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The quantification of groundwater resources is essential especially in water scarce countries 6 
like Namibia. The chloride mass balance (CMB) method and isotopic composition were used 7 
in determining groundwater recharge along a precipitation gradient at three sites, namely: 8 
Tsumeb (600 mm/a precipitation); Waterberg (450 mm/a precipitation) and Kuzikus/ 9 
Ebenhaezer (240 mm/a precipitation). Groundwater and rainwater were collected from year 10 
2016 to 2017. Rainwater was collected monthly while groundwater was collected before, 11 
during and after rainy seasons. Rainwater isotopic values for δ18O and δ2H range from -10.70 12 
to 6.10 and from -72.7 to 42.1 respectively. Groundwater isotopic values for δ18O range from 13 
-9.84 to -5.35 for Tsumeb; from -10.85 to -8.60 for Waterberg and from -8.24 to -1.56 for 14 
Kuzikus/Ebenhaezer, while that for δ2H range from -65.6 to -46.7 for Tsumeb; -69.4 to -61.2 15 
for Waterberg and -54.2 to -22.7 for Kuzikus/Ebenhaezer. Rainwater scatters along the 16 
GMWL. Rainwater collected in January, February and March are more depleted in heavy 17 
isotopes than those in November, December, April and May. Waterberg groundwater plots on 18 
the GMWL which indicates absence of evaporation. Tsumeb groundwater plots on/close to 19 
the GMWL with an exception of groundwater from the karst Lake Otjikoto which is showing 20 
evaporation. Groundwater from Kuzikus/Ebenhaezer shows an evaporation effect, probably 21 
evaporation occurs during infiltration since it is observed in all sampling seasons. All 22 
groundwater from three sites plot in the same area with rainwater depleted in stable isotopic 23 
values, which could indicates that recharge only take place during January, February and 24 
March. CMB method revealed that Waterberg has the highest recharge rate ranging between 25 
39.1 mm/a and 51.1 mm/a (8.7% - 11.4% of annual precipitation), Tsumeb with rates ranging 26 
from 21.1 mm/a to 48.5 mm/a (3.5% - 8.1% of annual precipitation), and lastly 27 
Kuzikus/Ebenhaezer from 3.2 mm/a to 17.5 mm/a (1.4% - 7.3% of annual precipitation). 28 
High recharge rates in Waterberg could be related to fast infiltration and absence of 29 
evaporation as indicated by the isotopic ratios. Differences in recharge rates cannot only be 30 
attributed to the precipitation gradient but also to the evaporation rates and the presence of 31 
preferential flow paths. Recharge rates estimated for these three sites can be used in 32 
managing the savannah aquifers especially at Kuzikus/Ebenhaezer where evaporation effect 33 
is observed that one can consider rain harvesting.  34 
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1 Introduction 40 

Namibia is a dry sub-Saharan country with limited surface water resources due to the fact that 41 
all rivers inside Namibia are ephemeral and all perennial rivers are shared with neighbouring 42 
countries. Groundwater is therefore the main source of water in the country both for domestic 43 
and agricultural purposes.  44 

Estimating groundwater recharge in arid and semi-arid regions like Namibia can be difficult, 45 
because such regions are characterized by generally low recharge compared to the average 46 
annual rainfall or evapotranspiration, and thus making it difficult to quantify precisely 47 
(Scanlon et al., 2002). Recharge occurs to some extent in even the most arid regions and, as 48 
aridity increases, direct recharge is likely to become less important than localized and indirect 49 
recharge, in terms of total aquifer replenishment (Alsaaran, 2005 ) (De Vries and Simmers, 50 
2002). 51 

Accurate quantification of recharge rates is vital for proper management and protection of 52 
valuable groundwater resources. For proper management systems the recharge to the aquifer 53 
cannot be easily measured directly but usually estimated by indirect means (Lerner et al., 54 
1990).  55 

Chloride mass balance (CMB) method and environmental isotopes have been commonly used 56 
in water resource development and management (Subyani, 2004). CMB method is based on 57 
the law of conservation of mass, where chloride is considered as a conservative tracer. The 58 
input of chloride deposition by both dry and wet deposition is assumed to balance out the 59 
output of chloride concentration by infiltration and mineralisation.  60 

CMB method has been successfully applied in several studies to estimate groundwater 61 
recharge rates in semi-arid areas. Sharma and Hughes (1985) estimated groundwater recharge 62 
using CMB method in the deep coastal sands of Western Australia, (Gieske et al., (1990) in 63 
south eastern Botswana and Subyani (2004) in Saudi Arabia with 15, 2.5 and 11 % of the 64 
average annual precipitation respectively.  65 

