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Abstract

Understanding groundwater and surface water interaction is critical for managing water
resources, particularly in water-stressed and rapidly urbanizing areas, such as many parts
of Africa. A survey was conducted of borehole, spring, seep and river water radon, 52H,
§'80 and field parameters in the Jukskei River catchment, Johannesburg. Average values
of electrical conductivity (EC) were 274 and 411 uS-cm~! for groundwater and surface
water, and similarly for radon, 37,000 and 1100 Bq.m’3, with a groundwater high of
196,000 Bq-:m 2 associated with a structural lineament. High radon was a good indicator
of baseflow, highest at the end of the rainy season (March) and lowest at the end of the
dry season (September), with the FINIFLUX model computing groundwater inflow as
2547 Lm s
possibility of wastewater with high EC, typical in urban areas. Groundwater §*H and

High EC was a poorer indicator of baseflow, also considering the

5180 values are spread widely, suggesting recharge from both normal and unusual rainfall
periods. A slight shift from the local meteoric water line indicates light evaporation
during recharge. Surface water 6*H and §'80 is clustered, pointing to regular groundwater
input along the stream, supporting the findings from radon. Given the importance of
groundwater, further study using the same parameters or additional analytes is advisable
in the urban area of Johannesburg or other cities.

Keywords: urban hydrology; baseflow; stable isotopes; radon; Johannesburg

1. Introduction

Understanding and quantifying groundwater contributions (baseflow) to urban rivers
is crucial for sustainable water management, especially in rapidly urbanizing and water-
stressed regions such as Johannesburg, South Africa [1-3]. In these environments, baseflow
from groundwater plays a vital role in sustaining river systems during dry seasons, support-
ing both ecological health and urban water [4-6]. The temporal physiochemical variations
in streams are primarily influenced by dominant seasonal sources. In urban catchments,
natural sources such as tributaries, lakes and groundwater exert more influence during
wetter seasons, whereas wastewater effluent and baseflow tend to be more prominent
during dry seasons [7-9].
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Research on baseflow contributions has increasingly leveraged natural tracers such
as stable isotopes of hydrogen and oxygen, as well as radon (??*Rn), to delineate ground-
water inputs into surface water systems. Radon, historically employed in oceanographic
contexts, has proven effective for identifying and quantifying groundwater discharge in
various hydrogeological settings [10-13]. While radon has been increasingly used to trace
groundwater—surface water interactions globally, its application in fractured aquifers in
South Africa remains limited and largely qualitative [14].

Stable isotopes, on the other hand, have been widely used to distinguish water sources,
identify recharge mechanisms, and trace evaporation processes in both rural and urban
catchments [15,16]. Urban hydrology adds further complexity due to impervious surfaces,
leakage from infrastructure and high runoff rates that obscure natural hydrological sig-
nals [4,9,17]. The resulting challenge is a lack of quantitative data on baseflow dynamics
within urban streams.

According to the statistical analyses by Le Maitre and Colvin [18], the correlations
between river flow indices and rainfall patterns across South Africa are intricate. This
intricacy is observable even within individual principal aquifer types, and it is connected
to climate and the dispersion of less prevalent lithologies throughout a catchment.

This study applies a combined approach using radon-222, stable isotopes (5°H and
§180) and field parameters (EC, temperature, pH) to assess seasonal groundwater contribu-
tions to baseflow in the Little Jukskei River, an urban stream within Johannesburg. The
study further applies the FINIFLUX model to estimate groundwater discharge into the
river. This represents a novel application in the context of fractured crystalline aquifers in
urban Africa and provides insights critical for sustainable urban water management.

Radon is a noble gas commonly found in rock, sediment and water, with a half-life
of 3.82 days [19,20]. It is derived from the decay of 2387, as shown in Figure 1, engrained
in rock and sediment. Radon accumulates in groundwater due to cooler temperatures,
reduced degassing and greater emanation. In surface water, its concentration is influenced
by tributary inflow, groundwater connection, sediment radon content, degassing and
decay [21,22].

Groundwater discharge into surface water bodies can be traced by monitoring the
radon concentration. The conventional method of utilizing radon to estimate groundwater
flux involves directly solving the ordinary differential equation for radon mass balance (1)
across small discretized stream reaches [11,23]. The mass balance parameters are expanded
in Table 1. Discrete point concentrations serve as input for inverted forward modelling,
aiming to estimate various unknown parameters such as groundwater inflow (I) and
hyporheic exchange.

1)
Qsi = I(cqw — ¢) — kwdc — dwcAg, + a1 — axc (1)

Table 1. Description and units for the parameters of the radon surface water—-groundwater mass
balance in Equation (1).

Parameter Description Units Comments
Qs streamflow rate m3.d~1 measured
I groundwater inflow m3.d~! calculated
x stream length m measured
w stream width m measured
d stream depth m measured
c stream radon concentration Bq-nf3 measured
Cow groundwater radon concentration Bq-nf3 measured
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Table 1. Cont.

