<@ sustainability

Article

Toward the Sustainable Use of Groundwater Springs: A Case
Study from Namibia

Fanny Soetaert I'*, Heike Wanke 207, Alain Dupuy !, Vanessa Lusuekikio 3, Eric C. Gaucher 40,

Vincent Bordmann 3

check for
updates

Citation: Soetaert, F.; Wanke, H.;
Dupuy, A.; Lusuekikio, V.; Gaucher,
E.C.; Bordmann, V; Fleury, ].-M.;
Franceschi, M. Toward the
Sustainable Use of Groundwater
Springs: A Case Study from Namibia.
Sustainability 2022, 14, 3995. https://
doi.org/10.3390/5u14073995

Academic Editors: Joerg Helmschrot,
Gabriel Miguel and Willem Petrus de
Clercq

Received: 2 February 2022
Accepted: 11 March 2022
Published: 28 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Jean-Marc Fleury ° and Michel Franceschi !

Centre National de la Recherche Scientifique (CNRS), Institut National Polytechnique de Bordeaux,
Environnements et Paléoenvironnements Océaniques et Continentaux (EPOC), UMR 5805,
University of Bordeaux, 33600 Pessac, France; alain.dupuy@bordeaux-inp.fr (A.D.);
michel.franceschi@bordeaux-inp.fr (M.F.)

2 Faculty of Environment and Technology, University of the West of England, Bristol BS16 1QY, UK;
heike.wanke@uwe.ac.uk

Department of Geology, Faculty of Science, University of Namibia, Windhoek 13301, Namibia;
vanessalusuekikio@hotmail.com

Institute of Geological Sciences, Faculty of Science, University of Bern, 3012 Bern, Switzerland;
eric.gaucher@geo.unibe.ch

TotalEnergies, 75015 Paris, France; vincent.bordmann@totalenergies.com (V.B.);
jean-marc.fleury@totalenergies.com (J.-M.F.)

Correspondence: fanny.soetaert@bordeaux-inp.fr

Abstract: The water supply in drylands mainly relies on groundwater, making it a crucial resource.
Springs in southern Africa are often underutilized, and are neither protected nor monitored. Thus,
the aim of this study was to evaluate their quality in a sample area in northwestern Namibia and
to propose solutions for the sustainable use of springs. In total, 35 springs and hot springs were
evaluated in the study area located in the drier part of Namibia (Pmean = 150—400 mm/year), an
area highly impacted by ongoing climate change with longer and more frequent drought seasons.
The springs there are mostly uncaptured and the discharge is in the form of surface runoff, which is
mainly lost to the atmosphere by evaporation. Most of the studied springs were perennial, despite
a severe drought period. Local communities rely on the springs mainly for livestock and human
consumption, as well as for irrigation. However, 71% of the springs do not have any protective
measures. The temperature, pH, conductivity and alkalinity were tested in situ. In total, 20 samples
were collected and analyzed for major ions (boron, fluoride, silica and strontium) and total dissolved
solids (TDS). The physical and inorganic results mostly indicated good and excellent quality water for
human consumption, while the hot springs tended to have poor water quality in terms of Namibian
standards, indicating that the water was not fit for human consumption.

Keywords: climate change; Namibia; springs; sustainable resource; water quality; water supply

1. Introduction

In the majority of sub-Saharan African countries, access to water, especially affordable,
safe drinking water, is a major challenge. In semi-arid to arid rural areas, such as the
Kaokoland in northwestern Namibia, groundwater is the main source of freshwater and is
used for domestic and agricultural purposes. Unfortunately, the quality and sustainability
of this resource are still uncertain and may be affected by seasonal effects, global climate
change and population growth.

In this part of the country, most of the water is abstracted from shallow boreholes
(<50 m) and wells. However, a surprisingly high number of springs are emerging at the
surface. Some of these springs dry up during the dry season, but the majority remain
perennial, sustaining wildlife, livestock and humans.
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However, over the past few decades, drought, climate change and/or high groundwa-
ter abstraction in the spring catchments have disturbed the balance between recharge and
spring discharge. Some perennial springs have become seasonal springs, and some seasonal
springs have turned into dry springs [1]. Groundwater is becoming increasingly exploited,
and this resource is becoming vulnerable [2—4]. The springs are essential for small local
communities, and they represent a simple and affordable resource. However, this resource
is replenished by shallow groundwater, making it more vulnerable to contamination, which
may have an important impact on human health [5]. Most of the springs are not captured
and do not have any protective measures, e.g., a protection zone, against contamination.
Few studies have reported on the contamination of shallow aquifers in these areas. Re-
searchers have outlined that these contaminations could either be bacteriological [6,7] or
inorganic [7-11].