Environmental isotopes are widely used as tracers to understand hydrogeological processes 66 
such as precipitation, groundwater recharge, groundwater-surface water and vegetation 67 
interaction.  A comparison of the δ18O and δ2H isotopic compositions of precipitation and 68 
groundwater provides an excellent tool for evaluating the recharge mechanism (Yeh et al., 69 
2014). This method can only be used to understand groundwater recharge processes rather 70 
than quantifying groundwater recharge, and therefore needs to be used hand in hand with 71 
other groundwater recharge estimation methods such as CMB. 72 

Vogel and Van Urk (1975) compared δ18O content of the precipitation at Grootfontein with 73 
the δ18O content of the groundwater from the Etosha National Park, assuming a north western 74 
discharge of groundwater from the Grootfontein district. His conclusion was the recharge 75 
only takes place under exceptional circumstances, when precipitation tends to have lower 76 
heavy isotope content. Hoad (1993) considers that recharge to the confined Kalahari aquifer 77 
occurs by through flow from the unconfined Kalahari aquifer. The unconfined aquifer 78 



between Namutoni Gate and Otjikoto Lake is defined as the recharge area where direct 79 
diffuse recharge is thought to be the dominant recharge mechanism to the unconfined 80 
Kalahari aquifer. Groundwater recharge estimation using the saturated volume fluctuation 81 
approach revealed annual recharge ranging between 0.33% and 4% of the mean annual 82 
precipitation for both Kalahari and Otavi dolomite aquifers (Bäumle, 2003). 83 

Mainardy (1999) estimated groundwater recharge rates based on the chloride method and on 84 
fracture aperture measurements. Recharge amount ranging between 3.2 to 4.8% of the mean 85 
annual precipitation were determined for bare, fractured sandstone in the western part of the 86 
Waterberg. Much lower recharge values of 0.2 to 1.8% of the mean annual rainfall in the area 87 
were derived for quartzite outcrops of the Nossib Group and for meta-sediments belonging to 88 
the Damara Sequence. 89 

Külls (2000) estimated groundwater recharge in the north-eastern part of the Omatako Basin 90 
ranging between 0.1 to 2.5 % using a water balance model. He also used CMB method that 91 
gave recharge values ranging between 2% and 3.3% of the mean annual rainfall. 92 

Külls (2000) observed only little isotopic enrichment by evaporation in the western part of 93 
the Waterberg area. However, the isotopic composition of groundwater from the secondary 94 
aquifers in the Damara Sequence north of the Waterberg indicates some evaporative 95 
enrichment due to shallower depths to the water table. 96 

Taapopi (2015) estimated groundwater recharge rates in the unsaturated zone at Ebenhaezer 97 
farm in the Stampriet Basin using CMB. Her findings ranged from 0.18% to 0.71% of the 98 
mean annual precipitation. Stone and Edmunds (2012) estimated groundwater recharge rates 99 
in the Kalahari dune field, Stampriet Basin using CMB method in the unsaturated zone. Their 100 
findings indicated recharge values between 4% and 20% of the mean annual precipitation, 101 
with chloride profiles representing between 10 years and 30 years of rainfall infiltration. 102 
JICA (2002) determined groundwater recharge rates of the Auob aquifer system, Stampriet 103 
Basin and found out that the recharge is 1% of the long-term mean annual precipitation. 104 

Although groundwater recharge studies have been carried out in Namibia, a seasonal 105 
sampling along a precipitation gradient has not been carried. This study thus aims at 106 
identifying groundwater recharge rates as well as processes using a CMB method and water 107 
stable isotopes δ2H and δ18O along a precipitation gradient in the savannah aquifers, therefore 108 
from Tsumeb area in the north, Waterberg in the central part and Kuzikus/Ebenhaezer further 109 
south of Namibia.  110 

2 Description of the study areas 111 

2.1 Location 112 

The study was carried out along a precipitation gradient in the following areas: Tsumeb, 113 
Waterberg and Kuzikus/Ebenhaezer. The study areas indicate a precipitation gradient (Figure 114 
1). Tsumeb area lies within the south-eastern part of Cuvelai-Etosha Basin, having the 115 
highest annual precipitation rate of about 600 mm/a and an annual potential evaporation rate 116 
ranging between 2000 to 3000 mm/a.Waterberg area lies within the south-western part of 117 



Omatako Basin. The area receives an annual precipitation of about 450 mm and has a 118 
potential evaporation of about 2800 mm/a. Kuzikus/Ebenhaezer area is part of the Stampriet 119 
Basin, where the annual precipitation within the basin ranges between 175 mm to 240 mm, 120 
with potential evaporation varying from 3000 mm/a to 3500 mm/a (DWA, 1988). 121 