Parameter Description Units Comments
k gas exchange coefficient m?2.d~! known constant
ARn first-order decay constant d-! known constant
a hyporheic kinetic production Bgq:m~3.d~! calculated
X hyporheic kinetic decay Bgq:m3.d~! calculated
234 | 235 238
U U U
G5x 102 Ax10° | A5x10°
231 234
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(3x10¢ 1.2m
227 228 230\ 231 232 234
Th | Th Th | Th | Th Th
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Figure 1. Radioactive decay chains for the three naturally occuring isotopes of radon. Due to short
half-lives and lower abundance of the original parents, 219Rn barely occurs and 220Rn is rare, leaving
222Rn as the main isotope. The long half-life primordial isotopes are outlined in colour. Being a
noble gas, radon is ejected from the aquifer matrix and dissolves into the groundwater, but upon
exposure to air, the radon is soon lost, so it acts as a useful tracer of recent groundwater discharge into
surface waters.

While radon has been increasingly used to trace groundwater-surface water inter-
actions globally;, its application in fractured aquifers in South Africa remains limited and
largely qualitative. For example, Strydom et al. (2021) [14] detected groundwater discharge
zones in the fractured Table Mountain Group aquifers using radon, but the study did not
attempt to estimate discharge magnitudes. This study applies radon measurements within
the saturated zone and employs the FINIFLUX model to quantify groundwater fluxes
directly. This approach represents a novel contribution by transitioning from qualitative
detection to quantitative estimation of groundwater inputs in a highly urbanized catchment
underlain by fractured crystalline aquifers in South Africa.

Perhaps the most commonly used natural tracers in environmental studies are the
stable isotopes of water, namely hydrogen and oxygen. Among the many applications of
these are groundwater—-surface water interaction studies [15]. Stable isotopes have been
utilized in urban catchments to distinguish various water sources, including groundwa-
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ter, stormwater runoff, wastewater effluent and dams [9,17]. Additionally, they aid in
determining the distribution patterns of water transit times [16].

The ratio of the heavy to light isotopes in a body of water, for example 80 to O in
an aquifer, varies due to slightly different reaction rates of these isotopes during diffusion,
phase transitions and chemical reactions. These processes are called fractionation and
are affected by temperature and reaction conditions, such as humidity, wind speed and
others [24]. In addition, obvious variations due to location, season and other spatial and
temporal changes create a distribution of the stable isotope values across the landscape
and in different water bodies. These differences can be used to track water flows [25].
In many cases, especially where surface water and groundwater have not travelled far
since their origin as precipitation, the main source of isotope variations is inherited from
precipitation factors, such as latitude, altitude, temperature, cloud height and evaporation
during rainfall.

2. Study Area
2.1. Location

The study site is located in the Jukskei River catchment (JRC), within the area of greater
Johannesburg in the centre of Gauteng Province (see Figure 2). The JRC belongs to the
A21C quaternary catchment of the Crocodile West and Marico Water Management Area.
Johannesburg occupies a watershed, with the JRC flowing into the Limpopo River in the
north, while the Klip River catchment drains into the Vaal River in the south. Additionally,
the JRC marks the southernmost point of the Upper Crocodile River Basin. Covering an
area of roughly 750 km?, the catchment comprises seven sub-catchments. The focus of
this study is the Little Jukskei River catchment, which lies in the northwest of the JRC.
Work was also done in the headwaters of the Braamfonteinspruit, which includes the
tributary known as the Montgomeryspruit. The Braamfonteinspruit flows directly into the
Jukskei River.

2.2. Geology

The geology features ~3.34 Ga greenstones [26], intruded by the ~3120 Ma Johan-
nesburg Dome granitoids, comprising tonalite, granodiorite, gneiss and migmatite [27]
(see Figure 3). A period of mafic intrusion followed the granite emplacement [28], and
these dykes are visible in the northern half of the dome. The southern boundary of the
Upper Crocodile River Basin is defined by the Witwatersrand Supergroup. The Witwa-
tersrand Supergroup consists of metamorphosed argillaceous and arenaceous lithological
units deposited on the Kaapvaal Craton through successive depositional events over
3086 Ma ago [29]. The Witwatersrand Supergroup is divided into the shallower Central
Rand Group and the deeper West Rand Group. The Johannesburg Dome and the Witwater-
srand Supergroup are overlain by the Ventersdorp lavas and younger sedimentary units of
the Palaeoproterozoic Transvaal and Phanerozoic Karoo Supergroups [30]. The presence
of faults and shear zones indicates periods of uplift and fracturing that occurred after the
dome’s emplacement and the deposition of overlying sequences [29].