The aim of this study was thus to assess groundwater use and the quality of spring
waters used by local communities in northwestern Namibia. To ensure the safety of
drinking-water supplies, the World Health Organization (WHO) developed guidelines
for drinking water [12]. The WHO values and recommendations can be adapted in each
country, depending on the health and economic conditions, to create national standards.
In Namibia, for water to be considered “suitable” for human consumption, it must satisfy
certain quality standards developed by the Department of Water Affairs [13].

Based on these guidelines and standard values, the specific parameters of pH, elec-
trical conductivity, total dissolved solids (TDS), and the major ions calcium, magnesium,
potassium, chloride, sulfate, nitrate and fluoride are evaluated to determine if the water is
fit for human consumption. These are standard parameters that have been used in several
studies from other countries to evaluate groundwater quality [14-16].

The Water Quality Index (WQI) is also used in this work as an alternative way to
determine the water quality and determine if it is fit for human consumption. This method,
first developed by Horton (1965) [17], has been commonly used [15,16,18,19].

Unfortunately, due to the travel restrictions caused by the COVID-19 pandemic, some
of the initially scheduled field investigations were canceled. This study does not consider
the potential effects of the seasonality on the hydrochemistry of the springs, which could
have an impact on the value of the parameters [7,15] and the spring discharge flow.

Based on this case study, recommendations have been developed for the sustainable
exploitation and protection of springs in Namibia and in other regions that are similar in
terms of climate, hydrogeology and land use.

The first section of this manuscript briefly presents the geological and hydro-climatic
regional context. It also describes the hydrogeological control of the springs” occurrence
in the study area: northwestern Namibia. The next section develops the materials and
methods used for this work. One section is dedicated to a brief overview of the springs’
uses and protection based on field observations. The following section is dedicated to the
presentation of the geochemical results, which are based on physico-chemical characteristics.
The next section contains the interpretation and discussion of the evaluation of the water
quality of the springs in Namibia, with a focus on Kaokoland, northwestern Namibia, to
determine potential sources of pollution. The last section is dedicated to recommendations,
based on the WHO guidelines for drinking water, to maintain and improve groundwater
quality and quantity, and to use this resource sustainably.

2. Study Area

This study was carried out in northwestern Namibia, mostly in the western Kunene
and Omusati regions, in the western part of Kaokoland, and also in the Otavi Mountain
Land (Figure 1). The majority of the springs in Namibia are located in the mountain zones
of the Damara Belt and the Kaoko Belt (Figure 1), emerging at altitudes between 600 and
1450 m.
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Figure 1. Topographic map showing spring occurrences and the location of the studied area, which
includes the eastern Kunene and western Omusati areas, and the locations of the studied thermal
springs in northwestern Namibia.

2.1. Hydro-Climatic Context

In the arid and semi-arid country of Namibia, precipitation is scarce and highly
variable, both temporally and locally. In the northwestern region, rainfall events mainly
occur between October and April, and the mean annual precipitation ranges between
150 mm /year in the west to 400 mm/year in the east, while the potential evapotranspiration
can exceed 3000 mm/year. The average annual temperature is 20 to 25 °C and can reach
35 °C between September and January [20].

Except for the Namibian border rivers, no surface water is perennial in the country.
The occurrence, distribution, and extension of surface runoff are seasonal and depend on
precipitation [1,3,21,22].

Namibia has often experienced drought periods, especially over the past few
decades [23-25], but one of the worst drought episodes in the country occurred in 2019 [26-30].

2.2. Regional Geology

The study area, situated on the western rim of the Cuvelai-Etosha Basin (CEB, Figure 1),
is bounded by two orogenic belts resulting from the collision between (i) the Congo Craton
and the Kalahari Craton, and (ii) the Congo Craton and the Rio de la Plata Craton, during
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the Neoproterozoic Pan-African Orogeny [31,32], which formed the Kaoko Belt to the west
and the Damara Belt to the south (Figure 1).

The oldest (Pre-Damaran) rocks present in the area are Paleoproterozoic metamorphic
complexes of volcanic, granite and gneiss rocks (Figure 2), which characterize the basement
of the CEB. Largely outcropping on the western rim of the basin, eastern Kaokoland, the
Neoproterozoic Damara Supergroup [32] constitutes the main succession of the Northern
Otavi Platform (Figure 2). The oldest deposits of the Damara Supergroup are the synrift
fluvio-clastic metasediments of the Nosib Group, followed by an important carbonate
platform with deposits of the Otavi Group, and the syn-tectonic clastic deposits of the
Mulden Group, which rest on the Otavi dolomites. The Karoo succession reflects climate
change during the Paleozoic, with glacial tillite deposits of the Dwyka Formation along the
valleys. Resting in a disconformable manner on the Karoo Formation, the Kalahari group
consists of Tertiary to recent sands, gravel, calcrete, and clay formations, which can reach a
thickness of 600 m toward the basin [32]. The Etosha Calcrete Formation is a groundwater
calcrete cover formed by springs emerging at the base of the karstic Otavi carbonate ridges
that form the western and southern margins of the basin [33,34] (Figure 2).
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Figure 2. Simplified geological map and locations of the sampled springs in northwestern Namibia
(map from the Geological Survey of Namibia).

