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Abstract X1

Abstract

In arid and semi-arid regions the population, livestock, vegetation and wildlife are
highly dependent on the water resources of ephemeral streams. In order to assure
effective and sustainable water management in these heavily-used and sensitive

environments, thorough investigations of the hydrological system are required.

In case of the Swakop River in Namibia, water for human consumption is stored in two
surface dams, built in the 1970s, and abstracted from boreholes in the alluvial aquifer.
This study aims at identifying the impacts of the construction of the Swakoppoort and
Von Bach Dam on the downstream groundwater quantity and quality of the alluvial

aquifer.

It could be shown, on the basis of previous reports and streamflow data, that the
hydrological regime of the Swakop River was significantly impacted by the
construction of the two dams. The groundwater system of the alluvial aquifer which is
closely linked to streamflow was characterised on the basis of a longitudinal sampling
profile. On the one hand, the analysed parameters provided information on the water
quality, and on the other hand they served also as indicators for the spatial and temporal
distribution of groundwater recharge. The analysis of stable isotopes '*O and *H showed
that there is a high dependency of the lower alluvial aquifer on floods generated in the
headwaters of the catchment. The ion composition of the groundwater samples provided
insight into the high longitudinal variability of the groundwater quality indicating
source areas of groundwater recharge. High uranium concentrations were detected in the
lower catchment. It was not investigated if these high levels in the groundwater sample
originate from weathering of uranium bearing rocks or from pollution of modern mining
activities. With the application of the CFC age dating method, changes in the
distribution of groundwater recharge along the alluvium resulting most probably from
the dam construction were detected. The analysis of SF¢ revealed a high natural

geogenic background in the catchment which makes it unsuitable as an age dating tool.

Furthermore, the findings of the longitudinal profile were used to identify and describe
the major relevant processes associated with the groundwater system. This resulting

perceptual model may serve as a basis for a detailed modeling of the alluvial
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groundwater resources and thus for the determination of the water requirements for both

people and the environment.
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Zusammenfassung

In ariden und semi-ariden Gebieten sind Bevolkerung, Landwirtschaft und Natur extrem
abhingig von Wasserressourcen ephemerer Fliissse. Daher sind griindliche
hydrologische Untersuchungen notwendig, um ein effektives und nachhaltiges
Wasserressourcenmanagement in diesen stark genutzten und sensitiven Umgebungen zu

garantieren.

Das Wasser des ephemeren Swakops in Nambia wird fiir Zwecke der Wasserversorgung
in zwei Dammen, die in den 1970ern gebaut wurden, gespeichert. Zudem wird
Grundwasser aus Bohrlochern im alluvialen Aquifer entnommen. Ziel dieser Arbeit ist
es, die Auswirkungen der Dammbauten auf die Quantitit und Qualitidt des

Grundwassers im alluvialen Aquifer stromabwirts zu untersuchen.

Anhand von vorhergehenden Studien und Abflussdaten konnte gezeigt werden, dass das
hydrologische Regime des Swakop Rivers durch den Bau der beiden Damme erheblich
beeinflusst wurde. Das Grundwassersystem, welches im Falle ephemerer Fliissen eng
mit dem Gerinneabfluss verbunden ist, wurde mit Hilfe eines Léngsprofils an
Grundwasserproben charakterisiert. Die analysierten Parameter gaben Informationen
iiber die Wasserqualitdt und sogleich dienten sie als Indikatoren fiir die rdumliche und
zeitliche Verteilung der Grundwasserneubildung. Die Ergebnisse der stabilen Isotope
0 and ’H zeigten, dass die Isotopensignatur im alluvialen Aquifer des unteren
Einzugsgebiets von der Isotopenzusammensetzung grofler Abflussereignisse, die im
Oberlauf entstehen, geprégt ist. Die Zusammensetzung der Hauptionen weist auf eine
hohe Variabilitit der Wasserqualitét entlang des Flusslaufes hin. Des Weiteren konnten
anhand der lonenzusammensetzung Bereiche identifiziert werden, in denen verstérkt
indirekte Grundwasserneubildung stattfindet oder der Zufluss aus dem Festgestein von
groBer Bedeutung ist. Im unteren Teil des Einzugesgebietes wurden hohe
Urankonzentrationen gemessen. Es wurde jedoch nicht untersucht, ob diese hohen
Werte durch Verwitterung uranhaltigen Gesteins oder durch Kontamination im
Zusammenhang mit dem Uranabbau entstanden sind. Die Anwendung der FCKW-
Altersdatierungsmethode zeigte, dass der Bau der Ddmme hochstwahrscheinlich eine

