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Abstract: Dolomitic aquifers are regarded as important groundwater storage sites in South Africa.
Since these aquifers occur in a semi-arid climatic setting with low rainfall, often characterized by
a torrential downpour and high potential evapotranspiration, the occurrence of active recharge is
very limited (<5% of mean annual rainfall) as compared with the rainfall amount. The Malmani
dolomites that have undergone greenschist metamorphism contain widespread caves and open karst
structures at shallow levels, which facilitate groundwater recharge, circulation, storage and spring
occurrence. However, the open karst structures receive recharge that passes through fractures in the
vadose zone, which regulates the recharge through retardation and mixing processes. The integrated
approach involving major ions and stable isotopes of water was applied to understand the recharge
mechanism. The cave drip water samples were represented by the §'80 values of —3.95%o to 3.32%o
and the §2H values ranging from —11.0%o to 27.7%.. On the other hand, the rainfall isotope results
for 8180 fall between —16.11%. and 5.38%», while the §2H values fall between —105.7%o and 35.6%o.
The most depleted Malapa springs contain §'80 of —5.64%. and §*H of —32.4%o. Based on the results,
the mixing of water in the vadose zone could be considered as an indicator of the dominance of a
slow-diffusive flow process in the aquifer as a result of poor fracture permeability. However, regional
groundwater circulation through faults and dykes besides interconnected karst structures helps in
generating highly productive karst springs in the region characterized by low rainfall.

Keywords: dolomitic aquifers; diffusive flow; cave drip water; microstructures; Johannesburg

1. Introduction

In the Republic of South Africa, groundwater is an important resource that has rescued
the country during several drought years in the 1980s and recently in 2015 and 2016 (due
to El Nifio), as well as its dominance in the agricultural sector with over 80% of irrigation
water contribution [1]. Whenever there is a shortage of municipal water supply, groundwater
is the prominent and reliable source both in urban and rural areas. It is obvious that in
order to utilize groundwater, aquifers have to be sustained with active recharge owing to
the presence of favorable media for recharged water to circulate with ease. The Johannes-
burg region receives an average rainfall of about 710 mm/year, which falls sporadically
between October and March [2], and the region has high potential evapotranspiration of
1600 mm /year [3] which does not guarantee substantial recharge to the crystalline aquifers [4].

One of the environmental factors with an immediate impact on humans is climatic
variability that affects the water supply sector. Slight changes in rainfall and temperature
can be felt by humans and the economic sector; hence, competition for the available
water resources could be intensified. This is where groundwater from dolomitic aquifers
plays a significant role in supplementing the current water supply. There were various
efforts by the Department of Water and Sanitation to systematically document and manage
aquifers across the country, which recognized the dolomitic aquifers as one of the national
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groundwater reservoirs [5,6]. As a result of an increase in water demand due to rapid
population growth, the expansion of the industrial, agricultural and mining sectors and
high levels of water pollution, South Africa has difficulty in attaining water security for its
population and economic sector, which is aggravated due to its location in the arid and
semi-arid climatic setting that provides low groundwater recharge. Recently, the impact of
untreated municipal wastewater disposal in the water supply dam resulted in the cholera
outbreak that claimed over 47 lives in the Hammaskraal and Parys towns, South Africa [7],
which was attributed to poorly treated water at the water supply treatment plant.

Groundwater recharge from rainfall and surface water sources could take place either
directly or indirectly, which is an important process for the renewability of scarce water
resources. This can be conducted through a comparison of stable isotope records with global
and local meteoric water lines [8,9]. For rainfall to reach the zone of saturation, it must
be facilitated by the hydraulic parameters including porosity, hydraulic conductivity and
transmissivity that regulate the recharging water and mixing process. The variability in the
hydraulic characteristics could affect the effective rainfall to pass through the vadose zone
and reach the aquifer, hencecausing the mixing of stable isotopes during the circulation
process [2].

The spatial and temporal isotope variability in rainfall is influenced by the stable
isotope effects, which are a function of the climate (temperature, humidity and amount
of rainfall) and physical characteristics (elevation, distance from ocean, rainfall moisture
sources and temperature) [8]. This affects the stable isotope composition of rainfall that
eventually recharges the aquifers.