2.3. Spring Occurrence and Control in a Hydrogeological Context

A spring corresponds to an emergence point where groundwater flows out to the
surface [35]. In Namibia, most of the springs are located in or at the base of the carbonate
and dolomitic rocks of the Otavi Group (Figure 2) [1,33]. This group is characterized by
fractured aquifers of moderate hydrogeological potential. However, the contact between
the non-porous rocks of the Nosib or Mulden groups (aquitards) shows a much larger
karstification phenomenon, and springs were mainly identified at these stratigraphic con-
tacts, especially in the Sesfontein area [1]. The emergence of the springs can be structurally
controlled at a fracture contact (Figure 3).
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Figure 3. 3D sketch illustrating spring control and occurrence in northwestern Namibia.

At the foot of the karstic dolomitic Otavi Group reliefs of Kaokoland, mostly at the
bottom of valleys [36], some springs seep from the thick karstic calcrete deposits of the
Etosha Calcrete Formation (Figure 3). In the context of very high potential evaporation,
these springs have built-up a calcrete deposit [37] which locally can exceed 100 m in
thickness [33,38].

Most of the geothermal springs visited emerge from deep fractures (Figure 3) localized
in one of the oldest rocks outcropping in Namibia [39,40], i.e., in the granite and/or para-
to ortho-gneiss rocks from the Archaean that define the basement.

3. Material and Methods

Groundwater from sixteen springs and four thermal springs (Figure 2) was sampled
as close to the point of emergence as possible. These springs were sampled from 5 February
to 10 February 2019. Very low amounts of precipitation were measured 3 days before the
sampling took place (6 mm, Appendix A).

The following parameters were measured in situ using a portable Hach multimeter
that was calibrated twice per day: temperature (T); pH; electrical conductivity (EC); and
dissolved oxygen (O;). The alkalinity was measured and calculated in situ by titration.
Then, 200 mL of water was sampled and filtered through a 0.1 um filter on-site and kept
in cold storage until chemical analyses were performed in the laboratory. The major
ion concentrations (C1~, SO42~, NO;~, NO,~, F~, K*, Na*, Ca?*, Mg2+), the alkalinity
(as CaCOs), the concentrations in Fe and Mn, and turbidity were analyzed at Analytical
Laboratory Services in Windhoek, Namibia. The concentrations of the cations K*, Na*, Ca?t,
Mg?*, Fe and Mn were analyzed using an inductively coupled plasma optical emission
spectrometer (ICP-OES). The alkalinity was analyzed using the acidimetric method. NO3;~
and NO;,~ were determined using the colorimetric method, and the turbidity, SO42-,
F~ and Cl~ were measured using the nephelometric, turbidimetric, electrometric and
argentometric methods, respectively.

One hundred and sixteen existing hydrogeochemical results for springs throughout
Namibia were collected from the GROWAS II Database (DWA, Department of Water and
Agriculture) of the Ministry of Agriculture, Water and Forestry (MAWEF).
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The Water Quality Index (WQI) was used to assess water quality in this study. The WQI
is widely used and essential to evaluating the quality of surface water and groundwater to
determine if it is safe for human consumption. The WQI was calculated using the weighted
arithmetic water quality index, which was originally proposed by Horton (1965) [17] and
developed by Brown et al. (1972) [41].

The WQI is calculated by assigning a weight (w;) to each parameter (pH, TDS, Ca®*,
Mg2+, Na*, K*, SO42~, C1-, NO3;~ and F) according to its relative importance to the
quality of water for drinking purposes [42]. A weight between 1 and 5 was assigned to
each of the parameters according to their effects on water quality [18]. Total dissolved
solids, nitrate and fluoride were assigned the highest weight because of the impact they
have on water quality. Chloride and potassium were given the minimum weight [18]. The
computed relative weight (W;) values for the geochemical parameters are presented in
Table 1; they were calculated according to the following equation:

Wi
n 3 7
i=1 Wi

Wi = 1)
where Wi; is the relative weight, w; is the weight of each parameter and # is the number
of parameters.

The quality rating g; was computed using the concentration of each parameter in
groundwater (C;) and the Namibian Drinking Water Standard (S;) for each parameter [13]:

qi = SJ x 100, (2)

1

where C; is the concentration of each chemical parameter for each groundwater sample (in
mg/L), and S; is the Namibian Drinking Water Standard for each chemical parameter (in
mg/L) according to the guidelines given by the DWA [13].

The quality rating for pH is calculated using the following equation:

Qi(pH onty) = 0129 x ABS(100 x (pH; — 7.5)), 3)

where pH; is the observed pH value.
The WQI is finally calculated using the following equation:

WQI=Y"W; xgq;, 4)

where g; is the rating for each parameter and W; is the relative weight of each parameter.
The computed WQI values are classified into five water quality categories (Table 2).

