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The role of groundwater, in general, is often overlooked in freshwater ecosystem management policies and in 
the management of South Africa’s flagship conservation area, the Kruger National Park (KNP). To address this 
gap, a generalised conceptual model of surface water–ground water (sw–gw) interactions in the southern 
and central regions of the KNP was developed. To do this, stable isotope ratios (δ18O and δ2H) of groundwater, 
rainfall and surface water were used to determine the extent to which the base flow of perennial, seasonal 
and ephemeral streams on different geologies (granite vs. basalt) is driven by rainfall or groundwater. These 
results show that the δ18O and δ2H ratios of perennial rivers are similar to that of groundwater, while seasonal 
and ephemeral rivers on basalts have values closer to rainfall. On granite substrates, however, the isotope 
ratios of the seasonal and ephemeral rivers have values closer to groundwater than rainfall. The larger seasonal 
Mbyamiti River had similar isotope ratios to that of groundwater, and the highly ephemeral Nwaswitsontso 
had episodic interaction with groundwater (i.e. isotopic ratios overlap occasionally). These results show that 
decisions necessary for the sustainable management of groundwater resources are better informed when 
the natural interaction, movement, and exchange between groundwater and rivers are understood. This has 
particular relevance for large conservation areas in southern Africa that are expected to experience more 
variable climates in the future with both increases in drought and rainfall intensities.
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INTRODUCTION

Groundwater accounts for almost 90% of Earth’s readily available freshwater yet, because it is out of 
sight, remains underappreciated and poorly managed (Jakeman et al., 2016). While global climate 
change models for southern African savannas predict no change in the amount of total rainfall 
received (Easterling et al., 2000; Frich et al., 2002; Pohl et al., 2017), the models also predict increases in 
rainfall intensity and increases in frequency and severity of droughts (Spinoni et al., 2014). Combined 
with these effects of more variable water supply are development pressures which are resulting 
in increased demands on previously unexploited aquifers (Mussá et al., 2015; Du Plessis, 2019). 
Increasing droughts and anthropogenic demands, paired with poor management of groundwater 
resources, have resulted in multiple problems across the globe. These include overexploitation which 
can result in land subsidence and declines in water table levels, with harmful effects on groundwater-
dependent surface water systems (Vegter and Pitman, 2003; Wada et al., 2010; Wada et al., 2012; 
Wada and Heinrich, 2013). Monitoring and management decisions necessary for the sustainable 
utilisation of groundwater resources are better informed when the natural interaction, movement, 
and exchange between groundwater and rivers are understood (Glazer and Likens, 2012; Gleeson 
and Richter, 2018). In semi-arid ecosystems such as the Kruger National Park (KNP) (Newman  
et al., 2006), groundwater plays an important role in sustaining river baseflows and pools (Zektser and 
Loaiciga, 1993; Parsons, 2004; Hughes et al., 2007; Le Maitre and Colvin, 2008). Given this context, 
large conservation areas such as the KNP are important for understanding natural hydrogeological 
processes largely unaffected by anthropogenic activities. There is a total of 31 584 km of mostly 
second- or higher-order streams flowing across a west−east geological facies from granite to basalt in 
the park. These extensive drainage networks distribute water throughout the park and act as hotspots 
for biodiversity and productivity (Mabunda et al., 2003; Rogers and O’Keeffe, 2003).