Both Tsumeb and Kuzikus/Ebenhaezer study areas are flat-laying areas while Waterberg area 122 
has a southern slope where springs emerge from the Etjo sandstone. All three study areas are 123 
characterized by savannah vegetation zone which is mainly dominated by thorn trees and 124 
bushes. Common vegetation species that are found at all three study area are: Senegalia 125 
mellifera, Senegalia erioloba, Dichrostachys cineria, Boscia Albitrunca. 126 

 127 
Figure 1: Location of the study areas, Data source Acacia project E1 database.  128 

 129 

2.2 Geology, Hydrology and Hydrogeology 130 

2.2.1 Tsumeb area 131 

Tsumeb area is located within the Otavi Mountain Land of northern Namibia, which forms 132 
part of the Northern Carbonate Platform of the Pan African Orogen. Rocks of the Damara 133 
Supergroup are unconformably deposited on the Grootfontein basement rocks. The oldest 134 
Damara sediments are the volcanics and clastic rocks of the Nosib Group. These are 135 
unconformably overlain by rocks of the Otavi Group which are composed of Carbonates 136 
initially deposited on a stable marine shelf (Miller, 2008). Sandstone of the young Mulden 137 
Group overlay the Otavi Group rocks (Figure 2). 138 

 139 



 140 

Figure 2: Geology of the study areas, Data source E1, Acacia project database overlain by the 141 
mean chloride concentration in precipitation isolines obtained from Klock (2001).  142 

In general, the Otavi Mountain Land, within which the Tsumeb area lies, has a watershed 143 
draining westwards into the Ugab River catchment, northwards into the Etosha Pan, south 144 
and eastwards into the Omatako Omuramba, a tributary of the Okavango River (Christelis 145 
and Struckmeier, 2011).  146 

Groundwater in the Tsumeb area is contained in two principal aquifers: the Tsumeb Karst 147 
Aquifer (TKA) in the north and the Grootfontein Karst Aquifer (GKA) in the south.  148 
According to Van Vuuren (2011) these two aquifer systems are divided by the low 149 
transmissivity rocks of the Nosib group and therefore there is little groundwater flow between 150 
them. The GKA drains water towards the south, in the direction of the Omatako Omuramba 151 
whilst the TKA drains towards the north (Van Vuuren, 2011). 152 

Due to the karstic nature of the TKA, the groundwater potential in the study area is relatively 153 
high with a few areas that are locally having low potential probably where karstic features are 154 
not well pronounced (Figure 3). 155 

Borehole information from the SADC Groundwater Information Portal (SADC-GIP) shows a 156 
wide range of the borehole depths in the TKA. Some boreholes are as shallow as 18 m while 157 
some are as deep as 120 m. Depth to groundwater in the study area varies, with static water 158 
level as low as 6 m and the deepest at 25 m. 159 



160 
Figure 3: Hydrogeological map of the Tsumeb Area, Data source Department of Water 161 
Affairs of Namibia and BGR (2001) 162 

2.2.2 Waterberg area 163 

Waterberg area is covered by Kalahari sediments of less than 10 m thick that overlay the Etjo 164 
formation (Sandstone) of the Karoo group in the western part of the area and the secondary 165 
aquifers in the Damara sequence north of the Waterberg (Külls, 2000) (Figure 2).  166 

The Waterberg area forms part of the Brandberg, Erongo and Waterberg Hydrogeological 167 
Region of Namibia (Christellis and Struckmeier, 2011). The area has no permanent rivers, 168 
except for small ephemeral rivers which may carry water for very short periods after heavy 169 
rain. Generally, the Omatako Omuramba drains towards the east and finally to the north-east 170 
while the Ugab and several smaller rivers drain towards the west (Figure 4). Almost all water 171 
in the region comes from the underground, pumped from boreholes or via free flowing 172 
springs. 173 

In this region, the Waterberg plateau forms a major hydrogeological structure containing a 174 
series of contact fountains that drain water from the porous sandstone layers of the Etjo 175 
Formation (Christellis and Struckmeier, 2011). In addition to that, a number of springs 176 
emerge on the southern slope of the Waterberg. Groundwater in the study area occurs 177 
predominantly in hard rock bodies and porous alluvium aquifers, as shown in Figure 4. The 178 
hard rock bodies (sandstone) and the porous alluvium aquifers (Kalahari sand) have generally 179 
low but locally moderate groundwater potential whilst in areas where the hard rock bodies are 180 
fractured or fissured, the potential for groundwater is relatively high (Figure 4).     181 



SADC Groundwater Information portal (SADC-GIP) reveals borehole depth in the study area 182 
ranging from 50 m to 150 m and with an average depth to groundwater of 20 m. 183 