In line with this challenge, the main objective of the current work was to investigate
the role of the vadose zone and understand if rainfall is transferred directly to the water
table or delayed based on the fracture network. Often, the groundwater flow in a karst
structure is complex that varies from advective flow in an open structure to diffusive flow
in microstructures. Since dolomites are declared as strategic aquifers in the country; it is
important to look at the renewability of the system because water users are taping historic
storage, which will help to guide the groundwater management system. If karst systems
are directly open to the atmosphere and receive recharge from rainfall, advective flow is
expected to take place. However, it is essential to know how permeable the system is for
groundwater to appear as a big spring. With a major focus on the West Rand region, which
is situated west of Johannesburg, the current work tries to understand the groundwater
recharge characteristics based on an integrated approach that involves physicochemical
parameters, major ions and stable isotopes of water (130 and 2H).

2. Geological Setting

The current monitoring work was conducted in the dolomitic region which is sit-
uated along the western margin of the Johannesburg Dome; a near-circular, antifor-
mal structure covered by Mesoarchaean (>3.1 Ga) basement gneiss surrounded by out-
ward dipping volcano-sedimentary cover rocks of Neoarchaean to Paleoproterozoic age
(3.0-2.1 Ga) [10,11]. The cover sequence is represented by the Transvaal Supergroup,
which includes stromatolite-rich dolomite with abundant chert of the Late Archaean
(2.64-2.50 Ga) Malmani Subgroup dolomites [12] (Figure 1), which is composed of five
Formations (from base to top: the Oaktree, Monte Christo, Lyttelton, Eccles and Frisco
Formations) based on variations in stromatolite morphology, chert content and the presence
of shale and chert-breccia horizons [13]. The dolomite units had experienced greenschist
facies metamorphism and bedding-parallel shear along mylonite zones in dolomite and
interbedded shale units [14]. The dolomites were intruded by diorite sills and dykes that
were later subjected to low-grade metamorphism.
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Figure 1. Simplified geological, sample location map and schematic geological cross-section (A-B)
(sp stands for spring, st stands for a stream, the vertical scale is in m).

3. Karst Structures and Groundwater Occurrence

The widespread occurrence of geological structures such as joints, faults, dykes and
dissolution cavities provide suitable media for groundwater circulation in dolomites.
Dolomitic aquifers have high importance for water supply in the country [15], where
the regional assessment of the dolomitic aquifers has been conducted through different
projects [3,5,6,16]. These studies revealed that the dolomites of the Malmani Subgroup act
as the main aquifer in the north-central and western parts of the country and are character-
ized by an extreme spatial heterogeneity that strongly influences the hydraulic behavior of
the aquifer [17].
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The West Rand region has a very attractive landscape with rolling hills and stream
channels that are characterized by the occurrence of caves and springs. The dolomitic
aquifers are typically known for the high-discharging springs that often emerge along
structural boundaries and in places where the contact between the chert layer and dolomites
is prominent. In the dolomitic areas, cave formation was influenced by lithological variation
and cross-cutting fracture systems [18,19]. Caves are more evident in dolomites that are
relatively chert poor, which could be attributed to the fact that chert layers restrict the
circulation of groundwater and hence less possibility for the progression of dissolution.

Hydrogeological domains that are often identified as compartments in the dolomites
were bounded by crosscutting dykes and faults often forming structurally controlled
groundwater reservoirs. Since geological structures are regionally extensive, the dolomitic
compartments are interconnected that allow regional groundwater circulation through
different aquifer layers and drive the mixing of recharging water.

Dolomitic compartments are hydrogeologically distinct units with similar character-
istics isolated from each other by steeply dipping to vertical dolerite and syenite dykes,
silicified faults and layer-parallel shear zones and shale horizons [6,20,21]. Transmissivity
values between and within compartments range from 1 to 25,000 m? /day [21] reflecting the
heterogeneous nature of the dolomitic aquifers and variation in the open karst structures
with high water storage capacity. The limited local recharge, which is mostly <5% of the
mean annual rainfall (<35.5 mm/year of recharge from 710 mm/yr of rainfall), complicates
the renewability of the dolomitic aquifer at a local scale unless the hydrogeological system
is regionally open and extensive so that a chance for recharging water could increase.