The stable 18O and 2H isotopes in water are ideal tracers for catchment-scale studies on surface 
water−groundwater (sw−gw) interactions and have been applied in many systems around the world 
(Gat, 1971; Thomas and Rose, 2003; Gibson et al., 2005; Kalbus et al., 2006; Praamsma et al., 2009). 
These isotopes have been used to identify sources of groundwater recharge (Praamsma et al., 2009; 
Liu and Yamanaka 2012), discharge locations (Gleeson et al., 2009; Praamsma et al., 2009), and to 
develop a conceptual understanding of sw−gw interaction at a landscape scale (Riddell et al., 2016). 
As groundwater is dependent on the accumulation of rain through time, the stable isotope ratio of 
the groundwater will be a weighted average of rainwater inputs through time. As a result the isotope 
ratio of groundwater tends to be different from that of rain and surface water (Gat, 1971).
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Here, a conceptual model was developed of the interactions 
between groundwater and perennial, seasonal and ephemeral 
streams in the southern and central regions of the KNP. To do this, 
a comparison was made using stable isotope ratios of δ18O and 
δ2H belonging to groundwater, rainfall and surface water. It was 
anticipated that when there is extensive mixing of water among 
rainwater, surface water and groundwater, isotopic ratios will be 
very similar, while limited mixing of these waters will give rise to 
very distinct isotopic ratios (Rozanski et al., 2001). Depending on 
the size and main geologic substrate of the river or stream, the 
extent of interactions will differ. It was predicted on the basis of 
previous work (Rozanski et al., 2001; Xu et al., 2002; Price, 2011) 
that larger perennial rivers will have extensive interactions with 
groundwater reflected in high overlap of isotopic ratios, while 
seasonal streams will have lower interactions with groundwater, 
and ephemeral streams should primarily be rainfall derived and 
have very limited interactions with groundwater.

METHODS

The KNP extends across the Mpumalanga and Limpopo Provinces 
in north-eastern South Africa. It is one of the largest conservation 
areas in Africa (Du Toit et al., 2003), covering almost 2 million 
hectares. It also forms part of the Great Limpopo Transfrontier 
Park, a 3.5 million hectare conservation estate shared with 
neighbouring Zimbabwe and Mozambique. Besides the higher 
elevated areas of the park, i.e., the Lebombo and Malelane 
mountains (~500–800 m), the park is a gently undulating 
landscape between 200 m and 400 m above sea level with a gentle 
gradient to the east (Schutte, 1986; Venter, 1990). Rainfall in the 
KNP is concentrated in a wet season of around 5–8 months at the 
hottest time of the year, alternating with a dry season when there 
is little or no rain (Gertenbach, 1980). Mean monthly maximum 
and minimum temperatures are 26.3°C and 17.5°C, respectively, 
in southern Kruger (i.e. Pretoriuskop) and 29.8°C and 16°C, 
in central Kruger (i.e. at Satara). Mean annual precipitation is  
737 mm at Pretoriuskop and 547 mm at Satara (Zambatis, 2003; 
MacFadyen et al., 2018). Potential evaporation for the Kruger 
region is upwards of 2 000 mm/a (Jovanovic et al., 2015) whilst 
modelled estimates of annual actual evapotranspiration have 
been determined at close to 800 mm/a on granite catchments and  
600 mm/a on basalts (Riddell et al., 2015) Most of this rain occurs 
in the form of thunderstorms and frontal systems, associated with 
the inter-tropical convergence zone (ITCZ), between November 
and March with a peak in January and February (Gertenbach, 
1980). The storms are typically of short duration lasting just 
minutes or a few hours. As a result, the rainfall intensity is often 
high, leading to flash floods in the ephemeral drainage lines 
(Venter et al., 2003). The long-term rainfall of the KNP oscillates 
through periods of above- and below-average rainfall with cycles 
lasting approximately 10 years (Gertenbach, 1980).

The most important lithostratigraphic units are the Basement 
Complex which consists of ancient granitoid rocks of Swazian age 
(> 3 090 Ma), sedimentary and volcanic rock of the Soutpansberg 
Group, and the volcanic rock of the Karoo Supergroup (Venter, 
1990). Granitic rocks occur in the west and the basaltic and 
rhyolitic rocks in the east. A thin north−south strip of sedimentary 
rocks separates the granitic and basaltic rock formations (Bristow 
and Venter, 1986; Schutte, 1986). The influence of geology and 
resulting soils creates a strong correlation with the structure of 
the terrestrial ecosystem (Venter, 1986; Venter et al., 2003). Soil 
profiles generally become shallower as rainfall decreases towards 
the north. This is particularly noted for the coarse-grained soils 
derived from the granitic materials, where soil depths decrease 
from approximately 150 cm in the south near the Pretoriuskop 
area. The Karoo sequence (basalt), which is a predominantly 
flat landscape (low undulation), produces soils that have 

high clay content with olivine-rich clay soils in the northern 
plains and olivine-poor soils in the southern plains. Alluvial 
soils occur along most of the drainage lines in the KNP, the 
extent of which increases as the size of drainage lines increases  
(Venter, 1986; Venter et al., 2003).

