decreasing approach (i.e., from high to low groundwater 
yield, as thermal springs are expected to exist where groundwater is abundant but not scarce).  (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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behave like lines) similar to those of ENE–WSW-trending lineaments 
whereas some of these clusters follow NNW–SSE linear trends. 

5. Discussion 

5.1. Interpretation of the results 

The thermal springs’ spatial distribution in South Africa is, based on 
the point distribution analyses of their dispersion and arrangement, not 
random but largely clustered and partly regular. Thus, it can be inferred 
that certain geological features largely controlled the ‘focusing’ (for 
largely clustered distribution) and partly controlled the ‘spreading’ (for 
partly regular distribution) of thermal waters in the subsurface to the 
present locations of the thermal springs on the surface. As the averages 
of observed first- to sixth-order neighbor distances in the dispersion of 
thermal springs in eastern South Africa were smaller than those in 
southern South Africa, it can be inferred further that the degree of 
clustering of thermal springs is stronger in the former region than in the 
latter region. These inferences were investigated further by fractal and 
Fry analyses. 

The fractal analyses upheld the findings of the point distribution 
analysis that the degree of clustering of thermal springs in eastern South 
Africa is stronger than that in southern South Africa. The fractal analyses 
also upheld the clustered distribution of the thermal springs indicated by 
the point distribution analysis. The existence of linear trends in the 
thermal springs’ spatial distribution in South Africa, as implied by the 
fractal analyses, was confirmed by Fry analyses. For the whole of South 
Africa, the trends for all Fry point pairs can be attributed to regional- 
scale geological controls, while the trends for only Fry point pairs 
within minimum distance with the highest probability of finding at least 
one Fry point next to another Fry point can be ascribed to district-scale 
geological factors. For eastern and southern South Africa, the trends for 
all Fry point pairs can be attributed to district-scale geological factors, 
while the trends for only Fry point pairs within minimum distance with 
the highest probability of finding at least one Fry point next to another 
Fry point can be ascribed to local-scale geological factors. 

In the whole of South Africa, the interesting trend is NE–SW because 
it is a major regional-scale trend as well as a minor district-scale trend 
(Table 7). In southern South Africa, the major ENE–WSW trend, at both 
district- and local-scales, is interesting (Table 7). In eastern South Africa, 
there are two interesting trends (Table 7): (1) NNW–SSE, a major 
district-scale trend and a minor local-scale trend; (2) NE–SW, a minor 
district-scale trend and a major local-scale trend. These trends are 
interesting because these are likely the trends of linear geological 

Table 8 
Details of thermal springs’ positive spatial relationships with HHPGs in South 
Africa.  

HHPGs in: Distance (d, km) of 
optimum positive 
spatial relationship 

D(I) 
at d 

D(R) 
at d 

D(I): D(R) at d (relative 
strength of spatial 
relationship) 

Whole of 
South 
Africa 

45 0.82 0.45 1.82 

Southern 
South 
Africa 

46 0.53 0.20 2.65 

Eastern 
South 
Africa 

39 1.00 0.80 1.25  

Table 9 
Details of thermal springs’ positive spatial relationships with groundwater yield 
in South Africa.  

Groundwater 
yield in: 

Groundwater yield (g, 
l/s) of optimum 
positive spatial 
relationship 

D(I) 
at g 

D(R) 
at g 

D(I): D(R) at g 
(relative strength of 
spatial relationship) 

Whole of South 
Africa 

2 0.90 0.61 1.48 

Southern South 
Africa 

2 0.95 0.74 1.28 

Eastern South 
Africa 

2 0.97 0.72 1.35  

Table 10 
Details of thermal springs’ positive spatial relationships with ENE-trending 
lineaments in South Africa.  