184 
Figure 4: Hydrogeological map of the Waterberg Area, Data source Department of Water 185 
Affairs of Namibia and BGR (2001) 186 

2.2.3 Kuzikus/Ebenhaezer area 187 

Kuzikus/Ebenhaezer, which lies in the north-western parts of the Stampriet Basin (Figure 1), 188 
is characterized by rocks of the Karoo Sequence, Nama group rocks as well as the Damara 189 
Sequence (Figure 2). These are overlain by young Kalahari sequence deposits (Miller, 2008).   190 

There are no permanent rivers flowing through the basin except for the ephemeral Auob 191 
River and Nossob River, which are the only evidence of surface water flow during wetter 192 
climates in the past (Christellis and Struckmeier, 2011). The entire basin therefore relies on 193 
groundwater.  194 

Groundwater in the basin occurs in three main aquifers (Figure 5): the Auob sandstone; the 195 
Nossob sandstone and the Kalahari beds (Alker, 2009; Christellis and Struckmeier, 2001). 196 
The Auob aquifer and the Nossob aquifer lie in the Ecca Group of the Lower Karoo 197 
Sequence. These aquifers are confined and may be free-flowing (artesian) in some parts of 198 
the basin such as in the Auob valley and downstream of the Stampriet settlement as well as in 199 



the Nossob valley around Leonardville. Elsewhere in the basin, groundwater is sub-artesian. 200 

 201 

Figure 5 Geological cross section of JICA section 1 (the section closer to the sampling 202 
points) in the stampriet basin (JICA, 2002) 203 

According to JICA (2002), small, shallow depressions caused by calcrete dissolution become 204 
karstic sinkholes where local runoff concentrates and sinks into permeable layers or 205 
structures below. Furthermore, fractures also act as preferential flow paths for groundwater 206 
recharge to these confined aquifers. Such geological features exist in the west, northwest and 207 
southwest of the basin; as a result there is low or non-existent of isotopic evaporation of the 208 
water in these aquifers. On the other hand, the water in the unconfined Kalahari layers in the 209 
central part of the basin has a very definite isotopic evaporation signal, indicating that a 210 
substantial proportion of rainfall evaporates and consequently does not recharge the aquifer 211 
(Alker, 2009).   212 

Groundwater in the Kuzikus/Ebenhaezer area is contained in porous aquifers, thus the hard 213 
rock bodies as well as in porous alluvium layers (Figure 6). The groundwater potential in 214 
these layers ranges between low to moderate potential. An average measured depth to 215 
groundwater in the study area is 36.5 m.  216 



217 
 Figure 6 Hydrogeological map of the Kuzikus/Ebenhaezer Area, Data source Department of 218 
Water Affairs of Namibia and BGR (2001) 219 
 220 

 3 Materials and Methods  221 

Seasonal field campaigns were carried out between 2016 and 2017 for Tsumeb, Waterberg 222 
and Kuzikus/Ebenhaezer areas. A total of 20 rainwater samples were collected monthly 223 
throughout the rainy seasons using a rain collector at all three study sites. Groundwater 224 
sampling was done before rainy season (around November), during rainy season (March), 225 
and after rainy season (June). As a result, a total of 28, 25 and 58 groundwater samples were 226 
collected from boreholes in Tsumeb Karst Aquifer, Tsumeb; boreholes and springs in the Etjo 227 
sandstone, Waterberg; and boreholes in the unconfined Kalahari sand, Kuzikus/Ebenhaezer 228 
respectively. Accessibility to boreholes in the Kuzikus/Ebenhaezer area enabled us to collect 229 
more samples compared to the other two study sites. 230 

Onsite parameters such as electrical conductivity, pH, redox potential and temperature were 231 
measured using Hach field portable instruments (pH meter, conductivity meter, multimeter 232 
for the redox pontetial). TDS was determined from the electrical conductivity values where 233 
the conversion factors (ke) for the study areas were determined from SADC-GIP borehole 234 
data. Average ke values of 0.66 for Tsumeb, 0.71 for Waterberg and 0.64 for 235 
Kuzikus/Ebenhaezer were used. 236 
 237 
50 ml glass bottles were used to collect groundwater samples. Chloride content for 27 238 
groundwater samples from the three study sites was determined using an ion-selective 239 
electrode by measuring 25 ml of the sample into a beaker with a chloride ionic strength 240 
adjuster, and then placed on a magnetic stirrer to homogenous the solution. 241 



The long term averages for annual precipitation amounts from DWA (1988) were used for 242 
each of the site to estimate groundwater recharge. An annual precipitation amount of 600 243 
mm/a was used for Tsumeb, 450 mm/a for Waterberg and an average annual precipitation 244 
amount of 240 mm/a for the Leonardville weather station close to Kuzikus/Ebenhaezer area 245 
was used.  246 