The park is drained by two major transboundary river systems, the 
Limpopo system which forms the northern boundary of the park, 
and the Incomati system, of which the Crocodile River forms the 
southern boundary (Venter and Bristow, 1986). The park interior 
is drained by five perennial rivers (i.e., Luvuvhu, Letaba, Olifants, 
Crocodile, and Sabie rivers), which flow west to east across the 
park before flowing into Mozambique and the Indian Ocean. 
Important seasonal and ephemeral rivers that originate in the 
park are the Shingwedzi, Phugwane, and Mphongolo rivers in the 
north, the Tsende, Timbavati, Nwaswitsontso, Ripape, and Sweni 
rivers in the central region, and the Mbyamiti, Nwaswitshaka and 
Mlondozi rivers in the south. These rivers predominantly carry 
water following heavy rainfall during the summer months and, 
depending on the size of the catchment and geology, have flow 
durations that last from a couple of weeks to most of the wet 
season months (Venter and Bristow, 1986).

Crystalline basement aquifers dominate the park and are 
classified into three hydrogeological domains (Fischer et al., 
2009; Du Toit, 2017): (i) composite aquifers comprised of a 
variable thickness of regolith overlying bedrock with the upper 
part frequently fractured; (ii) deep fractured aquifers composed 
mainly of crystalline material (igneous and metamorphic rocks) 
characterized by a complex arrangement of interconnected 
fracture systems; and (iii) alluvial aquifers, where alluvial material 
overlies or replaces the weathered overburden which can be found 
along with river systems such as the Sabie and Sand rivers. The 
depths of groundwater vary from 1.2 m to 40 m and the aquifers 
are low-yielding at 1.5–3 L/s and rarely exceeding 5 L/s (Vegter, 
2003; Du Toit, 2017). The average groundwater recharge rate 
for the entire KNP is estimated at 12 mm/a, 2.3% of the average 
rainfall (Vegter, 2003; Du Toit, 2017). The groundwater flows from 
a regional perspective from west to east through the park, closely 
following the surface water drainage regions (Du Toit, 2017).

Study sites

To describe the nature of sw−gw interaction, i.e., groundwater 
recharge by surface water, or discharge of groundwater into 
surface water, an existing classification system was used whereby 
streams are classified according to streamflow characteristics 
(Xu et al., 2002; Lerner, 2003; Vegter and Pitman, 2003): i.e., 
ephemeral, seasonal and perennial. This resulted in the following 
classifications: Nwaswitsontso (ephemeral) and Sweni (seasonal) 
rivers in the Satara region, and the Mbyamiti (seasonal) and 
Mlondozi (ephemeral) rivers in the south. The Sabie and Sand 
rivers are two major perennial rivers flowing from west to east 
through the study area. Five sites were selected, representative of 
the main geological units in the park. Three boreholes, Rietpan, 
Mafutsu and Sweni-hide, are located in the Karoo Sequence 
consisting of the Letaba formation (basalts) and the intrusive 
Jozini formation (rhyolite), while two boreholes, Jock and 
Msanimond, are located in the Basement complex that consists 
of the Nelspruit granite suite and Orpen gneiss (granites). These 
boreholes are located between 200 m and 500 m from important 
seasonal and ephemeral rivers and between 30 and 60 km from 
the perennial Sabie and Sand rivers (see Fig. 1).