Since geological structures such as dykes and faults are regionally extensive, they
play a significant role in regulating regional groundwater circulation. Often, the cross-
cutting structures form compartments and facilitate regional groundwater circulation,
hence generating springs with a discharge of more than 100 L/s that may not be possible
with limited local recharge.

The main focus areas in the dolomitic region include the Zwartkrans compartment,
which is represented by the Zwartkrans spring located ~1.4 km north-east (downstream) of
Sterkfontein Cave and the Tweefontein compartment that includes high-yielding springs
such as the Nash farm and Nouklip springs, as well as several small springs in the area.

The importance of a karst aquifer depends on the interaction between recharging
water and circulation that regulate the storage, owing to the presence of fractures and the
exchange of water between different layers and compartments.

In several dolomitic terrains across the world, groundwater occurs in complex geolog-
ical and hydrogeological settings. For example, the groundwater flow in the Precambrian
dolomite of Kabwe (Zambia) which is located in a semi-arid climate zone, is controlled
by fissures which decline rapidly below 80 m depth. Transmissivity is generally over
1000 m?/day and locally up to 3500 m?/day, which is associated with fracture
development [22]. The occurrence of more than 50 springs in the karstic aquifer in Iran
was attributed to water that seeps from the Seymareh Dam, where average groundwater
velocity ranges from 0.2 to more than 14 m/h [23]. This indicates that the karst structures
act as an open system. Similarly, water from the Niagara River above Niagara Falls, USA
was found to be infiltrating into a fractured dolomite aquifer, where a large portion of
the water flows into a tunnel excavated in dolomites, which suggests an open fracture
system [24]. Another study from the Sao Miguel karst-dominated watershed in Brazil [25]
reported strong influences of regional geological structures in the karst water flow direc-
tions, high concentrations of major ions, karstification processes and aquifer recharge that
are more active during the rainy season, while in the dry season, the watershed is fed
by groundwater. The hydrogeology of dolomites in the Pale di San Martino Mountains
(Northern Italy) was found to be represented by two flow systems due to variations in the
fracture and karst-related permeability. The upper flow occurs in a karstic zone with a fast
flow and is active during periods of high recharge; while the lower flow is slower and and
passes through the diffused fracture system [26].
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Both local and international studies underline the fact that groundwater circulation in
dolomites is not always facilitated by fractures and karst structures that vary with depth
and geological setting. Often, due to the prevalence of karst structures, groundwater
recharge is considered as a straightforward process in carbonate rocks. However, this work
tries to demonstrate that the presence of limited recharge in dolomitic aquifers is due to the
localization of fractures.

4. Study Area

The study area is part of the West Rand region situated west of the city of Johannesburg.
Particular focus was given to the areas dominated by dolomitic caves in order to conduct
water sampling. For stable isotopes of water (180 and ?H) analysis, drip samples were
collected inside the caves at about 15 m below the surface in the Sterkfontein area (Figure 2)
in addition to major springs in the Malapa area (see Figure 1).

Im

Figure 2. Inside the dolomite cave, about 15 m below the surface where drip samples were collected.

The Sterkfontein area is drained by the Bloubank stream and the Malapa area is
drained by the Skeerpoort stream (with Grootvlei stream as its tributary) which feed into
the Crocodile River, an important tributary of the Limpopo River. The Nash farm spring,
Nouklip spring and Bokomaso spring feed the Grootvlei stream. Springs are common in
dolomitic areas owing to the fact that the rocks are fractured and weathered with abundant
vegetation cover along the valleys that allow the retention of runoff by favoring delayed
recharge. Even though the area is characterized by low rainfall occurrence, the perennial
discharge of springs, flow of acid mine drainage and disposal of municipal wastewater
sustained stream flow throughout the year, which often complicates the hydrological
system and water quality in the area.