2.3. Climate and Hydrology

Johannesburg’s temperate climate is characterized by warm, wet summers and cold,
dry winters. Average daily maximum temperatures peak at 28 °C in January and drop to
17 °C in July. Rainfall is concentrated in the summer months, particularly from October
to March, with thunderstorms being common. The mean annual rainfall ranges between
600 and 900 mm/year, with the months November to February generally receiving more
than 100 mm each (see Figure 4).
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Figure 2. Regional context of the study area within the Limpopo River catchment, on the border
between the Highveld (grassland, >1500 m elevation) and Bushveld (savannah, <1500 m) of South
Africa. The dashed rectangle shows the area of Figure 3.

The Little Jukskei is a perennial river and flows for approximately 29 km from
1670 to 1310 mamsl into the Jukskei River. Flow was less than 1 m3-s~! daily average
for most of 2021, especially during the dry season (May to September), with several highs
in the rainy season over 2 m3-s~! and a peak in January of more than 10 m3-s~! daily
average (see Figure 5).

2.4. Hydrogeology

There are no major, high-yielding aquifers underlying the study site, but significant
groundwater resources do exist. There are four principal aquifer types in this region:
fractured granite, fractured quartzite, weathered granite and surficial materials.
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Figure 3. Map of the study area, including geology, rivers, roads and sample locations.
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Figure 4. Climate of the study area. Johannesburg International Airport (now Oliver Tambo Interna-
tional Airport) is 20 km east of the study area and at a similar elevation (Source: CSAG 2024 [31]).
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Figure 5. Mean daily flow in the Little Jukskei River in 2021 (Source: DWS, 2023 [32]), at flow gauge
A2H047 (Figure 3).

Granitic fractured aquifers are formed with secondary structural features such as joints
and faults, facilitating rapid recharge and offering moderate borehole yields ranging from
1to 15 L/s. On the other hand, quartzite fractured aquifers extend to greater depths but provide
limited yields, typically ranging from 0 to 1 L/s. The weathered zone aquifers originate from the
weathering of crystalline rock and are typically unconfined to semi-confined, and connected to
fractured aquifers [33]. High-yielding springs in the Witwatersrand Supergroup emerge at the
interface between fractured quartzite and shale layers. The Albert’s Farm Conservatory Spring
exemplifies this phenomenon. Minor aquifers comprising unconsolidated sand and gravel,
characterized by low yields, contribute to baseflow with a minimum recharge rate of 3% of mean
annual precipitation. The diminished baseflow within the JRC is ascribed to the predominantly
crystalline geology, the elevated position in the catchment, bordering a continental watershed,
and the urbanized nature of the catchment [34].

3. Materials and Methods
3.1. Sampling

Groundwater, comprising privately owned boreholes, springs and seepages, and sur-
face water were sampled along the Little Jukskei River, Montgomeryspruit, Braamfontein-
spruit, Sandspruit and adjacent suburbs during 2020 and 2021 (see Figure 3). Sampling
was conducted in the dry season in three campaigns. Finally, a high-resolution temporal
campaign was conducted at the Albert’s Farm Conservatory Spring, Montgomery Spring
and Montgomeryspruit-stormwater runoff confluence at the start of the rainy season.

3.2. Measuring Radon and Field Parameters

Infield pH, EC (electrical conductivity) and temperature were measured using the EXTECH
ExStik EC500 multimeter, calibrated and verified prior to use. Grab sampling was used for
radon analysis, following the prescriptions of the RAD7 H,O manual [35]; water samples were
taken using 40 mL for boreholes and springs and 250 mL for surface water and seepage points.
For boreholes, this entailed running the taps for several minutes, depending on the pumping
frequency, as more recently pumped boreholes were presumed to require less purging. The
glass vials were rinsed and filled by allowing overfill for twenty seconds before stoppering the
vial as the tap ran. For surface water and springs, the glass vials were lowered at least 10 cm
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below the surface before filling and stoppering the vial while submerged in water. Samples
were stored in a cooler bag before analysis.

Radon analysis was done within 24 h of sampling using the RAD7 HyO detector [35]. After
starting, the machine was purged with atmosphere for 5 min to remove remnants of previous
analyses, and then pumped in closed circulation through dessicant for 10-20 min to reduce
the relative humidity to 6%. The sample vials were run for 5 min of aeration and counted for
30 min using the appropriate protocol setting for the respective volume. The minimum detection
limit of 0.1 Bq:m ™2 required purging for at least 20 min between each sample. The samples
were analyzed in expected order of increasing radioactivity (surface water before groundwater)
to reduce the potential for background contamination in subsequent samples.

3.3. Stable Isotopes

Samples of groundwater and surface water were also analysed for hydrogen and
oxygen stable isotope compositions. The international standard Vienna Standard Mean
Ocean Water (VSMOW) is used to report results against the SMOW scale. Because variations
in the heavy-to-light isotope ratio are in the thousandths or hundredths, the sample is
compared to a standard and reported as deviations in per mille (thousandths, %o) from the
standard, using the 6 notation, as follows:

61805amplefSN[O‘N = [(180/16O)sample/(180/16O)standard(SMOW) - 1] x 1000

and similarly for 2H/1H.