Table 1. Relative weights of chemical parameters, Namibian Standards for class A drinking water
and World Health Organization (WHO) guidelines.

Namibian Standards . :
e . Relative Weight
for Cl‘eln\?s A Drinking Recor‘:lvrflleonc(li(«):ll%;alues Weight (w;) Wie i .g
ater [13] ST wi
pH 6.5-8.5 6.5-8.5 4 0.1290
Electrical conductivity (EC; uS/cm) 1500 1000 4
Total dissolved solids (TDS; mg/L) 1000 5 0.1613
Calcium (mg/L) 150 75 2 0.0645
Magnesium (mg/L) 70 50 2 0.0645
Sodium (mg/L) 100 200 3 0.0968
Potassium (mg/L) 200 12 1 0.0323
Chloride (mg/L) 250 250 1 0.0323
Sulfate (mg/L) 200 250 3 0.0968
Nitrate (mg/L) 10 50 5 0.1613
Fluoride (mg/L) 1.5 1.5 5 0.1613

Yw; =31 YW, = 1.0000




Sustainability 2022, 14, 3995

7 of 18

In addition, all single parameters from the GROWAS database were used to evaluate
and characterize the groundwater quality with respect to permissible values for human
consumption, based on the guidelines for drinking water quality of the World Health
Organization [12] and the Namibian Standards for the Evaluation of Drinking Water
Quality for Human Consumption [13]. The Namibian Standards classify the water quality
into four groups: A—excellent; B—acceptable; C—low risk; D—high risk or unsuitable for
human consumption. Table 2 presents the permissible standards for class A water together
with the WHO recommended values.

Table 2. Water quality according to the WQI [42].

WwWQI Water Quality

<50 Excellent
50-100 Good
100-200 Poor

200-300 Very poor

This study is only based on the inorganic composition of groundwater, and it does not
take into account organic or bacteriological components, which have already been analyzed
in the Cuvelai Etosha Basin, notably, in hand-dug wells [43].

4. Field Observations

Despite a severe drought period in Namibia in 2019 and 2020 [24,28], some of the
springs visited still showed flowing water, and only a few of them were dry. Of the
thirty-five springs visited, only three were dry, and they were potentially seasonally dry.
Sixteen of the springs were not captured or were captured in a very basic way using only a
small trench dug around the emergence point (9). Twenty-five springs had some protective
measures around the emergence point (Table 3). All of these springs are mostly used
for livestock watering, the irrigation of small community gardens and, when there is no
borehole substitution, human consumption. Livestock usually drinks directly from the
spring without any separation from the collection point for human consumption. Despite
the fact that these groundwater resources are used by all the communities in the area, none
of these emergence points are monitored, nor are they controlled to guarantee groundwater
quality. Table 3 contains the spring capture methods observed as well as the protective
measures taken for springs in northwestern Namibia, and Figure 4 provides some photos
of field observations.

Table 3. Spring capture methods and protective measures observed during the study.

Number of Springs
Uncaptured 16
Small trench/ditch dug 9
Pipe 4
Captured Hand pump 3
Pump 2
Other (pool, etc.) 1
No protection 25
Deepened hole and concrete 7

Protective measures Low wall around the spring 3
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Figure 4. Photos of some example springs in the study area. Upper left: Open-air Otjitunduwa
Spring on a calcrete surface with no protective measures. Upper right: Dried-up spring. Lower center:
Otjerunda Spring, which is captured with a hand pump.

At locations with unprotected springs, where the emergence is open air and easily
accessible, the water is turbid and presents suspended matter. Some springs distinctly
show the flowing of clear water, but some of them present lower flow rates or low seep.
Three of the thermal springs visited were used for human consumption, livestock watering
and irrigation, and two of them were used as hot pools for tourism.

5. Results
5.1. Physico-Chemical Parameters

The temperature of the studied springs in northwestern Namibia varied from 20.1
to 32.0 °C, while the temperature of the thermal springs varied from 41 to 44.1 °C. The
electrical conductivity of the samples was variable; the electrical conductivity must be
between 701 and 1271 uS/cm for class A springs (water with excellent quality). Two of the
springs were above the limit of 1000 uS/cm given by the guidelines of the World Health
Organization. The EC varied from 1124 to 2740 pS/cm in geothermal springs, and many
were not in class A but were still in class B (water with acceptable quality). The pH of all
the springs sampled varied between 6.75 and 7.89. The limits, medians and averages of the
physico-chemical field parameters are given in Table 4.
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Table 4. Physico-chemical parameters of the springs and thermal springs.