Average chloride concentrations in precipitation were obtained from Klock (2001). For 247 
Waterberg, the rain collector falls on the 1 mg/l average chloride concentration isoline. 248 
Furthermore, average chloride concentrations isolines were extended to obtain values for both 249 
Tsumeb and Kuzikus/Ebenhaezer as indicated in Figure 2, where a 1.05 mg/l and 0.95 mg/l 250 
were determined for Tsumeb and Kuzikus/Ebenhaezer respectively.  251 

Groundwater recharge rates were determined using the CMB method. For CMB in Kalahari, 252 
the input by dry deposition is small when compared to the wet deposition (Gieske, 1992) and 253 
for that reason it is assumed negligible and therefore the following equation can be used to 254 
estimate groundwater recharge: 255 

R = ((P – A)*Clp) /Clsw                                                                                                                                                                  256 

Whereby P = Precipitation (mm); A = surface runoff; Clp = Chloride concentration in 257 
precipitation (mg/l); Clsw = Chloride concentration in soil water (mg/l) and R = Recharge 258 
(mm).  259 

Both rainwater and groundwater isotopic contents were measured using the Laser Absorption 260 
Spectrometry measurements LGR DLT 100. Results are reported in ‰ versus VSMOW 261 
standard (Vienna–Standard Mean Oceanic Water). Typical analytical uncertainty of the 262 
reported isotopic values is about ±0.2 ‰ for δ18O and ±0.14‰ for δ2H. Both Chloride and 263 
isotopic content analyses were carried out at the University of Namibia hydro-laboratories.      264 

4 Results  265 

4.1 Groundwater physio-chemical parameters 266 

Groundwater pH ranges between 6.0 to 7.2 for Tsumeb; 5.4 to 8.4 for Waterberg; and 6.2 to 267 
8.0 for Kuzikus/Ebenhaezer, thus groundwater in these areas is slightly acidic to slightly 268 
alkaline in nature with an exception of Onyoka spring in the Waterberg area which is mildly 269 
acidic, covered by algae and not captured due to its low yield. With an exception of Onyoka 270 
spring in Waterberg, pH for all sites are within a range of 6 – 9 therefore, groundwater at all 271 
three study areas can be classified as of class A according to Namibian drinking water 272 
guidelines. 273 

The electrical conductivity values for Tsumeb range from 630 to 1763 µS/cm; 17 to 311 274 
µS/cm for Waterberg; and 347 to 994 µS/cm for Kuzikus/Ebenhaezer. Groundwater samples 275 
from Tsumeb area show elevated electric conductivities during rainy season and after rainy 276 
season in comparison to values before rainy season as indicated in Figure 7. Electrical 277 
conductivities for both Waterberg and Kuzikus/Ebenhaezer are below 1500 µS/cm and 278 
therefore the water quality is classified as of type A which is an excellent quality according to 279 



Namibian drinking water guidelines. All other groundwater points sampled in Tsumeb have 280 
class A water quality with an exception of Driefontain where the electrical conductivity is 281 
1763 µS/cm during the rainy season, making the water quality to be of class B, hence water 282 
with acceptable quality. 283 

284 
Figure 7: TDS for the three sites 285 

Total dissolved solids (TDS) at Waterberg and Kuzikus/Ebenhaezer sites are all within the 286 
World Health Organization (WHO) guidelines for safe drinking water (Figure 7). However, 287 
Tsumeb has one sampling point (Driefontain) where the TDS is above WHO guidelines 288 
during the rainy season (March 2017). 289 

The average redox potential values for Tsumeb, Waterberg and Kuzikus/Ebenhaezer areas are 290 
138.5 mV, 126.8 mV and 131.0 mV respectively. Such values are typical for an oxidizing 291 
environment. Groundwater sampled during rainy season has a higher redox potential 292 
especially those from Kuzikus/Ebenhaezer area (Figure 8) compared to those collected at the 293 
end of the rainy season. A summary of groundwater physical parameters is given below in 294 
Table 1. 295 

Table1:  Summary of physical parameters for all three seasons. 296 

 
Kuzikus/Ebenhaezer 

  
Parameter   Minimum    Maximum    Median 

   
Average 

pH 6.2 8.0 7.0 7.1 
EC (µS/cm) 347.0 1792.0 470.5 555.2 
Temp (oC) 17.2 39.7 26.3 26.6 
Eh (mV) -3.6 423.0 121.0 131.0 

 
    Waterberg 

  
Parameter 

          
Minimum 

       
Maximum 

          
Median 

             
Average 

pH 5.4 8.4 6.6 6.7 
EC (µS/cm) 17.0 311.0 158.2 123.8 
Temp (oC) 18.3 35.7 23.7 24.1 