Water sampling for stable isotope analysis entailed first rinsing 500 mL polypropylene
bottles with the water of interest and then filling the bottles. The bottles were stored in a
cooler box and transported to the iThemba laboratory at the University of the Witwatersrand,
Johannesburg. Hydrogen and oxygen isotopes were analysed by mass spectrometry using the
2010 ThermoFisher Delta V Plus. Accuracy for §?H and §'80 are £1 and £0.1 %o, respectively.

3.4. FINIFLUX Model

The FINIFLUX model estimates groundwater flux by comparing radon concentra-
tions between surface water and groundwater using the radon steady-state mass balance
(Equation (1)). FINIFLUX solves the mass balance using an implicit finite solution [36]. There-
fore, the solution is derived through a series of steps, with each step’s solution being based
on the solution obtained in the preceding step. The model is coupled with PEST, a parameter
estimation software that estimates unknown parameters like groundwater influx and hyporheic
exchange. The parameters are optimized by applying an algorithm that relies on the empirical
measurements and numerical predictions to minimize the geometric shape function value [37].

FINIFLUX has been used to estimate groundwater input into a stream, similar to
the application of the model in this study [10], as well as feeding into other models, for
example for chemical interactions in the hyporheic zone [38,39]. As such, it is an accepted
and widely used model and is appropriate for application in this study.

The Rn data was used for calculation of baseflow, whereas the §2H and 630 data was not.
This is because these stable isotopes varied less than the Rn between groundwater and surface
water, partly because the original values are less different, but mainly because Rn degasses from
surface water and therefore groundwater inputs are more noticeable than for 5°H or 5'30.

4. Results and Discussion

The results from this study are outlined in Tables 2 and 3 for groundwater and surface
water, respectively.
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Table 2. Water field parameters and isotope results of groundwater observation points in this study. Sample labels are prefaced as follows: BH for boreholes, S for

seepages, SP for springs. EC = electrical conductivity, SD = standard deviation.

Depth

Sample Latitude  Longitude Date 8*H 8180 d-Excess T pH EC Rn Mean Rn SD
stimate

°S °E m bgl %o %o %o °C uS-cm-1 Bq'm—3 +Bgq-m—3

BHO001 26.1629 28.0254 20 21 March —159 —2.93 7.54 14.3 7.41 717 14,009 4160
BHO002 26.1638 28.0247 20 21 March —20.0 —3.75 10.0 144 7.26 889 6840 1470
BHO003 26.1452 27.9757 30 21 March —16.8 —3.04 7.52 14.7 7.40 154 2940 670
BHO004 26.1442 27.9783 25 21 March —18.4 —3.68 11.04 14.7 7.21 147 1330 439
BHO005 26.1731 28.0082 10 21 March —-19.9 —4.04 12.42 17.4 7.33 321 18,006 3230
BHO006 26.1734 28.0075 15 21 March —7.4 —1.53 4.84 17.6 7.01 536 78,009 3350
BHO007 26.1371 27.9981 10 21 March —12.7 —3.21 12.98 16.1 7.36 154 58,007 4720
BHO008 26.1362 27.9979 21 March —134 —2.92 9.96 16.2 7.28 83 52,008 4140
BHO009 26.1523 28.0241 20 21 March —12.6 —2.74 9.32 15.3 7.12 221 26,006 3210
BHO010 26.1539 28.0404 20 21 March —18.5 —3.78 11.74 15.5 7.23 265 42,006 3430
BHO11 26.1265 27.9968 120 21 March —-16.9 —3.57 11.66 16 7.55 527 196,000 9000
BHO012 26.1127 27.9616 50 21 ]July —14.5 —3.44 13.02 13.1 7.13 261 21,009 2320
BHO013 26.1019 27.9678 40 21 July —254 —4.78 12.84 19 741 145 174,000 10,000
BHO014 25.9721 27.9666 20 21 ]July —-19.2 —3.71 10.48 14.1 7.43 761 2290 870
BHO16 25.9834 27.9613 25 21 ]July —22.8 —4.46 12.88 20.2 7.37 525 57,005 3330
BHO017 25.9953 27.9769 21 July —28.0 —5.27 14.16 21 7.56 154 70,000 1360
S01 26.16452 27.96506 21 August —18.89 —3.77 11.27 16.6 - 370 910 377
S02 26.15933 27.97414 21 August —15.72 —3.23 10.12 20.3 - 175 7322 1046
21 March —13.8 —2.98 10.04 25.2 7.50 141 17,003 2130

21 May —16.8 —3.46 10.88 17.2 711 154 29,005 3620

SP001 613528 245400 21 July 173 -362 11.66 18 7.63 150 28,000 2170
21 September —14.6 —2.98 9.24 21.4 7.28 162 14,370 1060

21 March — — - 19.8 6.62 158 30,007 5130

21 May — — - 25.6 747 144 38,004 4430

SP002 261555 27.9702 21 July - - - 172 7.61 130 41,003 3910
21 September — - - 18.3 7.30 131 33,000 4520

21 March —16.4 —4.32 18.16 22.3 7.41 103 3970 694

SP003 26.1697 27.96 21 July —19.6 —3.81 10.88 26.1 7.40 121 2940 503
21 September —204 —3.86 10.48 17.4 7.57 144 4370 560

means —17.78 —3.61 11.01 18.22 7.37 274 36,875 2960
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Table 3. Water field parameters and isotope results of surface water observation points in this study.