Springs with various yields (from less than 1 L/s to >100 L/s) are a characteristic
feature of the West Rand region. Small springs are more frequent than big springs. They
manifest in the form of patches of wet areas throughout the region. A notable pattern
for the occurrence of big springs is characterized by a relatively constant high yield and
they occur along structural lines. The most prominent dolomitic outcrop in the West Rand
area contains deformed chert layers (Figure 3a). Some big springs such as the Nash farm
spring discharge about 30 L/s [27]. Water from this spring is captured in the old farm dam
located 200 m downstream from the spring site, and the overflow disappears into an open
fracture system at about 500 m below the dam. Then, water appears as a Nouklip spring
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with a discharge of over 150 L/s. The Grootvlei stream starts its journey from this spring
(Figure 3b). A small Bokomaso spring, with a discharge of about 4.5 L/s, also joins the
Grootvlei stream at about 150 m downstream of the Nouklip spring. Along the Grootvlei
stream, travertine is actively deposited in the stream channel forming a damming effect
resulting in small rapids (Figure 3d). The schematic cross-section (Figure 4) is helpful in
depicting the field occurrence of the Malapa springs and Grootvlei stream.

Figure 3. (a) Deformed chert layers within the dolomite outcrop, (b) Nouklip spring discharge point,
(c) Travertine deposit and (d) Small rapid formed due to the damming effect of the travertine along
the Grootvlei stream channel.

4 Pond

farm sp / Nouklip sp

“# Nash farm sp

259149804 A

Figure 4. Schematic cross-section along A-B that portrays the occurrence of springs in the Malapa
area (for the lithology of the inset map, refer to Figure 1).
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In the Sterkfontein area, the discharge of the Zwarkrans spring is in the order of
100 L/s [27] that feeds the Bloubank stream, which flows into the Crocodile River (see
Figure 1).

The chemical and isotopic study helps to explain if indeed the open karst structures
are responsible for high spring discharge or groundwater that circulates predominantly
within the microfractures and weathered zones recharge the regional dolomitic aquifer. It
is also essential to understand if the groundwater flow in the dolomitic aquifer is taking
place either through advective (fast flow) or diffusive (slow flow) processes in the vadose
zone based on the nature of fracturing and weathering.

5. Methods

A relevant sampling strategy was designed to collect representative water samples for
major ions and environmental isotope analyses. One dolomite cave was selected based on
access and safety requirements. Cave drip samples were collected at least twice a month
(for one year) in the Sterkfontein area for stable isotope analysis. This was conducted by
placing a pre-rinsed 500 mL flask to capture the water that drips from the roof of the cave.
This was intended to obtain mixed water that was collected over 12 h, in order to coincide
with the rainfall event at the time of sampling. There were several points where water was
dripping in the cave, so a random approach was followed based on the accessibility of the
sampling point. On the other hand, samples from the Malapa area were used to analyze
the major ions and stable isotopes of water.

Four prominent springs in the area were considered in this study (Figure 1). Samples
for the stable isotopes of 80 and 2H analysis were pipetted into a 1.5 mL vial for analysis
on the Liquid Water Isotope Analyzer-model 45-EP, Laser machine at the University of the
Witwatersrand, South Africa. The machine is known for providing acceptable results with
a precision of approximately 1%o for 8*H and 0.2%. for 680 in liquid water samples of up
to at least 1000 mg/L dissolved salt concentration.

The physicochemical parameters were measured in the field with a pre-calibrated
Orion Star A214 pH/ISE multi-parameter probe. During fieldwork, the appropriate quality
control (QC) procedure was followed by regularly calibrating the instrument as the ambient
temperature varies and conducting a test with a predefined buffer solution (pH 4.0 and 7.0)
to verify if the multimeter is in good order.

6. Results and Discussion

The physicochemical and chemical data from the Malapa area indicate the presence
of less mineralized springs that circulate in the dolomite. The water temperature of the
Nash farm and Nouklip springs (SP1 and SP2) was 22.1 °C and 21.6 °C, with an electrical
conductivity (EC) of 360 uS/cm and 420 uS/cm, respectively. Even though the ambient
temperature at the time of measurement in August was below 10 °C, the temperature of the
water was high, which shows the aquifer temperature has not been impacted by the local
weather condition implying the possibility of deep circulation. The influence of equilibria
between the solute and gaseous phases of CO, on carbonate dissolution and precipitation
processes greatly depends on the pH and water temperature. Once deep circulating water
appears as a spring, atmospheric conditions influence the CO, liberation and, hence, the
pH changes (increases), which influences the precipitation of travertine from the spring.
As the Nouklip spring flows downstream, EC shows a decreasing trend (Table 1) due to
calcite precipitation in the form of travertine and possible mixing with shallow springs
that joins the stream, from ST1 to ST5 (Figure 5). In some places, the travertine deposit
has a thickness of up to 15 m with a lateral extent of up to 200 m. The spring samples
maintain high EC values with a near-neutral pH. High EC values were recorded for springs
at a discharging (emergence) point (cluster A) and low values for the stream samples after
travertine deposition (cluster B) due to the precipitation of calcite along the flow path.
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Figure 5. The EC and pH variation in the water samples grouped as cluster A and cluster B.