Cold Springs Thermal Springs
Minimum 20.1 41.0
° Maximum 32 44.1
Temperature (°C) Average 27.8 43.0
Median 27.8 435
Minimum 6.80 6.75
H Maximum 7.62 7.89
P Average 7.09 7.48
Median 6.99 7.64
Minimum 701 1124
Electrical Maximum 1271 2740
conductivity (uS/cm) Average 916 1938
Median 912 1943

5.2. Major Ions

Figures 5 and 6 present the chemistry of the springs in the form of a Piper diagram
and Schoeller diagram, which were used to identify the different water facies observed in
the study area (in black, Figure 5) and those from the GROWAS database (in grey, Figure 5).

GROWAS
@ This study

Figure 5. Piper diagram of water springs (dots) and thermal springs (triangles) from the GROWAS
database (light grey) and from samples from northwestern Namibia from 2019 to 2020 (black).
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Figure 6. Schoeller diagram of groundwater from springs (blue) and thermal springs (orange and
red) sampled in this study.

The twenty sources sampled for this study covered similar geochemical facies, as
shown by the springs from the Namibia-wide GROWAS dataset. The dominant water
facies of the springs in northwestern Namibia (black dots in Figure 5 and blue lines in
Figure 6) and all Namibian springs (GROWAS) was principally Ca-Mg-HCOs3;. Some
springs did not show dominant ions and presented a mixed water type. Potassium and
sulfate were the major ions that had the lowest concentrations in the springs (Figure 6).

The majority of the thermal springs (black triangles in Figure 5 and orange and red
lines in Figure 6) were located in the Na-CI-HCOj3 area, except for the La Rochelle Hot
Spring, which had no dominant ions. Magnesium, potassium and calcium were the major
ions that had the lowest concentrations in hot springs.

The Schoeller diagram in Figure 6 clearly distinguishes the Ca-Mg-HCO3 water facies
of the springs from the Na-ClI water facies of the thermal springs, except for the La Rochelle
Hot Spring, which presented mixed facies. The thermal springs also generally had a much
higher SO4 content.

Table 5 presents the concentrations of major ions in the springs and thermal springs
sampled in the area of interest (see Figure 1 for locations) compared to the Namibian
Standards for the Evaluation of Drinking Water for Human Consumption [13]. Almost
all the springs visited in northwestern Namibia showed ion concentrations that fell into
class A (excellent quality). Three of these springs had sodium, magnesium or calcium
concentrations slightly above the class A threshold (134 mg/L, 83 mg/L and 159 mg/L),
but they did fall within class B, indicating water with an acceptable quality (in yellow,
Table 5).

All the thermal springs (TSs) had at least two ion concentrations higher than the class
A limits. Sodium and fluoride concentrations ranged between 191 and 522 mg/L and
between 1.6 to 8.7 mg/L, respectively; all of these values exceeded the class A limits. Some
of these hot springs fell into class B, water with an acceptable quality (in yellow, Table 5),
and some of them into class C (water with a low health risk, in orange). The majority of
the fluoride concentrations fell into class D, water with a high health risk (in red). The
sulfate and chloride concentrations were also above the class A limits for three and two,
respectively, of the thermal springs analyzed.

The turbidity measured in the springs was extremely variable; one spring was clas-
sified as class D (water with a high health risk) with regard to turbidity (in red, Table 5),
one was in class C (water with a low health risk, in orange) and four samples were in class
B (acceptable quality, in yellow). Only seven springs showed turbidity values that fell in
class A (excellent water quality). The turbidity values measured in the thermal springs
were below the class A limit.
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The TDS concentrations were below the WHO limit of 1000 mg/L in all the springs
sampled, but they were above this limit in the majority of the thermal springs, with the
exception of Okangwati Hot Spring.

Table 5. Conductivity and concentrations of major ions of visited springs and thermal springs.
Cells without color indicate ion concentrations in class A—excellent water quality according to the
Namibian Standards. Yellow indicates ion concentrations in class B—acceptable quality. Orange
indicates ion concentrations in class C—low health risk; red indicates ion concentrations in class
D—high health risk. TS = thermal spring. See Figure 2 for spring locations.