Sample Date 8%H 8180 d-Excess EC Rn Mean Rn SD
%0 %0 %0 uS-cm—1 Bq-m—3 +Bq-m—3

21 March —-16.6 —3.12 8.36 473 1678 179

SWO01 21 July — — — 421 1567 208
21 September —15.8 —2.72 5.96 444 1080 117

21 March —-15.2 —2.71 6.48 468 1006 240

SW02 21 July — — 422 1127 354
21 September —14.0 —2.16 3.28 451 988 321

21 March —15.8 —3.02 8.36 460 414 198

SWO03 21 July - — 566 403 191
21 September —16.2 —3.39 10.92 421 376 84

21 March —18.1 —3.06 6.38 506 512 265

SW04 21 July - — - 412 441 234
21 September —14.6 —2.48 5.24 447 562 129

SWO05 21 September —-15.9 —2.66 5.38 422 403 111
SWo06 21 September —15.0 —2.38 4.04 472 1419 450
SW07 21 September —-14.4 —242 4.96 359 367 189
21 March . — . 353 642 234

SW08 21 July —16.6 —2.93 6.84 362 705 198
21 September - - 374 638 202

21 March —14.8 —2.96 8.88 334 1870 750

SW09 21 July - - - 21 2001 767
21 March —15.3 —2.98 8.54 373 2080 483

SW10 21 July — — — 365 2012 501
21 September —-14.1 —2.89 9.02 291 2001 557

21 March —15.1 —-3.07 9.46 365 1040 417

SW11 21 July — — 476 876 306
21 September —14.2 —291 9.08 321 921 261

21 March —15.6 —2.95 8.0 363 1940 436

SW12 21 July — — 374 1234 675
21 September —13.8 —3.03 10.44 403 1255 370

21 March —15.5 —2.96 8.18 364 1250 481

SW13 21 July - - - 372 1116 527
21 March —15.5 —2.97 8.26 366 830 279

SWi4 21 July - - - 402 710 321
SW15 21 March —15.8 —3.25 10.2 543 1250 970
SW16 21 March —14.1 —-3.0 9.9 385 1040 796
SW17 21 October — — — 180 2530 830
SW18 21 July —14.9 —3.15 10.3 394 796 224
SW19 21 March —-154 —297 8.36 491 877 142
SW20 20 August —-10.9 —2.28 7.31 480 1422 460
SW21 21 July —14.1 —2.76 7.98 410 1240 425
SW22 21 July —14.6 —2.77 7.56 437 1180 532
SW23 21 July —-15.5 —3.09 9.22 556 1660 679
SW24 21 March — — — 409 416 208
SW25 21 March —-134 —2.49 6.52 392 479 115
means —15.03 —2.85 7.78 411 1099 373

4.1. Charcterization of Groundwater and Surface Water
4.1.1. Groundwater
Groundwater and surface water in the study area displayed distinct characteristics

reflective of the local geology and land use. Groundwater radon concentrations in the study
area varied widely, ranging from 910 to 196,000 Bq-m 3, with an average of approximately
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36,900 Bq:m 3. This variability is attributed to heterogeneous distribution of uranium-
bearing minerals and rock permeability variability.

The average radon concentration in groundwater in this study is higher than the
100-10,000 Bq-m 3 found in Cyprus [40] or the 8000-21000 Bq-m~3 in Japan [41] but less
than the mean of 240,000 Bq-m_3 found in Poland [42]. The latter was, similarly to this
study, an area underlain by gneiss and granite.

The highest radon concentration was recorded at BH013, located along a major struc-
tural lineament (see Figure 3), indicating enhanced radon migration through fractured
zones. In contrast, boreholes such as BH014 showed low radon but high EC (see Figure 6),
suggesting possible mixing with wastewater [43]. The radon concentrations of the seep
(natural groundwater discharge points) samples are considerably lower than those of the
borehole and spring samples, indicating a clear divide between the waters which have
been significantly exposed to atmosphere and those which have not. Overall, elevated
radon levels in groundwater are indicative of subsurface geological controls, particularly
structural features that facilitate groundwater movement and radon transport.
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Figure 6. Radon concentration, 82H, 5180 and electrical conductivity of water samples versus distance
downstream in the Little Jukskei River. Locations with multiple samples taken over several months
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have used the mean of those values. The radon data shows a clear difference between higher values
for groundwater and lower ones for the river, enabling the use of radon to estimate baseflow. For
82H and §'80, the differences are smaller, but suggest evaporative enrichment in the river. The trend
line for EC vs. distance has the equation EC = 17 x km + 57, with Pearson’s r of 0.53, indicating a
mild positive correlation. Slight increases in both §'80 and EC suggest evaporation with distance
downstream. See main text for further discussion.