Table 1. Physicochemical, major ion and isotopic results for spring samples (SP: spring, ST: stream).

SP1 Pond SP2 SP3 ST1 ST2 ST3 ST4 ST5
Parameter Unit Nash Nouklip Bokomaso 50 m below 150 m below 300 m below Tributary  Tributary
Farm Spring Spring SP2 SP2 SP2 1 2
Elevation m. a.s.l 1450 1440 1323 1319 1320 1300 1290 1290 1290
pH 7.50 8.11 7.65 7.66 7.77 8.53 8.59 8.52 8.38
T °C 22.10 21.30 21.60 21.30 21.50 21.50 20.80 21.10 19.20
EC uS/cm 390.0 361.0 420.0 391.0 387 384.0 374.0 360 367
TDS mg/L 293.0 271.0 315.0 294.0 290 278.0 280.0 270 275
ORP mV —-15.7 —-64.5 —22.2 -31.0 —29.5 —73.2 —75.2 —76.5 —63.1
Ca mg/L 38.0 32.0 41.0 38.0 34.0 31.0
Mg mg/L 23.0 24.0 26.0 24.0 24.0 20.0
Na mg/L 1.6 1.5 1.5 1.5 1.3 1.8
K mg/L 0.5 0.2 0.4 0.3 0.3 0.4
HCO;3 mg/L 224.0 207.0 243.0 226.0 221.0 219.0
COs mg/L 0.0 1.0 0.0 2.0 4.0 5.0
Cl mg/L 24 24 14 1.0 1.4 2.0
SOy mg/L 29 24 2.1 0.6 1.9 1.0
52H %0 -29.0 273 —31.0 —324 -31.2 -30.4 -30.1 —29.6 —29.2
5180 %o —5.17 —4.75 —5.42 —5.64 —5.40 —5.39 —5.23 —5.11 —-5.17

The pH records show a relatively increasing trend from pH 7.6 to pH 8.5 along
the stream flow path. The increase in pH downstream is a typical characteristic of the
degassing of deep circulating springs [28,29] when water is exposed to an oxic condition
(Ca?* + 2HCO;3~ — CaCOj; + Hy,O + CO, 7). The low pH values (cluster A, Figure 5)
represent springs at the emergence point while higher values (alkaline pH) represent the
travertine deposition down the valley. This process facilitates the removal of CO; from the
spring water and favors the precipitation of travertine.

The variation in the EC values could be linked to the maturity of the Nouklip spring
through deep circulation and prolonged water—rock interaction process as compared to
the upstream Nash farm spring. The hydrochemical analysis of the springs also revealed
high Mg and Ca content for SP1, SP2 and SP3 that range between 23 mg/L and 26 mg/L
and 38 mg/L to 41 mg/L, respectively. The Nouklip spring has distinctly high Mg and
Ca content, which confirms the dolomites as a host. The spring water has relatively low
Na, K, SO4 and Cl concentrations in the range of 0.5 mg/L to 3.3 mg/L. All springs have a
relatively constant Na concentration with an average of 1.5 mg/L, suggesting the absence
of sodium-bearing minerals in the aquifer system.

The Zwartkrans spring (Table 2) has a high EC value (840 uS/cm) as compared with
other springs in the area. Owing to its host, dolomite, it has a high bicarbonate content
(195 mg/L). However, the high sulphate concentration of 154 mg/L, could be attributed to
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the impact of acid mine drainage that flows through the Bloubank stream and seeps into
the dolomitic aquifer. The annual seepage from the Bloubank stream was estimated at 30
million m? [30] into the dolomitic aquifer upstream of the Zwartkrans spring that affected
the spring water chemistry with a high sulphate content.