Name S04~ NO3- F- Cl- Na*t K* Ca?t Mg?**  HCO3~ TDS Turbidity
mg/L NTU
Eastern Opuwo 16 0.8 0.3 31 31.0 10.0 119 67 677.0 750.4 17.0
Anabeb 16 45 0.2 27 17 22 110 76 665 732.0 0.8
Kaninova 5 5.2 0.1 25 21.0 6.4 90 30 4235 437.5
Kaoko Otavi 7 1.8 0.1 29 5.5 1.4 111 64 525.0 628.5
Khowarib 119 1.1 0.7 151 134.0 4.7 65 61 463.6 902.5 5.3
Okakuyu 10 3.1 0.2 16 10.0 3.6 93 67 573.0 625.8 0.2
Okorosave 31 45 0.2 11 7.2 1.7 87 60 482.0 560.8 0.4
Ombombo 17 1.0 0.7 40 26.0 6.4 112 83 726.0 796.0 1.5
Ongongo 12 7.4 0.2 18 10.0 1.8 86 51 427.0 535.3 0.3
Otjerunda 10 2.8 0.1 13 7.7 1.8 159 24 561.0 617.1 0.8
Ofjitunduua-01 7 3.9 0.2 12 6.5 1.3 112 65 628.0 653.3 1.6
Otuzemba-01 5 3.6 0.2 12 6.6 1.4 110 62 592.0 635.2 0.6
Otuzemba-02 6 2.8 0.2 12 6.4 1.4 110 65 628.0 653.3 1.5
Sesfontein-01 8 7.9 0.1 18 8.8 1.4 83 51 433.1 530.0 0.4
Sesfontein-02 8 7.7 0.1 18 8.8 1.4 87 52 4453 529.3 1.6
Sesfontein-03 10 3.6 0.1 21 9.8 2.6 82 56 469.7 542.7 0.85
Huab Warm TS 258 0.9 8.7 434 3940 200 28 0.6 1647  1399.0 0.2
La Rochelle TS 239 <0.5 1.6 237 191.0  11.0 118 73 588.8  1204.7
Okangwati TS 123 1.9 13.0 124 212.0 9.9 9.6 1.0 262.3 753.1 0.5
Ofjitambi TS 363 0.5 7.6 645 5220 280 40 1.3 119.6 18358 0.1

5.3. Water Quality Index

The WQIs calculated for each of the springs and thermal springs in Namibia are shown
in Figure 7. The majority of the springs (66%) showed excellent to good water quality (in
blue and green, Figure 7), 17% had poor water quality (in yellow), 7% had very poor water
quality (in orange) and 10% had water unsuitable for human consumption (in red).

Table 6 shows the WQIs calculated for each of the “cold” springs (Sp) in the study area
as well as those calculated for the thermal springs. In the area of interest, every cold spring
(non-thermal) showed excellent or good water quality for drinking purposes. However,
the majority of thermal springs (TS) had poor water quality, except for one (La Rochelle)
that had good water quality.

Table 6. Computed WQI for each studied spring. Sp = “cold” spring; TS = thermal spring.

Spring Name Type wQI Water Quality
Anabeb Sp 44.6 Excellent
Eastern Opuwo Sp 44.9 Excellent
Kaninova Sp 29.1 Excellent
Kaoko Otavi Sp 314 Excellent
Khowarib Sp 58.2 Good

Okakuyu Sp 40.4 Excellent
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Table 6. Cont.

Spring Name Type wWQI Water Quality
Okorosave Sp 40.6 Excellent
Ombombo Sp 453 Excellent

Ongongo Sp 38.1 Excellent
Otjerunda Sp 38.3 Excellent
Oftjitunduua-01 Sp 42.6 Excellent

Otuzemba-01 Sp 40.9 Excellent

Otuzemba-02 Sp 38.2 Excellent

Sesfontein-01 Sp 38.0 Excellent

Sesfontein-02 Sp 41.0 Excellent

Sesfontein-03 Sp 25.7 Excellent

Huab Warm Hot Spring TS 156.9 Poor
La Rochelle Hot Spring TS 78.8 Good
Okangwati Hot Spring TS 168.6 Poor

Otjitambi Hot Spring TS 171.8 Poor
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Figure 7. Map showing WQI for springs and thermal springs in Namibia that focuses on springs
sampled in this study (blue = excellent water quality; green = good water quality; yellow = poor
water quality; orange = very poor water quality; red = water unsuitable for human consumption).

6. Interpretation and Discussion

In northwestern Namibia, communities essentially rely on groundwater due to the
lack of perennial surface water. However, a high percentage of perennial springs potentially
reflect moderate-to-good groundwater potential in this arid area. The springs also present
the cheapest water resource, as water from a spring can be captured at the direct emergence
point without any cost.

6.1. Water Facies

Assuming that groundwater is in equilibrium with the minerals within the aquifer, as
assumed in the calculation of the saturation index (SI) using the PHREEQC package [13],
water facies mainly originate from water-rock reactions but could be influenced by human
activities. The water facie Ca-Mg-HCO3 is the most representative of springs in the study
area, and it is very typical of carbonate and dolomitic rocks [1,44-47]. Most of the springs
have water that is in equilibrium with calcite and disordered dolomite (Appendix B);
calcium and magnesium derive from the geological formations from which the majority of
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the springs emerge. Bicarbonate (HCOj3) is formed by the interaction of dissolved carbon
dioxide and limestone and dolomite.

The Na-Cl water type is only recorded in the thermal springs and represents the
main facies of this groundwater type in northwestern Namibia; it is strongly correlated to
the high electrical conductivity values measured. Sodium and chloride are the common
constituents of many minerals that are highly soluble [48], and they may be related to
evaporitic rocks or prolonged water—rock reactions occurring at high temperatures at depth,
resulting in highly mineralized waters; this would explain the high concentrations of
dissolved salts [49].