Stable isotope analysis revealed a wide spread of *H and §'80 values in groundwa-
ter. Outlier points, such as BH006, suggested localized influences from municipal water
infrastructure [44]. The groundwater regression line in Figure 7 was calculated excluding
this point. The slight shift of the groundwater points away from the Johannesburg Local
Meteoric Water Line (JLMWL) suggests recharge occurs with minor evaporation during
infiltration [39]. There is no correlation between Rn and 5?H (Pearson’s r = —0.16) or Rn
and §'80 (r = —0.17).

3'%0 (%o0)
5 5 4 ST ST )
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=
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T

100 o
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Figure 7. 5 plot of all samples in this study, including groundwater (seeps, springs and boreholes) and
surface water from the Little Jukskei River, Montgomeryspruit, Braamfonteinspruit and Sandspruit,
as shown in Figure 3. Best fit lines for groundwater (GWL) and surface water (SWL), calculated
with reduced major axis regression, have Pearson’s r values of 0.91 and 0.57, respectively. The
Johannesburg Local Meteoric Water Line is from Leketa et al. 2018 [45] and the Global Meteoric Water
Line is from Terzer et al., 2013 [46].

Groundwater samples exhibited generally low EC values (mean ~274 uS-cm™!), con-
sistent with the granitic geological setting, rapid recharge through fractures and minimal
interaction with mineralized matrices [47-49]. Groundwater temperatures (13.1-12.1 °C,
average 18.42 °C) were lower and more stable than surface water (14.6-28.7 °C, aver-
age 19.07 °C), suggesting that baseflow moderates stream temperatures, especially dur-
ing dry periods. Post-rainfall decreases in groundwater pH, linked to acidic rainwater
(pH 3.0-6.56) caused by natural CO, and anthropogenic pollutants (SOx, NOx, etc.), demon-
strate recharge dynamics and hydrological connectivity.

4.1.2. Surfacewater

Surface water radon concentrations ranged from 367 to 2530 Bq-m 3, with an average
of approximately 1100 Bq:m~3. These values were subject to high variability and marginal
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errors, primarily due to natural radon degassing and sampling challenges. Elevated radon
concentration levels are observed at specific points located downstream of groundwater dis-
charge points. For example, there is an increase in radon concentration from SW19 (downstream
502) and similarly thereafter between SW20 and SW22 (4 km reach along Montgomery Spruit).
The stream reach is only a few centimeters deep and thus prone to high degrees of degassing.
Therefore, the relatively constant radon concentration indicates steady groundwater discharge
along this reach or is representative of the background radon concentration.

Surface water isotopic signatures were more tightly clustered and aligned along a local
evaporation line (LEL). The true LEL for a region will be plotted with points from water
affected only by evaporation. In this case, the surface water line (SWL in graph) data is more
clustered close to the local meteoric water line, reflecting some evaporation but also consistent
groundwater contributions [24,25] (see Figure 7). The surface water regression line’s moderate
correlation (r = 0.57) and lack of a clear trend of isotopic enrichment downstream in the Little
Jukskei River support the consistenst groundwater contribution and cumulative inputs of
wastewater and stormwater. As for groundwater, there is no correlation in the surface water
between Rn and 5?H (Pearson’s r = 0.15) or Rn and 5'80 (r = —0.09).

Surface water EC values were higher on average (~411 uS-cm™1), likely influenced by
urban runoff and wastewater effluent [50]. A slight trend of increasing EC downstream is
observed (see Figure 0), also likely due to evaporative concentration and wastewater and
stormwater inputs. Surface water pH ranged from 7.12 to 7.91, indicating slightly basic
conditions with relatively minor seasonal variation. This stability suggests a buffering
effect from the various inputs.

4.2. Radon as a Tracer for Groundwater Input

Radon concentrations in groundwater varied widely (910 to 196,000 Bq-m~3), with
elevated levels associated with structural lineaments and fractured zones. These zones
represent preferential pathways for groundwater flow and radon transport. Groundwater
discharge is localized along these zones and seepages.

Radon concentration along the Montgomeryspruit decreases in the first 700 m from
its emergence at SP03, to SW18. While there is a considerable uncertainty overlap be-
tween the radon concentration at SW18 (796 + 224 Bq-m~—3) and the adjacent seepage S01
(910 377 Bq-:m~3), S01 shows a higher mean concentration, which is to be expected for a
soil or groundwater source, but the similarity to the surface water suggests that the S01
may have spent little time underground and could therefore be from a water pipe leak.