ENE-trending 
lineaments in: 

Distance (d, km) from 
ENE-trending 
lineaments of optimum 
positive spatial 
relationship 

D(I) 
at d 

D(R) 
at d 

D(I): D(R) at 
d (relative strength 
of spatial 
relationship) 

Whole of 
South 
Africa 

18 0.74 0.40 1.85 

Southern 
South 
Africa 

19 0.79 0.45 1.76 

Eastern South 
Africa 

19 0.81 0.50 1.62  

Table 11 
Details of thermal springs’ positive spatial relationships with WNW-trending 
lineaments in South Africa.  

ENE-trending 
lineaments in: 

Distance (d, km) from 
WNW-trending 
lineaments of optimum 
positive spatial 
relationship 

D(I) 
at d 

D(R) 
at d 

D(I): D(R) at 
d (relative strength 
of spatial 
relationship) 

Whole of 
South 
Africa 

39 0.82 0.65 1.26 

Eastern South 
Africa 

39 0.89 0.60 1.48  

Fig. 11. Southern South Africa: spatial relationship of thermal springs with 
intersections of NNW- and NW-trending lineaments with ENE-trending linea
ments. See Section 3.2 for explanations of D(I), D(R) and D.  (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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structures that controlled the thermal springs’ occurrence in South Af
rica. This hypothesis was explored by investigations of spatial re
lationships of the thermal springs with geological features, the results of 
which support the findings of the point distribution analysis and fractal 
analysis that the thermal springs’ spatial distributions in South Africa 
are not random. 

The findings of investigations of spatial relationships of thermal 
springs with ENE-trending geological lineaments support the inference 

Fig. 12. Spatial distribution of intersections of ENE-trending lineaments with NNW- and NW-trending lineaments in southern South Africa: (a) Fry plot; (b) rose 
diagram of trends among all Fry point pairs in (a); (c) rose diagram of trends among Fry point pairs within 90 km of each other (i.e., the minimum distance from any 
lineament intersection within which there is maximum probability that at least one lineament intersection exists next to it). Parallel E–W-trending dashed lines are 
rough axes of imaginary corridors of Fry points (see Section 4.2.3 for discussion).  (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

Table 12 
Results of dispersion analysis of the spatial distribution of intersections of ENE- 
trending lineaments with NNW- and NW-trending lineaments in southern South 
Africa.  

Order Averages of neighbor distances (km) 
Observed Expected in CSR 

1 0.15 0.26 
2 0.23 0.39 
3 0.30 0.49 
4 0.35 0.58 
5 0.42 0.65 
6 0.47 0.71  

Table 13 
Results of arrangement analysis of the spatial distribution of intersections of 
ENE-trending lineaments with NNW- and NW-trending lineaments in southern 
South Africa.  

Order Number of RCNPs 
Observed Expected in CSR 

1 98 90.12 
2 48 47.72 
3 36 35.25 
4 36 29.22 
5 30 25.52 
6 18 22.94  

Fig. 13. Log–log plot (white and black dots) defining the following relation of n 
(d) vs. d for the spatial distribution of intersections of ENE-trending lineaments 
with NNW- and NW-trending lineaments in southern South Africa. 
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that the major district- and local-scale ENE–WSW trends in the Fry plot 
of the thermal springs in southern South Africa (Fig. 6, Table 7) are 
likely due to geological controls rather than to the shape of this district. 
Overall, the findings of investigations of spatial relationships of thermal 
springs with ENE-trending geological lineaments suggest that ENE- 
trending lineaments impose minor ENE–WSW regional- and district- 
scale trends in the thermal springs’ spatial distribution in the whole of 
South Africa, major ENE–WSW district- and local-scale trends in the 

thermal springs’ spatial distribution in southern South Africa, and minor 
ENE–WSW local-scale trend in the thermal springs’ spatial distribution 
in eastern South Africa. All these imply that ENE-trending lineaments 
are important regional- to district-scales, and even local-scale, controls 
on thermal springs occurrence in South Africa. However, the results of 
investigations of spatial relationships suggest further that intersections 
of district-scale NNW- and NW-trending lineaments with regional-scale 
ENE-trending lineaments control the spatial distribution of thermal 
springs in southern South Africa, and intersections of regional-scale 
ENE- and WNW-trending lineaments control the spatial distribution of 
thermal springs in eastern South Africa. 