Verdanderung der Grundwasserneubildungsverteilung verursachte. Die Analyse von SFg
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ergab eine hohe natiirliche Hintergrundkonzentration im Swakop Einzugsgebiet,

weshalb die Methode nicht zur Altersdatierung angewendet werden konnte.

Mit den Ergebnissen des Léngsprofils konnten die wichtigsten hydrologischen Prozesse
im Zusammenhang mit dem alluvialen Grundwassersystem identifiziert und néher
beschrieben werden. Dies erlaubte die Erstellung eines schematischen Modells
(Wahrnehmungsmodell) dieser Prozessen, welches als Grundlage fiir eine detaillierte
Modellierung der alluvialen Ressourcen und somit zur Bestimmung des Wasserbedarfs

von Mensch und Natur dienen kann.
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1 Introduction

Namibia is one of the driest countries in sub-Saharan Africa. The climatic conditions are
very harsh and thus, no perennial rivers originate from within the countries borders.
Therefore, the population, livestock, vegetation and wildlife are highly dependent on the
water resources of ephemeral rivers. For human consumption water is either stored in
surface dams or abstracted from boreholes in the alluvial aquifer (SHANYENGANA et al.,
2004). Both of these reservoirs are recharged only by seasonal flood events. Usually,
surface water dams are constructed in the upper parts of the catchments where annual
rainfall is high and transmission losses low. However, since these surface water bodies

are extremely exposed to evaporation, water losses are enormous.

In case of the Swakop River catchment two surface water dams, Von Bach and
Swakoppoort Dam, were constructed in the upper part. The stored water is essential for
the drinking water supply of the Central Area of Namibia (CAN). In the middle and
lower parts of the catchment the alluvial aquifer provides water to farms, mines,
communities, vegetation and wildlife. Since the dam construction in the 1970s, flood
water is impeded from infiltrating further downstream or flowing into the Atlantic
Ocean. Hence, the hydrological regime of the Swakop River is altered with numerous
consequences for all downstream users. Recently more and more people depend on the
scarce water resources of the Swakop River catchment and the expanding mining sector
likewise leads to a growing water demand. Thus, an exact understanding of the altered
flow regime in the Swakop River catchment and the impacts on the alluvial aquifer is

crucial for sustainable water resources management.

1.1 Motivation and objectives

The scarce water resources in arid and semi-arid areas are under increasing pressure due
to growing populations, increasing per capita water use and irrigation. In many regions,
groundwater resources are over-exploited and threatened by pollution and also surface
flows are managed in unsustainable ways. Thus, effective and sustainable water
management is essential which presumes thorough investigations of the hydrological
system in order to identify the natural state and hence, impacts of environmental
changes. This study aims at assessing the impacts of upstream uses on the alluvial

aquifer of the Swakop River in Namibia.



The detailed objectives are to:

— Detect changes in the hydrological regime of the Swakop River due to

environmental changes.

— Identify resulting effects on the availability and quality of groundwater

in the alluvial aquifer.

— Estimate the indirect recharge of the Swakop alluvial aquifer for a

defined reach of the river for different scenarios.

The focus will be set on the impact of the two surface dams on the downstream

groundwater quantity and quality of the alluvial aquifer of the Swakop River.