Seepage S02, located 1900 m further downstream of S01, shows a significantly higher
radon concentration (7322 + 1046 Bq/m~3) relative to the stream, suggesting that it is fed by
deeper groundwater. This high radon concentration and EC value, similar to SP01 (Alberts
Farm Spring), suggest a connection between Alberts Farm Spring and the groundwater
feeding S02. This is in line with the findings of [51], whose piezometric levels and stable
isotope data indicated that interflow feeds Montgomeryspruit.

Spatial analysis indicated localized zones of enhanced baseflow along the Little Jukskei
River, especially where structural features intersected the river, inferred from elevated
radon concentrations in surface water (Section 4.3). Conversely, stretches with low radon
concentrations suggest limited or no groundwater input, likely due to low hydraulic
gradients and impermeable subsurface conditions.

4.3. Seasonal Trends and Baseflow Indicators

The FINIFLUX model shows decreasing groundwater inflow over time along the Little
Jukskei River, from March to July to September 2021 (see Figure 8)—note the different
y-axis scale for groundwater input. Groundwater inflow in the first 4180 m fluctuated
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Figure 8. Measured radon concentration in surface water and predicted groundwater inflow from the
FINIFLUX model, plotted against distance downstream in the Little Jukskei River. The same analyses
and procedure have been conducted for three periods: March 2021 (top), July 2021 (middle) and
September 2021 (bottom). Note the different y-axis scales for groundwater inflow, showing reducing
levels of groundwater input from March to July to September. The spike in groundwater inflow at
the downstream side is from a modelling artefact from being near the model boundary.
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The FINIFLUX model was validated using measured radon concentrations from sur-
face water and adjacent groundwater sources within the Little Jukskei River catchment.
The model applied a least mean square error (LMSE) approach to minimize discrepan-
cies between modelled and observed radon concentrations using a parameter estimation
algorithm (PEST).

The correlation between modelled and measured radon concentrations in March and
July showed high correlation (r = 0.95-0.995), indicating strong agreement between mod-
elled and measured radon activities. The results for the September campaign showed
the lowest r values (<0.95), attributed to the lower overall radon concentrations observed
during that period. This weakened model optimization likely resulted in the underesti-
mation of groundwater inflow. Urban stormwater runoff, especially during the onset of
the rainy season, may have diluted radon levels or caused short-term spikes, complicating
the interpretation of the data. Additionally, wastewater effluent and infrastructure such as
sewers and impervious surfaces can mask or alter natural groundwater signals, as seen
when stable isotopes indicated limited groundwater—surface water interaction that may
have been obscured by urban wastewater inputs. Furthermore, access and morphological
constraints in urban river sections required extrapolation of parameters like flow rate,
introducing further uncertainty into the model.

The study reveals a trend in groundwater inflow along the Little Jukskei River based on
surface water radon concentration patterns across three campaigns. The March campaign
indicates the highest groundwater inflow, attributed to increased baseflow following the
rainy season, whereas the September campaign, at the end of the dry season, indicates
the lowest groundwater input. This suggests a seasonal fluctuation in groundwater levels,
receding in the dry season and rising during the rainy season, consistent with findings in
similar geological settings elsewhere, such as southwestern Nigeria [52].

This seasonal pattern is consistent with a fluctuating water table and limited aquifer
storage capacity in the fractured granitic geology of the area. Overall, baseflow was found
to be temporally variable, also controlled by the structural geology.

4.4. Isotope Patterns and Recharge Dynamics

Groundwater isotope values clustered below the Johannesburg Local Meteoric Water
Line (JLMWL), indicating recharge with minor evaporation during infiltration. Ground-
water exhibits a wide range of isotopic compositions, indicating that recharge takes place
during both typical and atypical rainfall conditions—the latter involving extreme events
that may result in more negative delta values [53-55]. d-excess values further corrob-
orated these findings, distinguishing between evaporated surface waters and spring-
fed contributions.

Anomalous d-excess values in the Montgomery Spring during March indicated mixing
with urban runoff, while consistent d-excess at the Albert’s Farm Spring confirmed a
groundwater origin. These patterns underscore the value of combined isotope and field
parameter analysis in tracing water sources.

Springs such as Albert’s Farm (SP001) showed higher radon and EC values in the
dry season, attributed to longer residence times and increased mineralisation. In contrast,
reduced EC in the rainy season reflected dilution from recharge. This dynamic was mirrored
in surface water, though signals were often masked by urban wastewater inputs.

4.5. Structural and Geologic Controls

The fractured crystalline aquifers of the Johannesburg Dome provide limited storage
and transmissivity, yet structural lineaments serve as high-permeability zones enabling
focused discharge. Boreholes located along these features exhibited higher radon levels,
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suggesting enhanced connectivity to deeper groundwater. These structurally controlled
zones also influence pathological risk in borehole water due to elevated radon levels.