Table 2. Chemical and isotope data for the Zwartkrans spring in 2010 [27].

Parameter Zwartkrans Spring

pH 7.5
EC (uS/cm) 840
Ca (mg/L) 66
Mg (mg/L) 37
Na (mg/L) 36
K (mg/L) 1.5
Cl (mg/L) 57
SOy (mg/L) 154
HCO3 (mg/L) 195

52H (%o) —16.8

5180 (%o) —3.17

The water type of samples in Table 1 falls under Ca-Mg-HCOj5 type water (dark circle),
while the Zwartkrans spring (Table 2) is identified as Ca-Mg-SOy (dark square) (Figure 6).

EXPLANATION
®  Cluster 1: Malapa springs

B Zwartkrans spring
o~
A

%

"

N

Ca:'
CATICNS ANICNS

Figure 6. Two distinct facies in the Piper plot are based on the water quality data in Tables 1 and 2.

Based on the stable isotope results (Table 3), it was clear that the cave drip samples fall
within the range of rainfall records. The stable isotopes of ®O and ?H have been plotted
along with the Johannesburg Local Meteoric Water Line (JLMWL) which was defined by
§2H = 6.76'80 + 10%0 [31] and the Global Meteoric Water Line (52H = 7.95'80 + 8.72%., [32])
(Figure 7). In this plot, the cave drip water samples are represented by the 5'0 values of
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—3.95%0 to 3.32%o (ave. —1.90%0) while the §2H values range from —11.0%o to 27.7 %o (ave.
0.4%0). On the other hand, the rainfall isotope results for 5180 fall between —16.11%o
and 5.38%. (ave. —4.63%.), while the §°H values fall between —105.7%0 and 35.6%o
(ave. —19.2%o).

Table 3. Stable isotope data for cave drip samples at Sterkfontein and rainfall at Johannesburg.

Code 5180 (%o) =+ (%o) 8%H (%0) =+ (%o0) Code and Date 5180 (%o) £ (%0) 8%7H (%0) =+ (%0)
CAVE 05 01 2021 -3.10 0.1 -71 0.6 RF 06 01 2021 —10.80 0.3 -71.9 1.1
CAVE 20 01 2021 —2.76 0.1 -5.6 0.3
CAVE 05 02 2021 2.01 0.1 10.9 0.9 RF 02 02 2021 —16.11 0.2 —105.7 1.2
CAVE 20 02 2021 —0.24 0.1 10.3 0.5
CAVE 05 03 2021 —1.68 0.1 2.3 0.3 RF 04 03 2021 —2.14 0.1 -1.3 1.2
CAVE 20 03 2021 —-2.17 0.1 1.3 0.3
CAVE 05 04 2021 -3.23 0.1 —4.4 0.3
CAVE 20 04 2021 —3.90 0.1 -89 0.3 RF 06 04 2021 —5.88 0.25 —16.1 1.3
CAVE 05 05 2021 —1.81 0.1 —2.6 0.3
CAVE 20 05 2021 —-3.72 0.1 —9.6 0.3
CAVE 05 07 2021 —2.20 0.1 —-8.7 0.7
CAVE 20 07 2021 -1.15 0.1 17.9 1.0
CAVE 05 09 2021 3.32 0.1 27.7 0.5 RF 30 09 2021 5.38 0.3 35.6 15
CAVE 20 09 2021 —3.95 0.0 —11.0 0.4
CAVE 05 10 2021 -1.31 0.1 —0.4 0.3 RF 02 10 2021 —0.94 0.0 6.5 0.3
CAVE 20 10 2021 —0.98 0.1 10.9 0.3
CAVE 05 11 2021 —3.03 0.1 -39 0.3 RF 07 11 2021 —2.60 0.1 6.8 1.1
CAVE 20 11 2021 -3.71 0.2 -7.7 0.3
CAVE 05 12 2021 -3.07 0.0 —6.6 0.3 RF 02 12 2021 —3.95 0.0 -7.6 0.3
CAVE 20 12 2021 —-1.32 0.1 3.9 0.3