It is interesting to find that the thermal springs’ positive spatial re
lationships with HHPGs in southern and the whole South Africa are 
stronger than in eastern South Africa (Table 8). However, the 36 thermal 
springs in eastern South Africa have an average temperature of 40.6 ◦C 
(std. dev. of 8.8 ◦C) whereas the 20 thermal springs in southern South 

Fig. 14. Eastern South Africa: spatial relationship of thermal springs with in
tersections of ENE- and WNW-trending lineaments. See Section 3.2 for expla
nations of D(I), D(R) and D.  (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article). 

Fig. 15. Spatial distribution of intersections of ENE- and WNW-trending lineaments eastern South Africa: (a) Fry plot; (b) rose diagram of trends among all Fry point 
pairs in (a); (c) rose diagram of trends among Fry point pairs within 200 km of each other (i.e., the minimum distance from any lineament intersection within which 
there is maximum probability that at least one lineament intersection exists next to it). Parallel ENE–WNW-trending dashed lines are rough axes of imaginary 
corridors of Fry points (see Section 4.2.3 for discussion).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article). 

Table 14 
Results of dispersion analysis of the spatial distribution of intersections of ENE- 
and WNW-trending lineaments in eastern South Africa.  

Order Averages of neighbor distances (km) 
Observed Expected in CSR 

1 0.40 0.47 
2 0.57 0.70 
3 0.73 0.88 
4 0.96 1.03 
5 1.09 1.15 
6 1.24 1.27  

E.J.M. Carranza and R.N. Maseko                                                                                                                                                                                                         



Geothermics 117 (2024) 102866

18

Africa have an average temperature of 38.2 ◦C (std. dev. of 9.9 ◦C). 
Although these average thermal springs’ temperatures in eastern and 
southern Africa are not significantly different from each other (i.e., the 
ranges of mean ± std. dev. overlap), the thermal springs’ relative 
strengths of positive spatial relationship with the HHPGs suggest that 
HHPGs are more important controls on thermal spring occurrence in 
southern South Africa than in eastern South Africa. However, Dhansay 
et al. (2017) indicated that HHPGs in southern South Africa have rela
tively greater heat production than those in eastern South Africa. It turns 
out that the relative strengths of the thermal springs’ positive spatial 
relationship with groundwater yield control the temperatures of these 
thermal springs, as discussed in the next paragraph. 

Considering that the thermal springs’ average temperature in 
southern South Africa is relatively colder than that in eastern South 
Africa, the thermal springs’ relative strengths of positive spatial rela
tionship with groundwater suggest that groundwater yield is a more 
important control on thermal spring occurrence in eastern South Africa 
than in southern South Africa. However, inspection of the D curves in 
Figs. 9a and 10a reveals that, although thermal springs in eastern and 
southern South Africa have optimum positive spatial relationship with 
groundwater yield of 2 L/s, thermal springs in southern South Africa 
have relatively stronger positive spatial relationship with groundwater 
yield of >2 L/s compared to those in eastern South Africa. This would 
explain why the thermal springs in southern South Africa are relatively 
colder than those in eastern South Africa (i.e., more water, lower 
temperature). 

5.2. Conceptual model of thermal springs occurrence 

From the preceding interpretation of results of spatial investigations, 
a conceptual model of regional- to district-scale geological controls on 
thermal springs occurrence in southern South Africa and another one in 
eastern South Africa can be made but not in the whole of South Africa. 

That is because almost all the thermal springs in this country exist in its 
southern and eastern parts and because the results of spatial in
vestigations in these two different districts are somewhat dissimilar. 