The flat topography of the sub-catchment further limits hydraulic gradients [56],
reducing overall groundwater discharge potential except where aided by structural con-
duits. Fractures and faults act as primary pathways for groundwater flow and enable
rapid recharge.

4.6. Implications for Urban Hydrology and Water Management

In regions with highly permeable geology, groundwater domination in streamflow
during dry seasons is common. However, the impermeable underlying geology of Jo-
hannesburg suggests surface water-dominated streamflow along the Little Jukskei River,
supported by tributaries. Similar detachment of surface water from groundwater is ob-
served in environments like western Niger, where runoff rates are high due to thin soil
profiles overlying granitic areas [56]. Exposure of rock outcrops along the Little Jukskei
River indicates thin soil profiles and streambed sands, contributing to increased runoff rates
and surface water dominance. These findings underscore the complex interplay between
groundwater and surface water dynamics in the studied area.

The study demonstrates that urban baseflow is spatially and temporally variable,
influenced by seasonal recharge, structural controls and urban infrastructure. The low
baseflow index (~20.8%) for the Little Jukskei River, compared to the national average
(~31%), confirms a weak groundwater contribution overall, yet with localized zones of
significance [57,58].

Maintaining baseflow is critical for ecological health and water quality in urban
streams, especially during dry seasons. The findings suggest that preserving recharge zones
and mitigating infrastructure leaks and runoff pollution should be priorities for urban water
governance. Further, rapid assessment tools like radon and EC, complemented by stable
isotopes, provide robust and practical methods for urban hydrogeological investigations.

5. Conclusions

Electrical conductivity (EC) revealed a seasonal pattern of higher EC during the dry
season and lower in the rainy season, a slight downstream increase in EC, possibly due to
evaporation, and a generally low EC in groundwater, suggesting fast groundwater flow
through fractures, limiting rock dissolution.

Hydrogen and oxygen stable isotopes identified a leaking water pipe that feeds BH006,
due to the outlying nature of this point and its close match to municipal water. Springs,
seeps and boreholes all have a wide and overlapping range of 6 values, suggesting varied
recharge, such as seasonal in wet years and event-based after large storms. Surface water 6
values to lie on an evaporation line, but close to groundwater and the LMWL, indicating
only slight evaporation, reinforcing the conclusion from EC. The clustering of the stable
isotope data and lack of a clear downstream-evaporation trend suggest regular groundwater
input into the stream.

Radon measurements in groundwater varied, suggesting different groundwater types,
most likely caused by the presence of fractures with preferential flow and radon migration
along those fractures. The highest value, 196,000 Bq-m 2, from BHO013 is along the extension
of a mapped lineament, and is a slight cause for concern if used indoors. The FINIFLUX
model shows decreasing baseflow into the Little Jukskei River as the dry season proceeds,
from March to July to September 2021. This proves that the water table fluctuates seasonally.
The generally low baseflow quantities are partially due to the low hydraulic gradients
in the landscape and the poor basement aquifers, but are moderated by the presence of
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fractures, allowing more substantial volumes of groundwater to flow into the river where
these structural features intersect the streamline.

Urban environments are challenging due to access to private or public land and secu-
rity issues with leaving any monitoring equipment in place. Radon and EC analyses, both
with quick results, are useful and can be performed in response to weather events. Stable
isotopes, although taking longer to obtain results, add substantial value. Tritium and more
novel tracers, such as noble gases or CFCs, may provide even further enlightenment, as
would longer-term measurements of the same analytes used in this study, to capture differ-
ent years with different weather conditions and develop a longer time series. Precipitation
monitoring for stable isotopes would also be valuable.

The reliance of the Jukskei River on baseflow, especially to sustain the river during
the dry season, demands that groundwater be understood better to ensure the resource is
not depleted, resulting in drying of the river, affecting downstream users, including the
environment. Additionally, the water quality of groundwater may be better than urban
runoff, and so help maintain reasonable water quality in the river. There is much potential
for further study of the urban water cycle in Johannesburg, to ensure sustainability of the
groundwater resource and protection of the surface water ecosystem.

More generally, this study proves that quick, readily available and fairly cheap meth-
ods are useful for studying surface water and groundwater in urban areas. This is a vital
necessity as cities increase in size and their impacts on water resources, the environment
and humans become greater. Future work should include longer-term monitoring, in-
corporation of additional tracers (e.g., tritium, noble gases), and dedicated precipitation
sampling to refine understanding of recharge sources and improve predictive modelling
under different climate and land-use scenarios.
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Abbreviations

The following abbreviations are used in this manuscript.

BFI baseflow index

CFCs chlorofluorocarbons

EC electrical conductivity

GWL groundwater line

JRC Jukskei River Catchment
LEL local evaporation line
SMOW  Standard Mean Ocean Water
SWL surface water line
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