Average —1.90 0.4 —4.63 —19.2

According to the plot in Figure 7, the “cave drip water” reflects a similar isotopic
composition as rainfall, where some rainfall samples contain highly depleted 5'80 value of
—16.11%0 and §?H value of —105.7%. that depict high latitude moisture sources such as
from Antarctica, and highly enriched 5'80 value of 5.38 %0 and §*H value of 35.6%o. that
reveal the presence of localized moisture source for rainfall sourced from the southern
Indian and tropical Ocean regions. This suggests that the Johannesburg area is receiving
moisture from different sources dictated by moisture trajectory due to seasonal changes.
The average values for the cave drip samples show more enrichment than the rain samples
due to mixing and recharge that took place after evaporation. The cave drip samples do not
reflect the extreme values measured in the rainfall samples, which could signify that they
might have been recharged by different rainfall in previous years with a delayed circulation
in the vadose zone which might have undergone a mixing process. The drips in the cave
take place irrespective of the seasons throughout the year. This could suggest the possibility
of retention or delay in the circulation of the recharged rainfall in the vadose zone. This
could be attributed to a retarded flow as a result of microfractures in the dolomites.

The Malapa spring samples contain depleted $*H values that range between —32.4%o
and —29.6%0 (excluding —27.3%. for the pond sample due to evaporation) and 5'0
values that range between —5.64%0 and —5.11%o (excluding —4.75%o for the pond sample
due to evaporation).

The position of the Zwartkrans spring in Figure 7 with relatively enriched 'O and
2H values as compared with the Nash farm and Nouklip springs suggests the recharge
from the evaporated seepage water from the Bloubank stream in the dolomitic aquifer
owing to the presence of highly permeable structures. The springs that have not been
affected or mixed with recent water were plotted in the depleted isotopic region (see the
position of the Nash farm and Nouklip springs that include the Pond, Bokomaso springs
and streams). The similarity in the stable isotope composition could confirm the similarity
in the hydrogeological basin and recharge history. A past study [33] reported that the
mean residence time of groundwater that emerges through springs in the Malapa area
ranges from 1650 + 50 to 1850 £ 50 years, where about 200 years was the time needed for
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groundwater circulation between the two springs. Consequently, the springs’ discharge
always remains high throughout the year irrespective of the season as a result of regionally
dominated groundwater circulation through geological structures.
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Figure 7. Stable isotope plot with respect to the Johannesburg Local Meteoric Water line
(5%H = 6.76"80 + 10%o, [31]) and the Global Meteoric Water Line (52H = 7.95180 + 8.72%., [32]).

7. Conclusions

The circulation of recharged rainfall through dolomitic microfractures in the vadose
zone reflects its important role in delaying the flow that appears in the caves. Even
though the stable isotope plot for the cave drip samples shows a similar signature to
rainfall, it does not reflect the presence of extreme isotopic values that were recorded in
rainfall, suggesting the possibility of a delay in circulation that could result in the mixing of
recharged water in the vadose zone. Considering the spatial separation of 2.6 km between
SP1 (Nash farm spring) and SP2 (Nouklip spring) and the residence time difference of about
200 years [33], this confirms the retardation process in the dolomites and poorly developed
groundwater circulation media and the heterogeneous nature of the dolomite. This also
helps the storage of groundwater to take place from one compartment to the other along
the boundaries of the compartment. Even though the area is characterized by low rainfall
and high evapotranspiration, there are high-yielding springs as much as 150 L/s in the
area, which indicate the role of regional structures that connect different compartments and
allow regional groundwater circulation rather than local recharge which is insignificant.

The deposition of travertine is a very good indicator of carbonate saturation and
change in the alkalinity of water in the springs as a result of prolonged water—rock interac-
tion in the dolomite. Weathering zones and fractures are the primary media for recharge
to take place that facilitate the widespread occurrence of small springs. However, faults
and dissolution cavities (karst structures) are most widely associated with large springs.
In general, the findings of the current work help to contribute to the understanding of the
delayed recharge in dolomites besides the need to be cautious in using the millennia-old
groundwater for various economic uses since the aquifers are not readily recharged with
recent rainfall.
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