Sampling and analytical procedures

Samples of groundwater, surface water and precipitation were 
collected at the end of each month for two dry seasons (May–Oct 
2010 and 2011) and one wet season (Nov–Apr 2011). Cumulative 
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monthly rainfall samples were obtained from permanent rainfall 
gauges installed close (10–50 m) to the boreholes. The rain 
gauges are standard polypropylene 100 mm gauges with 30 mm 
of paraffin oil to prevent evaporation, and thereby minimise the 
risk of enriching of the remaining water (February et al., 2007b). 
A total of 45 rainfall samples collected throughout the sampling 
period were used to develop a local meteoric water line (LMWL) 
with the equation for the best fit line using a regression analysis 
with an equation δ2H = 8.66 δ18O + 2.23 (R2 = 0.58). Surface 
water samples were collected from the seasonal and ephemeral 
Mbyamiti, Sweni, Mlondozi, and Nwaswitsontso rivers, and 
Sabie and Sand perennial rivers. Water samples collected from 
the associated rivers and streams were sampled directly (grab 
samples), about 10–15 cm below the water surface, either in pools 
or in-stream when rivers were flowing. Groundwater samples 
were collected from the selected boreholes by purging the aquifer 
using a submersible pump powered by a small generator. The 
water samples were collected directly from the outlet pipe after the 
electrical conductivity (EC) stabilized, or three borehole volumes 
were abstracted to ensure that water representative of the aquifer 
was sampled. To avoid evaporation, all samples were stored in 

insulated bottles and followed the sampling protocol described by 
Weaver et al. (2007).

Water samples (n = 176) were analysed for 18O/16O ratios using 
the CO2 equilibrium method of Socki et al. (1992), while 2H/H 
ratios were obtained through the closed tube zinc reduction 
method of Coleman et al. (1982). Isotopic ratios of both hydrogen 
and oxygen were determined using a ThermoFinnigan Delta 
XP Mass Spectrometer (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Internal standards were run to calibrate the 
results relative to Vienna Standard Mean Ocean Water (V-SMOW) 
as well as to correct for drift in the reference gas. The analytical 
uncertainty is approximately 2‰ for δ2H and 0.2‰ for δ18O  
(February et al., 2007b).

RESULTS

Rainfall and groundwater

There were seasonal variations in 18O in rainfall as more depleted 
values were observed during the wet season (δ18O = −1.36 ‰) 
compared to that of rainfall occurring during the dry season 

Table 1. Borehole locations and their relative distance from the rivers sampled 

Borehole Latitude Longitude River name Distance from borehole (km)

Rietpan −24.8969 31.91421 Mlondozi 1.398

Mafutsu −25.0643 32.00947 Mlondozi 3.538

Sweni-hide −24.4736 31.97269 Sweni 0.050

Jock −25.2775 31.92509 Mbyamiti 9.365

Msanimond −24.6138 31.70972 Nwatwitsontso 0.244

Figure 1. Map of the study area in the southern section of the Kruger National Park showing location of the boreholes (circles) and rivers 
(triangles) that were sampled
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(δ18O = −0.53‰). As most of the rain at the study site falls during 
the hottest time of the year, the resulting LMWL is composed 
of evaporatively enriched water and plots out below the global 
meteoric water line (Gat, 1971). Groundwater samples had the 
most negative isotope ratios of all the samples collected, with 
mean values of δ18O = −2.96‰ and δ2H = −31.67‰, std dev = 
1.17 and 7.37, respectively. The low standard deviations among 
samples suggest that groundwater over the entire area exhibits 
similar values.

Surface water–groundwater (sw–gw) interaction in 
perennial rivers

To evaluate sw–gw interactions and the temporal variability of 
these interactions, the isotopic values of the perennial rivers, 
Sabie and Sand, were compared with that of groundwater sampled 
from the paired boreholes and to that of rainwater collected at 
these boreholes. The mean isotopic ratios of the water from the 
Sabie and Sand rivers were δ18O = −2.55‰ ± 0.15‰ (mean  
± standard error), n = 15; δ2H = −27.19‰ ± 1.07‰ for the Sabie, 
and δ18O = −2.68‰ ± 0.09‰, n = 8; δ2H = −28.91‰ ± 1.09‰ for 
the Sand. These values are very similar to that of the groundwater 
(δ18O = −2.96‰ ± 0.15‰, n = 42 and δ2H = −31.6‰ ± 0.92‰) 
and noticeably different from that of rainwater (δ18O = −0.60‰ 
± 0.30‰, n = 38, δ2H = −4.54‰ ± 3.01‰; (Fig. 2).