The main source of fluoride in thermal springs is probably the magmatic granite and
gneisses forming the bedrock complex [10,50]. As shown in Appendix B, the majority of
the thermal springs show an equilibrium with fluoride, which is a common element widely
distributed throughout the Earth’s crust. High concentrations of SO4%~ are also observed
in this bedrock context, and could have originated from the deep circulation and oxidation
of sulfide minerals from the Earth’s crust [8,10,48].

6.2. Water Quality

Regarding the water quality, the high turbidity values of the majority of springs
indicate a large amount of particulate matter, which can originate from microorganisms
and/or fine inorganic material, and is unfit for human consumption. Every spring that
has a turbidity higher than the class A limit does not have any protective measures at its
emergence, with immediate access for communities, livestock and wild animals. Livestock
breeding might be the main cause of these high turbidity values. Apart from these high
turbidity values, all the inorganic constituents measured in spring waters are within the
limits set by the Namibian drinking water standards, with the groundwater classified as
having excellent and good water quality.

In all thermal waters that have poor and very poor water quality in terms of the WQI
range, fluoride and sodium concentrations are above the class A limits (1.5 mg/L and
100 mg/L, respectively), and chloride and sulfate concentrations also fall into classes B and
C in some thermal springs. At these levels, these ions do not really present a threat for
human consumption, but they could affect the taste, odor or appearance of the water [12].

No elevated concentrations are found for parameters typically influenced by human
activities (e.g., nitrate or potassium). Due to the very low population density in the study
regions [20,22], the impact of anthropogenic activities is low; this is consistent with the
observed low nitrate concentrations. In other parts of Namibia, over the past few decades,
nitrate contamination due to the use of fertilizers and /or feces contamination from livestock
has been documented [7,11,51-53].

7. Recommendations for Yield and Quality Improvement, and Sustainability of
the Resource

As they do not require the installation of any equipment, the springs certainly represent
the cheapest groundwater resource, but their yield and durability remain uncertain. A
water governance and management plan is then essential for the sustainable, equitable and
affordable governance of this resource; recommendations to support these resources are
given below.

Protection plan and capture improvement. The springs indicate the presence of near-
surface groundwater that is more vulnerable to contamination from the surface. Pollution
may be a threat to human consumption. Emergence points with some protective and
extraction measures (for example, a hand pump) allow easier water extraction and have
better physical and chemical quality according to our study. Covering the direct discharge
area and, when possible, deepening the pond and/or lining it will improve both water
extraction and water quality. When the springs are the only resource for local communities,
especially close to urban zones, an upstream borehole is an alternative in case of a decrease
in the groundwater level or the seasonal dry-up of the spring. This would require some
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investment and operational costs, but it is also a safer option for drinking water, avoiding
most common sources of contamination.

Basic treatment and water valorization. For safe human consumption, water should
generally be disinfected, using either chlorination or UV treatment. Appropriate filtration
methods should be employed to reduce the turbidity. The filtration of particulate matter
will reduce the turbidity, reduce the number of microorganisms and improve the effec-
tiveness of disinfection [12]. In this study, bacteriological components were not measured,
but other studies [43] have revealed contamination problems that could be solved using
these methods.

The thermal springs do not meet the potability requirements for human consumption,
as they are highly mineralized and unfit for human consumption according to the guidelines
from the WHO. However, the geothermal springs are often valued for other benefits,
e.g., the health aspects of certain minerals, and they are used in medicine or for recreational
purposes due to their high mineralization. Further studies are recommended from the
point of view of thermalism, as mineral or medicinal water could add value to these springs
and could provide a source of income for local communities.

Monitoring and surveillance. Surveillance is an important element in the improve-
ment of the quality and quantity of the drinking water supply [12]. Water quality monitor-
ing of both geochemistry and bacteriology (E. coli, Enterococcus, etc.) should be performed
annually. The monitoring of the water level and discharge will also help to prevent a
decrease in the groundwater level and the drying up of the spring.

Promoting public awareness. To inform local communities about the vulnerability
of groundwater resources and the risks of human consumption, it is essential to inform
them about the impact of their practices on water resources to allow them to control water
abstractions and protect them from contamination, especially bacteriological contamination,
to ensure safe consumption.

8. Conclusions

This study focused on the springs in northwestern Namibia. One of our first observa-
tions was the perennial nature of the springs, even during the dry season and during one
of the most severe drought episodes recorded in Namibia in the last 90 years. This could
indicate a potential permanent resource.

The major Ca-Mg-HCO; facies defining the majority of the springs were characteristic
of the main dolomitic aquifers of the Otavi Group and the groundwater calcrete. The
thermal springs showed Na-Cl facies, which may be the result of water-rock reactions at
high temperatures at depth.