Eh (mV) 25.4 204.6 126.4 126.8 

 
        Tsumeb 

  
Parameter 

       
Minimum 

       
Maximum 

         
Median 

           
Average 

pH 6.0 7.2 6.6 6.7 
EC (µS/cm) 630.0 1763.0 649.0 778.6 
Temp (oC) 14.9 31.4 27.8 27.1 
Eh (mV) 46.7 195.2 136.7 138.5 

 297 

 298 

Figure 8: Redox potential (ORP), Electrical conductivity (EC) and pH for the groundwater 299 
samples from Tsumeb, Waterberg and Kuzikus/Ebenhaezer areas. 300 

 301 

 302 

 303 



4.2 Chloride mass balance method 304 

Groundwater recharge rates in Tsumeb area vary between 21.1 and 48.5 mm/a (3.5 – 8.1% of 305 
annual precipitation) (see table 2). Waterberg recharge rates range between 39.1 mm/a to 51.1 306 
mm/a (8.7- 11.45% of annual precipitation) while rates from Kuzikus/Ebenhaezer are 307 
between 3.2 mm/a to 17.5 mm/a (1.3 – 7.3% of annual precipitation). On average, Waterberg 308 
has the highest recharge rate of 43.1 mm/a (9.6 % of annual precipitation), followed by 309 
Tsumeb with a rate of 36.4 mm/a (6.1% of annual precipitation) and lastly 310 
Kuzikus/Ebenhaezer with an average rate of 9.8 mm/a (4.1 % of annual precipitation).   311 

 Table 2: Groundwater recharge values based on chloride content 312 

Tsumeb Minimum Maximum Median Average 
Chloride in groundwater (mg/l) 13.0 29.8 14.2 18.1 
Recharge values (mm/a) 21.1 48.5 42.3 36.4 
Recharge values (%) 3.5 8.1 7.0 6.1 
Waterberg Minimum Maximum Median Average 
Chloride in groundwater (mg/l) 8.8 11.5 10.7 10.5 
Recharge values (mm/a) 39.1 51.1 42.3 43.1 
Recharge values (%) 8.7 11.4 9.4 9.6 
Kuzikus/Ebenhaezer Minimum Maximum Median Average 
Chloride in groundwater (mg/l) 13.0 71.4 26.9 31.5 
Recharge values (mm/a) 3.2 17.5 8.9 9.8 
Recharge values (%) 1.3 7.3 3.7 4.1 

 313 

4.3 Water stable isotopes 314 

Rainwater samples show isotopic contents ranging from –10.70 to 6.10‰ vs. VSMOW for 315 
δ18O and –72.7 to 42.1‰ vs. V-SMOW for δ2H. Rainwater samples are scattering along the 316 
global meteoric water line (GMWL) Figure 8. A seasonal effect is indicated by more 317 
enriched samples collected in April, May, November and December while samples collected 318 
in January, February, and March are more depleted in heavy isotopes (Figure 9). 319 



 320 

Figure 9: Isotopic values for rain samples collected at Tsumeb, Waterberg and 321 
Kuzikus/Ebenhaezer areas 322 

Groundwater samples show isotopic values ranging from –9.9 to –1.1‰ vs. V-SMOW for 323 
δ18O and –65.6 to –32.3‰ vs. V-SMOW for δ2H for Tsumeb area; –10.9 to –8.6‰ vs. V-324 
SMOW for δ18O and –70.7 to –61.2‰ vs. V-SMOW for δ2H for Waterberg and –8.2 to –325 
1.3‰ vs. V-SMOW for δ18O and –59.0 to –21.3‰ vs. V-SMOW for δ2H for 326 
Kuzikus/Ebenhaezer. 327 

Groundwater samples from Tsumeb area are plotting on the GMWL, with an exemption of a 328 
few that are plotting slightly below and above the GMWL (Figure 10). Groundwater from 329 
Waterberg area is plotting on the GMWL, with an exemption of few samples that are plotting 330 
slightly above the GMWL (Figure 10) but on the Global Network of Isotopes in Precipitation 331 
local meteoric water line for Windhoek (GNIP LMWL). Few groundwater samples collected 332 
at Kuzikus/Ebenhaezer are plotting on the GMWL while the majority of the samples are 333 
plotting below the GMWL. Samples that are plotting directly on the GMWL at 334 
Kuzikus/Ebenhaezer are mainly collected during the rainy season. In general, groundwater 335 
isotopic compositions from these three study sites are similar to that of rain water occurring 336 
in January, February and March (Figure 9 and Figure 10).  337 