In southern South Africa, regional- to district-scale geological con
trols on thermal springs occurrence involve the presence of or proximity 
to HHPGs (as heat source control), groundwater yield of ~2 L/s (as 
water source control) and intersections of ENE-trending lineaments with 
NNW- and NW-trending lineaments (as pathways control). This deduced 
pathways control on thermal springs occurrence by intersections of ENE- 
trending lineaments with NNW- and NW-trending lineaments is not 
inconsistent with field knowledge that several thermal springs in 
southern South Africa are linked to generally E–W-trending faults 
(Diamond and Harris, 2000; Madi et al., 2016). The finding of this study 
implies that thermal springs in southern South Africa are controlled by 
generally E–W-trending, or specifically ENE-trending, structures and 
particularly where these structures are intersected by NNW- and 
NW-trending structures. 

In eastern South Africa, regional- to district-scale geological controls 
on thermal springs occurrence involve the presence of or proximity to 
HHPGs (as heat source control), groundwater yield of ~2 L/s (as water 
source control) and intersections of ENE- and WNW-trending lineaments 
(as pathways control). Thus, based on available relevant data, regional- 
to district-scale geological controls on thermal springs occurrence in 
southern and eastern South Africa differ mainly in pathways control. 
This main difference in the regional- to district-scale geological controls 
on thermal springs occurrence in southern and eastern South Africa can 
be attributed to the striking differences in tectonisms that affected 
southern and eastern South Africa, as depicted roughly in Fig. 1 and 
which are discussed extensively in the literature (e.g., Kisters et al., 
2002; Kramers et al., 2014; Humbert et al., 2020; Owolabi et al., 2021). 
Because thermal springs are a surface manifestation of geothermal re
sources, the respective conceptual models of regional- to district-scale 
geological controls on thermal springs occurrence in southern and 
eastern South Africa can now be used to guide predictive modeling and 
mapping of the prospectivity (or likelihood) of areas where geothermal 
resources potentially exist within these districts. This will be demon
strated in sequel paper; however, a few examples of predictive 
geothermal resource prospectivity mapping can be found in the litera
ture (e.g., Kiavarz & Jelokhani-Niaraki, 2017; Yusuf et al., 2021; 
Lacasse et al., 2022). The conceptual models of regional- to district-scale 
geological controls on thermal springs occurrence in southern and 
eastern South Africa presented above can be improved depending on 
availability of relevant regional- to district-scale geoscience spatial data. 
For example, data on regional- to district- scale geothermal heat flux (e. 
g., Rysgaard et al., 2018; Wei et al., 2022) and thermophysical proper
ties of rocks (e.g., Zhu et al., 2023) would be useful in tweaking the 
above-presented conceptual models of regional- to district-scale 
geological controls on thermal springs occurrence in southern and 
eastern South Africa. However, these sorts of data are unavailable in 
South Africa. 

5.3. Remarks on the methods of spatial investigation 

Results of point distribution analysis, fractal analysis and Fry anal
ysis complement and supplement each other in the investigation of the 
spatial distribution of known thermal spring occurrences at particular 
spatial scales. Investigation at a particular spatial scale is stressed here 
for it is improper to deduce controls on thermal spring occurrence at, for 
example, spring-scale baed on regional-scale spatial data. Thus, as 
regional- to district-scale data were used in this study, they are inap
propriate for elucidation of local- to spring-scale geological controls on 
thermal spring occurrence. However, the subdivision of the whole of 
South Africa into districts based on administrative provincial boundaries 
(Fig. 3) allowed us to investigate the thermal springs’ spatial distribu
tions by Fry analyses at district- to local-scales, from which inferences of 
local-scale controls were made even though regional- to district-scale 

Table 15 
Results of arrangement analysis of the spatial distribution of intersections ENE- 
and WNW-trending lineaments in eastern South Africa.  