The groundwater quality of these springs was evaluated using the WQI method;
the measured values were compared with the Namibian Standards for the Evaluation
of Drinking Water for Human Consumption and the guidelines from the World Health
Organization (WHO). The majority of the springs visited in Kaokoland had excellent
and good groundwater quality for drinking purposes. Nevertheless, the majority of the
thermal springs had a poor water quality with respect to the Namibian Standards, but
they should be considered for alternative activities (thermalism, balneotherapy). The
turbidity parameter represents the main element with values above the potability threshold,
due to particulate matter and potentially the presence of microorganisms. In general,
fluoride, sulphate, chloride and sodium concentrations in thermal springs are higher than
the reference values from the Namibian Standards for drinking water. The saturation index
table presented in Appendix B reveals that geogenic processes are the main factor affecting
the groundwater quality in the study area. The very low population density can explain
the low concentrations of chemicals typically related to human activities, such as nitrate
and potassium. Proper filtration and treatment methods should be developed to decrease
these physico-chemical parameters and to limit the products of pollution to acceptable
concentrations for human consumption.
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Due to climate change, more meteorological extremes are predicted, including in-
creases in the duration and frequency of drought events; this may lead to the scarcity
of water resources, especially in semi-arid countries such as Namibia. Thus, the use of
groundwater, which is more resilient to hydrological extremes over longer time periods
than surface water resources, will become more important, and if properly managed, moni-
tored and protected, the springs in northwestern Namibia could become a true lifeline for
local communities.

Some other basic recommendations, such as deepening the springs, installing concrete
enclosures and covers and installing hand pumps, would considerably help to improve
spring capture and to limit the direct pollution of the emergence point at a low cost. Moni-
toring and public awareness are essential to preserving both the quality and sustainability
of the resource.

Due to sanitary conditions, the data were only collected during one mission. This
study did not take into consideration the temporal variations of the inorganic parameters
of groundwater. Even for arid countries such as Namibia that only experience two seasons
(a dry season and a rainy season), it has been proven in the literature that some parameters
can vary seasonally [7,15]. Despite the fact that this mission was undertaken during severe
drought episodes, the study does not show evidence of temporal changes in the discharge
flow. It would be interesting to further investigate the temporal variations of the dewatering
flow rate, as well as the chemical parameters, to highlight a potential seasonal effect.
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Appendix A

PHREEQC interactive V3.4 [54] was used to determine the saturation indices (SIs)
and the equilibrium with different minerals in the groundwater. The results are shown in
the following table. A positive Sl indicates over-saturation of the mineral and a negative
SI indicates under-saturation. An SI of 0 £ 0.15 is considered to indicate equilibrium
conditions (in green).
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Figure Al. Samples were taken from 5 February to 10 February 2019. Very low precipitation values
were registered at Kaoko Otavi Station (see Figure 2 for its location) three days before.
Appendix B
Table A1. Saturation indices for minerals calculated with PHREEQC [54].
Saturation Indices of Minerals
Name Calcite Gypsum Dolomite Dolomite (d) Quartz Chalcedony Fluorite Barite Rhodochrosite
Anabeb 0.35 —2.45 1.00 0.49 —2.52 —1.39
Eastern Opuwo 0.28 —2.34 0.60 0.03 -1.93 —0.14
Kaninova 0.29 —2.84 0.46 —0.09 0.35 —0.08 —2.30
Kaoko Otavi 0.55 —1.74 1.45 0.91 —1.57 0.09
Khowarib 0.10 -1.29 0.48 0.00 0.33 —0.05 —0.85 —1.65
Okakuyu —0.08 —2.63 0.07 —0.48 —2.44 —2.70
Okorosave 0.06 —2.15 0.33 —0.21 0.08 —0.34 —2.48 —0.20 —2.54
Ombombo 0.86 —2.39 1.97 143 0.51 0.09 -1.35 0.14 —0.70
Ongongo —0.06 —2.55 0.07 —0.45 —2.50 —2.64
Otjerunda 0.47 —2.39 0.55 0.03 0.10 —0.31 —2.84 —0.67 —2.42
Otjitunduua-01 0.25 —2.73 0.68 0.15 0.11 —0.30 —2.44 —0.55 —2.50
Otuzemba-01 0.17 —2.86 0.44 —0.11 —2.36 —2.55
Otuzemba-02 0.29 —2.79 0.70 0.15 —2.37 —2.45
Sesfontein-01 0.35 —2.74 0.90 0.38 -3.12 —2.27
Sesfontein-02 0.14 —2.72 0.48 —0.05 -3.11 —2.47
Sesfontein-03 0.38 —2.65 0.95 0.41 —3.07 —2.24
Huab Warm TS =~ 0.09 -1.75 —1.02 —1.50 0.50 0.13 0.10 0.02 —0.59
La Rochelle TS 0.09 —-2.71 0.28 —0.27 0.12 —0.31 —2.61
Okangwati TS = —0.03 —2.40 —0.57 —1.05 0.36 —0.02 0.09 —0.34 —0.84
Otjitambi TS —0.34 —1.53 -1.71 —2.20 0.64 0.26 0.11 0.02 —1.55
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