Groundwater sampled during rainy season shows a trendline of δ2H = 3.8 δ18O – 28.1 with a 338 
R2 = 0.7) for Tsumeb; δ2H = 3.2 δ18O – 34.4 with a R2 = 0.6 for Waterberg; and δ2H = 5.0 339 
δ18O – 16.6 with a R2 = 1.0 for Kuzikus/Ebenhaezer. Samples taken after the rainy season has 340 
a δ2H = 4.4 δ18O – 24.2 with a R2 = 0.9 for Tsumeb; δ2H = 4.5 δ18O – 23.3 with a R2 = 0.5 for 341 
Waterberg; and δ2H = 5.7 δ18O – 14.7 with a R2 = 0.9 for Kuzikus/Ebenhaezer. Groundwater 342 
collected before the rainy season shows a trend line of δ2H = 3.8 δ18O – 28.2 with a R2 = 1.0 343 
for Tsumeb; δ2H = 3.5 δ18O – 32.1 with a R2 = 0.6 for Waterberg; and = 4.8 δ18O – 17.7 with 344 



a R2 = 1 for Kuzikus/Ebenhaezer. Groundwater collected at the beginning of the rainy season 345 
at Tsumeb and Waterberg areas show trend lines of δ2H = 4.3 δ18O – 23.3 with R2 = 1.0 and 346 
δ2H = 7.5 δ18O + 7.1 with a R2 = 0.9 respectively.  347 

348 

 349 

 350 

5. Discussion 351 

5.1 Groundwater physio-chemical parameters 352 

Groundwater samples from Onyoka spring in the Waterberg area are mildly acidic due to the 353 
presence of algae. The presence of algae in water reduces its pH due to the fact that the pH of 354 
the water is lowered during respiration, where carbon dioxide is produced and hydroxide 355 
levels decreases (Assmy and Smetacek, 2012).  356 

Waterberg groundwater having the lowest electrical conductivity and followed by 357 
Kuzikus/Ebenhaezer can be explained by the fact that groundwater at these two study sites 358 
are hosted in Karoo sandstone and Kalahari sand respectively where dissolution is limited in 359 
comparison to Tsumeb groundwater which is hosted in a karst aquifer (TKA). Consequently, 360 
this explains why Tsumeb area show elevated electric conductivities during rainy and after 361 
rainy seasons in comparison to values before rainy season which is due to rock-water 362 
interaction therefore dissolution of the carbonate minerals at Tsumeb especially at the 363 

Figure 10: Dual isotope plot of both rain water and  
groundwater samples from Tsumeb, Waterberg and  
Kuzikus/Ebenhaezer areas plotted together with the 
 GMWL and GNIP LMWL. 

 



Driefontain farm where TDS exceeded WHO drinking water guideline during 2017 rainy 364 
season. This is further supported by the study carried out by Li et al. (2018) in the western 365 
part of the Cuvelai - Etosha basin where authors identified dissolution of carbonates as the 366 
main hydrochemical process responsible for an increase in total dissolved solids. 367 

Groundwater sampled during rainy season has a higher redox potential especially at 368 
Kuzikus/Ebenhaezer area compared to other seasons due to rainwater that enters the 369 
groundwater system with a higher redox potential as a result of its exposure to atmospheric 370 
oxygen (Freeze and Cherry, 1979). This indicates that groundwater systems at all three study 371 
sites are under oxic conditions. 372 

5.2 Chloride mass balance method 373 

The chloride mass balance method revealed that Waterberg area has a higher recharge rate 374 
compared to all other study sites although Tsumeb area has the highest annual precipitation 375 
amount. This is an indication that groundwater recharge at these three study sites is not only 376 
necessarily controlled by the mean annual amount of precipitation at each site but probably 377 
by other factors too.  378 

A synthesis on groundwater recharge in Southern Africa done by Abiye (2016) revealed that 379 
the presence of permeable geological cover plays a role to groundwater recharge in the region 380 
which however not captured by most of the recharge estimate methods. Based on Abiye 381 
(2016) study, this would mean that Waterberg has more preferential paths compared to the 382 
other savannah aquifers since the area is fractured and faulted. Our recharge rates are 383 
however slightly higher compared to the previous studies in the study areas. For example, in 384 
the Tsumeb area, Bäumle (2003) estimated the rate to range between 0.33 to 4 % of the 385 
annual precipitation. This could be an indication that groundwater recharge rates probably 386 
vary in the Tsumeb Karst Aquifer depending on the degree of karstification. 387 

Both Stone and Edmunds (2012) and Taapopi (2015) estimated groundwater recharge rates in 388 
the Stampriet basin using the same method but in the unsaturated zone where Taapopi (2015) 389 
findings are lower compared to ours. However, our groundwater recharge rates fall under the 390 
range estimated by Stone and Edmunds (2012). 391 