Order Number of RCNPs 
Observed Expected in CSR 

1 24 23.62 
2 12 12.51 
3 10 9.24 
4 6 7.66 
5 2 6.69 
6 8 6.01  

Fig. 16. Log–log plot (white and black dots) defining the following relation of n 
(d) vs. d for the spatial distribution of intersections of ENE- and WNW-trending 
lineaments eastern South Africa. 
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data were used. 
The results of investigations show that point distribution, fractal and 

Fry analyses yield distinct yet more-or-less coherent details of the 
thermal springs’ spatial distribution, which can be combined into a 
consistent interpretation. Point distribution analysis is beneficial chiefly 
for a broad description of the sort of spatial distribution. Box-count 
fractal analysis is valuable largely for deducing the scales at which 
particular controls on thermal spring occurrence operate. Fry analysis is 
advantageous for visualization of which linear geological features are 
likely controls on thermal spring occurrence. Thus, for an investigation 
with the same or similar goal(s) as this present one, it is worthwhile to 
use these methods in combination with each other instead of employing 
only one of them. 

However, investigation of only the spatial distribution of thermal 
springs is inadequate for conceptual modelling of controls on their 
occurrence. Investigations of spatial distribution of thermal springs 
should be upheld by investigations of their spatial relationships with 
geological features through, for example, distance distribution analysis, 
as in this study, so that a sound conceptual model of controls on thermal 
spring occurrence can be drawn. Proximity or buffer analysis in GIS (e. 
g., Omwenga et al., 2017; Abuzied et al., 2020), which is a generic term 
for different versions of distance distribution analysis, may also be used 
to substantiate the investigation of the spatial distribution of thermal 
springs for conceptual modelling of their geological controls at partic
ular spatial scales. For example, geological boundaries between certain 
domains are zonal, often defined by a zone width of tens to hundreds of 
kilometers, which would affect the distribution of thermal springs; 
however, this could addressed by complementing spatial distribution 
analysis with proximity or buffer analysis in GIS (Rahmati et al., 2019). 
In addition, the methods of spatial investigations presented here are 
dependent on the amount of point data representing locations of thermal 
springs. Accordingly, investigation of the spatial distribution of the few 
thermal springs outside eastern and southern South Africa (Fig. 3) by 
either point pattern analysis of fractal analysis will not yield geologically 
meaningful results. 

5.4. Limitations of the study 

Besides the limitation of the methods used being dependent on the 
amount of point data representing locations of thermal springs, the 
findings of this study are constrained by the scale and type of data/maps 
used to explore/explain the geological significance of the spatial dis
tribution of thermal springs and their spatial relationships with certain 
geological features. The regional-scale datasets used in this study were 
2-dimensional, and so 3-dimensional (3D) orientations of structures 
were not considered in this study. However, consideration of 3D ori
entations of geological features is appropriate in local-scale in
vestigations but not in regional- to district-scale investigations, as in this 
present study. That is because 3D regional- to district-scale geological 
data are typically not only sparse but also sporadically distributed, and 
that would result in bias towards local areas where 3D local-scale 
geological data available. 

Another limitation of the study is that, as 3D orientations of struc
tures were not taken into consideration in this study, stress fields asso
ciated with geological structures were also not considered in this study. 
One would expect that, depending on the orientation relative to the 
surrounding stresses, certain structures/zones would be more amenable 
for the occurrence of thermal springs. This limitation was addressed, 
however, by using in the spatial investigations different sets of linea
ments according to their strikes (see sub-Sections 4.2.2 and 4.2.3). That 
is because the strike of a geological structure is a function of the sur
rounding stresses. In addition, the limitation of not using stress data was 
addressing by investigating the spatial relationship of the thermal 
springs with intersections of geological lineaments (see sub-Section 
4.2.4). That is because high values of shear stress exist at/around fault 
intersections or fault discontinuities (Segall and Pollard, 1980) and 

groundwater flow is directly proportional to shear stress (Gudmundsson 
et al., 2003). 