Surface water–groundwater interaction along seasonal 
and ephemeral streams on basalts

The mean isotopic ratios of groundwater sampled at the boreholes 
of Sweni-hide, Mafutsu and Rietpan (δ18O = −2.86‰ ± 0.02‰, n 
= 42, δ2H = −32.5‰ ± 9.05‰) were more depleted than that of 
the water from the Mlondozi and Sweni rivers (δ18O = −1.58‰  
± 3.5‰, n = 25, δ2H = -6.06‰ ± 9.7‰) as well as rainfall (δ18O = 
−0.41‰ ± 0.32‰, n = 26; δ2H = −2.75‰ ± 18.5‰,). River δ18O 
became increasingly enriched as the season progressed, with 
values above 5‰ at the end of the dry season in 2011 (Fig. 3).

Surface water−groundwater interaction along seasonal 
and ephemeral streams on granites

Mean values for surface water in the Mbyamiti River during the 
wet season when the river experienced high flows were δ18O = 
−1.26‰ ± 0.92‰, n = 8 and δ2H = −28.61‰ ± 6.81‰, and the 
groundwater (BH-Jock) values were δ18O = −2.11‰ ± 0.58‰, 
n = 7 and δ2H = −29.81‰ ± 3.90‰ (Fig. 4). During the dry 
season, when the river experienced low flows, mean values for 
surface water were δ18O = −2.50‰ ± 0.05‰, n = 8 and δ2H = 
−19.38‰ ± 5.81‰, while the groundwater values were δ18O = 
−4.15‰ ± 0.02‰, n = 4 and δ2H = −21.49‰ ± 1.44‰. Along 
the ephemeral Nwaswitsontso River, a high-rainfall event during 

Figure 2.  Mean δ18O and δ2H values (± 1 SE) of surface water values from the perennial Sabie (diamonds) and Sand (squares) rivers compared to 
groundwater (triangles) and rainfall (circles). Open symbols are wet season and closed symbols dry season.

Figure 3. Mean δ18O and δ2H values (± 1 SE) of seasonal and ephemeral Sweni (diamonds) and Mlondozi (squares) rivers on the basalt substrate, 
relative to groundwater (triangles) and rainfall (circles) from the Mafutsu, Sweni-hide and Rietpan boreholes and rain gauges. Open symbols are 
wet season and closed symbols dry season.
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the wet season (January 2011) generated streamflow that lasted 
for about 1 month, then progressively receded to shallow pools, 
eventually drying up completely at the end of March 2011. Surface 
water isotope ratios during the flow period were δ18O = −1.55‰  
± 1.61‰, n = 5 and δ2H = −21.64‰ ± 0.86‰ and the groundwater 
(BH-Msanimond) values were δ18O = −2.48‰ ± 2.44‰, n = 4 and 
δ2H= −40.13‰ ± 0.66‰ (Fig. 4). This river did not flow during 
the 2009–2011 drought.

DISCUSSION

The extensive similarity in δ2H and δ18O values between perennial 
rivers and groundwater indicate high interchange of water 
between these systems. Perennial rivers, such as the Sabie and 
Sand within the KNP, are always connected to the groundwater 
system. During the dry season when these rivers experience low 
flows and throughout the wet season during high-flow periods, 
groundwater is consistently discharged into these rivers. As a 
result, these two rivers act as catchment drains, intersecting 
the regional groundwater piezometric surface and maintaining 
baseflow conditions, as has been shown for perennial rivers in 
semi-arid ecosystems elsewhere (Xu et al., 2002; Lerner, 2003; 
Vegter and Pitman, 2003). The hydrological interaction and 
connectivity are critical in similar semi-arid systems where 
groundwater-dependent ecosystems are reliant on groundwater 
discharge during dry seasons (Colvin et al., 2003; Parsons, 2004).