Other factors that influence groundwater recharge in an arid to semi-arid environment are 392 
vegetation cover, slope and aspect and surface runoff. However these factors play an 393 
insignificant role in groundwater recharge variations since they are relatively uniform to the 394 
study sites. 395 

5.3 Water stable isotopes 396 

Scattering of rainwater samples along the GMWL/GNIP LMWL indicates a seasonal effect 397 
where by samples collected in April, May, November and December have more enriched 398 
isotopic values while samples collected in January, February, and March are depleted in 399 
isotopic values. April, May, November and December are generally dry months where rain 400 
amounts are small in Namibia. Gat et al. (2000) stated that dry months are associated with 401 



partially evaporated rain which is characterized by relatively higher δ18O values and hence 402 
enriched isotopic values in these months. 403 

Groundwater isotopic values similar to isotopic values of rainwater collected in January, 404 
February and March at all three study sites, could be an indication that groundwater recharge 405 
generally occurs during those months. Külls (2000) pointed out that the potential for direct 406 
recharge is highest in February followed by January and March in the upper Omatako Basin 407 
using a daily water balance method which correlates to our findings. Moreover, our findings 408 
correlates with the conclusion made by Vogel and Van Urk (1975) that recharge in the 409 
Grootfontein only takes place when precipitation have lower heavy isotope content. 410 

Figure 11 shows groundwater level fluctuation over the years 1987 to 2009, water levels rise 411 
generally from January and drop during June. A rise in the water level during these months 412 
could be attributed to groundwater recharge, hence supporting our findings. 413 

Groundwater from Waterberg area plotting right on the GMWL/GNIP LMWL suggests that 414 
there is fast infiltration of rainwater with the absence of evaporation, probably via preferential 415 
path flows. Such path flows could be faults or fractures since the Etjo sandstone formation is 416 
documented to be synsedimentary faulted (Mountney et al., 1998). 417 

Groundwater samples from Tsumeb area plotting on the GMWL/GNIP LMWL, with an 418 
exemption of a few that are plotting slightly below and above the GMWL also indicated fast 419 
infiltration of rainwater through karstific features, and probably slowed infiltration rates in 420 
areas that are not less karstified. Groundwater from Otjikoto Lake which is a karst sinkhole 421 
shows an evaporation effect due to the fact that it is open to the atmosphere. 422 

Gibson et al. (1993) stated that meteoric waters that have undergone evaporation display 423 
systematic enrichment in both δ18O and δ2H, resulting in divergence from the meteoric water 424 
line along evaporation lines having slopes of less than 8, often in the range of 4 to 6. 425 
Groundwater samples collected from Kuzikus/Ebenhaezer area are having a slope ranging 426 
between 4.8 to 5.7 during all field campaigns, therefore indicate an evaporation effect which 427 
is observed at all field campaigns, thus during, before and after rainy seasons. It is therefore 428 
suggested that evaporation probably takes place during infiltration of rainwater to the 429 
Kalahari beds, a typical isotopic evaporation signal for the unconfined Kalahari aquifer in the 430 
study area according to Alker (2009).  431 

Furthermore, isotopic values showing evaporation effect at Kuzikus/Ebenhaezer area 432 
compared to the other two sites corresponds to higher potential evaporation in that area in 433 
relation to potential evaporation rates at both Waterberg and Tsumeb areas (DWA, 1988). 434 



 435 

Figure 11: Water level fluctuation in Tsumeb (Driefontain) Data source Department of Water 436 
Affairs of Namibia  437 

6. Conclusion 438 

The water quality assessment based on the onsite parameters show that groundwater at all 439 
three sites is mostly safe for human consumption. Chloride Mass Balance method revealed 440 
that Waterberg area has the highest recharge rate compared to the other two study sites 441 
despite Tsumeb having a higher mean annual precipitation amount, followed by Tsumeb area 442 
and Kuzikus/Ebenhaezer area having the lowest. High recharge rates in the Waterberg can be 443 
related to the absence of evaporation as indicated by the isotopic ratios due to fast infiltration 444 
of rainwater possibly through preferential flow paths. Groundwater from Kuzikus/Ebenhaezer 445 
area indicated that evaporation takes place during infiltration of rainwater. Differences in 446 
recharge rates at these three study sites can not only be attributed to the precipitation gradient 447 
but also to the potential evaporation rates and the preferential paths at each study site. The 448 
identified groundwater recharge rates and recharge mechanisms revealed by chloride mass 449 
balance method and stable isotope composition provide useful information for groundwater 450 
management for example groundwater users in the Stampriet Basin where recharge values are 451 
very low due to evaporation during infiltration of rainwater can explore options such as roof 452 
rainwater harvesting.  453 
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