6. Conclusions 

This research, like the earlier studied mentioned in the Introduction 
section, has demonstrated that thermal spring occurrences exhibit a non- 
random spatial distribution. Whereas the individual earlier studies 
mentioned in the Introduction section used Fry analysis to investigate 
the spatial distribution of thermal springs, this study has used point 
distribution and fractal analyses besides Fry analysis to unravel the 
thermal springs’ regional- to district-scale spatial distribution in South 
Africa. These three different methods for spatial investigation of a dis
tribution of point bodies, such as thermal springs on regional to district 
scales, complement and supplement each other. According to the out
comes of using these three spatial investigation methods, the known 
thermal spring occurrences in South Africa exhibit marked distributions 
at district scales (i.e., ≤100 km search radii from thermal spring 
occurrence) and at regional scales (i.e., >100 km search radii from each 
thermal spring occurrence). At district-scales, the known thermal 
springs in southern South Africa exhibit a largely clustered and partly 
regular spatial distribution of mostly ENE-trending fractal point objects 
associated with NNW- and NW-trending lineaments (Figs. 5, 9) whereas 
the known thermal springs in eastern South Africa exhibit a largely 
clustered and partly regular spatial distribution of mostly NNW-trending 
fractal point objects associated with ENE- and -WNW-trending linea
ments (Figs. 7, 10). At regional scales, clusters of known thermal springs 
in South Africa exhibit a regular spatial distribution of fractal linear 
objects with major NE–SW trend and minor WNW–ESE trend (Fig. 5). 

The results of spatial investigations indicate that, on a regional-scale, 
thermal spring occurrences in southern South Africa are controlled by 
intersections of ENE-trending lineaments with NNW- and NW-trending 
lineaments whereas thermal spring occurrences in eastern South Af
rica are controlled by intersections of ENE- and WNW-trending linea
ments. These structural lineament intersections serve as pathways 
control for heated groundwater to migrate from the subsurface to the 
surface. The difference in pathways control on migration of heated 
groundwater for thermal springs occurrence in southern and eastern 
South Africa, as captured by the spatial investigations, is supported by 
knowledge that these different regions are defined by different geolog
ical/tectonic domains. Besides this spatial information on pathways 
control, the results of spatial investigations revealed that regional- to 
district-scale geological controls on thermal springs occurrence in South 
Africa involve the presence of or proximity to HHPGs (as heat source 
control) and groundwater yield of ~2 L/s (as water source control). 

The use of the methods discussed in this paper for spatial distribution 
and spatial relationship investigations helps in conceptual modeling of 
geological factors of thermal springs occurrence at certain spatial scales. 
A conceptual model of geological factors of thermal springs occurrence 
at certain spatial scales will be useful in regional- to district-scale pre
dictive modeling and mapping of the prospectivity (or likelihood) of 
areas where geothermal resources potentially exist in South Africa. 
However, the proposed conceptual model of regional- to district-scale 
geological factors of thermal springs occurrence in South Africa must 
be amended when new or additional appropriate geoscience spatial data 
become available. 
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Siégel, C., Schrank, C.E., Bryan, S.E., Beardsmore, G.R., Purdy, D.J., 2014. Heat- 
producing crust regulation of subsurface temperatures: A stochastic model re- 
evaluation of the geothermal potential in southwestern Queensland, Australia. 
Geothermics 51, 182–200. 

Singh, H.K., Sinha, S.K., Alam, M.A., Chandrasekharam, D., 2020. Tracing the evolution 
of thermal springs in the Hazaribagh area of Eastern Peninsular India through 
hydrogeochemical and isotopic analyses. Geothermics 85, 101817. 

Taillefer, A., Guillou-Frottier, L., Soliva, R., Magri, F., Lopez, S., Courrioux, G., Millot, R., 
Ladouche, B., Le Goff, E., 2018. Topographic and faults control of hydrothermal 

circulation along dormant faults in an orogen. Geochem. Geophys. Geosyst. 19 (12), 
4972–4995. 

Thomas, R.J., 1989. A tale of two tectonic terranes. S. Afr. J. Geol. 92 (4), 306–321. 
Thomas, R.J., Marshall, C.G.A., Watkeys, M.K., Fitch, F.J., Miller, J.A., 1992. K-Ar and 

40Ar/39Ar dating of the Natal Group, Southeast Africa: a post Pan-African molasse? 
J. Afr. Earth Sci. 15 (3-4), 453–471 (and the Middle East).  