The geology of the catchment associated with the Sweni and 
Mlondozi rivers is primarily composed of basalts and rhyolite, 
which have high clay content (Venter, 1986; Venter et al., 2003). 
The permeability of the surface and subsurface materials can 
greatly affect recharge and discharge processes; recharge is less 
likely to occur in areas that have finer-grained, less permeable 
sediments (Healy, 2010). Therefore, in areas of finer-grained 
sediments there would be decreased infiltration and enhanced 
surface runoff. These processes are observed on the Sweni and 
Mlondozi rivers as rainfall−runoff during the wet season generates 
streamflow; however, as rainfall decreases, streamflow subsides, 
resulting in standing pools of water along certain reaches of the 
river. Evaporation results in the water collected from these pools 
in the dry season having extremely enriched isotope ratios. These 
streams can be classified as detached or remote (Xu et al., 2002; 
Lerner, 2003; Vegter and Pitman, 2003), whereby the stream bed 

materials are impervious and the piezometric head is always 
below the stream bed material.

The stream bed material of the seasonal Mbyamiti and the ephemeral 
Nwaswitsontso rivers on the granite substrate is underlain by 
alluvial deposits, weathered porous granite material (coarse river 
sand) and rock. This combination of material promotes recharge, as 
the resulting soils have relatively high permeability and are capable 
of transmitting water rapidly (Healy, 2010). Typically, in seasonal 
rivers, the piezometric surface of the groundwater fluctuates 
alternately above and below the stream stage (Xu et al., 2002; Lerner, 
2003; Vegter and Pitman, 2003). As a result, when the Mbyamiti 
River experiences peak flows during the wet season, groundwater 
is recharged from the river bed. Conversely, during the dry season, 
groundwater is discharged into the river, maintaining low flows 
and pools. Therefore, the Mbyamiti River is alternately an influent 
and effluent (intermittent) stream. The Nwaswitsontso River only 
flows after high-rainfall events. In typical ephemeral rivers, the 
groundwater piezometric surface is at all times below the stream 
bed level (Xu et al., 2002; Lerner, 2003; Vegter and Pitman, 2003). 
As a result, during the wet season, after significant rainfall events, 
groundwater experiences indirect recharge through the river bed 
which acts as a preferential pathway (recharge sink).

This study has described the hydrogeological interactions between 
a range of river flow conditions and their geological setting, which 
should allow inferences to the region more broadly. Whilst it would 
be speculative to ascribe climate change impacts on these processes 
in the absence of a detailed modelling study, our observations 
do support recent opinion on the resilience of groundwater 
systems under climate change in dry subtropical regions of Africa 
(Cuthbert et al., 2019), where the positive feedback of the spatial-
temporal intensification of precipitation anomalies could lead to 
increased recharge, particularly through ephemeral drainages, 
thus being made available for discharge to perennial surface water 
systems, despite possible drying trends overall.

Due to the complexities associated with quantifying and concep-
tualising sw−gw interactions (Sophocleous, 2002), particularly in 
semi-arid drainage regions where groundwater discharge into a 
river is not evenly distributed along its length but rather along 
discrete locations which include along fractures, faults and dykes, 
it is not uncommon to have different reaches gaining or losing 
water within a particular stream or river (Newman et al., 2006).  

Figure 4. Mean δ18O and δ2H values (± 1 SE) for water from the granite substrate, ephemeral Nwatwitsontso (diamonds) and Mbyamiti (squares) 
rivers relative to groundwater (triangles) and rainfall (circles) from the Jock and Msanimond boreholes and rain gauges. Open symbols are wet 
season and closed symbols dry season.
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We, therefore, caution against the oversimplification of sw−gw 
interaction on a river or catchment scale. Nonetheless, the find-
ings presented in this paper contributes to the understanding of 
sw−gw interaction to aid in further development and refining of 
sustainable groundwater resource management in the KNP.

CONCLUSION

In semi-arid African savanna, surface water and groundwater re-
sources are intrinsically linked. Understanding these hydrologi-
cal processes to manage the natural interaction, movement, and 
exchange between groundwater and rivers will be critical for the 
sustainable management of water resources within the KNP, as 
well as extrapolating this to the broader Lowveld catchments tak-
ing into account future climate change and accruing these benefits 
downstream of the protected area.
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