Tshibalo, A.E., Dhansay, T., Nyabeze, P., Chevallier, L., Musekiwa, C., Olivier, J., 2015. 
Evaluation of the geothermal energy potential for South Africa. In: Daniilidis, A., 
Herber, R. (Eds.), Proceedings of the World Geothermal Congress 2015, Melbourne, 
Australia, 19-25 April 2015, p. 9 p.  

Van Reenen, D.D., Roering, C., Ashwal, L.D., De Wit, M.J., 1992. Regional geological 
setting of the Limpopo Belt. Precambrian Res. 55 (1-4), 1–5. 

Wei, S.C., Liu, F., Zhang, W., Wang, G.L., Yuan, R.X., Liao, Y.Z., Yan, X.X., 2022. 
Research on the characteristics and influencing factors of terrestrial heat flow in 
Guizhou Province. J. Groundw. Sci. Eng. 10 (2), 166–183. 

Weiberg, R.F., Hodkiewicz, P.F., Groves, D.I., 2004. What controls gold distribution in 
Archean terranes? Geology 32, 545–548. 

Yusuf, A., San, L.H., Abir, I.A., 2021. A Preliminary geothermal prospectivity mapping 
based on integrated GIS, remote-sensing, and geophysical techniques around 
Northeastern Nigeria. Sustainability 13 (15), 8525. 

Zehner, R.E., Coolbaugh, M.F., Shevenell, L., 2006. Regional groundwater geochemical 
trends in the Great Basin: implications for geothermal exploration. Geotherm. 
Resour. Counc. Trans. 30, 117–124. 

Zheng, D., Ni, C., Zhang, S., Chen, Z., Zhong, J., Zhu, J., Yan, Y., 2020. Significance of the 
spatial point pattern and Fry analysis in mineral exploration. Arabian J. Geosci. 13, 
1–11. 

Zhu, X., Gao, Z., Chen, T., Wang, W., Lu, C., Zhang, Q., 2023. Study on the 
thermophysical properties and influencing factors of regional surface shallow rock 
and soil in China. Front. Earth Sci. 10, 864548. 

E.J.M. Carranza and R.N. Maseko                                                                                                                                                                                                         

http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0054
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0054
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0055
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0055
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0055
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0055
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0056
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0056
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0057
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0057
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0058
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0058
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0059
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0059
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0059
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0060
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0060
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0060
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0061
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0061
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0062
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0062
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0062
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0062
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0063
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0063
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0063
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0064
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0064
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0064
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0064
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0065
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0066
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0066
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0066
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0067
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0067
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0067
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0067
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0068
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0068
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0069
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0069
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0069
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0070
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0070
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0071
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0071
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0071
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0072
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0072
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0072
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0073
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0073
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0073
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0074
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0074
http://refhub.elsevier.com/S0375-6505(23)00221-3/sbref0074

	Regional- to district-scale controls on thermal springs occurrence in South Africa: Insights from investigations of their s ...
	1 Introduction
	2 Thermal springs in South Africa
	3 Methods of spatial investigation
	3.1 Datasets/maps used
	3.2 Investigation of spatial distribution
	3.2.1 Point distribution analysis
	3.2.2 Fractal analysis
	3.2.3 Fry analysis

	3.3 Investigation of spatial relationship

	4 Results
	4.1 Investigation of spatial distribution of thermal springs
	4.1.1 Point distribution analysis
	4.1.2 Fractal analysis
	4.1.3 Fry analysis

	4.2 Investigation of spatial relationships of thermal springs with geological features
	4.2.1 Thermal springs vs. high-heat-producing granitoids
	4.2.2 Thermal springs vs. groundwater yield
	4.2.3 Thermal springs vs. ENE-trending geological lineaments
	4.2.3 Thermal springs vs. other sets of geological lineaments
	4.2.4 Thermal springs vs. intersections of geological lineaments


	5 Discussion
	5.1 Interpretation of the results
	5.2 Conceptual model of thermal springs occurrence
	5.3 Remarks on the methods of spatial investigation
	5.4 Limitations of the study

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	References