1.2 State of the art

1.2.1 Alluvial aquifers of ephemeral rivers

Alluvial groundwater resources need to be investigated thoroughly as aquifer dependent
ecosystems (ADEs) immediately react on alterations of the groundwater level. At the
same time, the alluvial water resources may be readily available and thus important for
water supply. Alluvial aquifers can be described as unconfined groundwater units that
are hosted in horizontally discontinuous layers of sand, silt and clay deposited by a
river. Their shallow depth and vicinity to the streambed leads to a tight relationship with
streamflow (DE HAMER et al., 2008). Alluvial aquifers are recharged indirectly after
flood events by percolation through the riverbed (DE VRIES & SIMMERS, 2002). Aspects
of recharge, including mechanisms and estimation of indirect recharge, in arid and semi-
arid regions are described extensively in the literature (BREDENKAMP et al., 1995;
LERNER et al., 1990; SIMMERS, 1997). SCANLON et al. (2006) synthesise findings from
more than 100 recharge studies from arid and semi-arid regions. The study provides
comprehensive information on recharge rates which are, in the context of global change,
crucial for sustainable water resources management. In numerous studies the processes
of indirect recharge have been investigated in situ and in detail. During a study carried
out by (DAHAN et al., 2008) on flood water infiltration and ground water recharge of a
shallow alluvial aquifer, the infiltration during a flood event was continuously
monitored. It is shown that infiltration rates are rather controlled by flow duration and
available aquifer storage than by flood stages. Other studies which are summarised by

WHEATER (2008) reach similar results. However, it is stated that complex processes,
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like air entrapment and clogging of surface layers, as well as heterogeneity of the
alluvial material make it impossible at present to extrapolate from point studies to
transmission losses from ephemeral channels at a larger scale. Other methods allow
quantifying transmission losses at a larger scale by observing floods at different
locations. In some cases, where deep unsaturated alluvium exists, the linear relationship
between transmission losses and volume of surface flow is valid. Thereby it must be
considered that transmission losses and thus groundwater recharge are limited by
available storage in the alluvium. Additionally, evaporation losses have to be accounted
for when studying groundwater recharge. ANDERSEN et al. (1998) showed in Botswana
that evaporation losses are high when the alluvial aquifer is fully saturated while they
are small once the water table drops below the surface. In this case, the first flood of the
wet season was sufficient to fully recharge the underlying aquifer. Subsequent floods
topped up the storage which was then depleted by evaporation. HELLWIG (1973b) found
out during an experiment on water losses from alluvial aquifers that dropping the water-
table in sand (mean grain size of 0.53 mm) below 0.6 m will practically prevent
evaporation losses. Once infiltration has taken place, the alluvium effectively reduces
evaporation as capillary effects are small due to the coarse structure of the alluvium
(WHEATER, 2008). Concluding from these studies, it can be said that, besides the
hydraulic conductivity of the aquifer, the flood duration and the depth to water table are

highly important factors influencing indirect groundwater recharge.

1.2.2 Environmental impacts

Alluvial aquifers and thus ADEs are exposed to various environmental impacts like
surface dam constructions, land-use change, groundwater abstractions and climatic
change. In arid and semi-arid regions seasonal variations and climatic irregularities
make the efficient use of river runoff difficult. The construction of dams offers a
possibility to store surface water for times of scarcity and has been seen as a
straightforward solution to water supply problems for a very long time (JACOBSON et al.,
1995). However, the history of dams has shown that the benefits come along with a
huge amount of environmental costs. Considerable investments have been made to
alleviate the environmental impacts of dams. Concerns remain and the current state of
knowledge shows that the impacts of dams on the environment are profound, multiple
and mostly negative (BERKAMP et al., 2000). From a hydrological point of view, dams

alter the downstream pattern of streamflow. For ephemeral streams this includes
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changes in flood frequency and magnitude as well as reduction in overall flow with a
resultant wide range of impacts on the closely linked alluvial aquifer and the riverine
ecology (BATALLA et al., 2004). Amongst others, by altering the pattern of downstream
flow, dams change sediment and nutrient regimes as well as the water temperature and
chemistry. In arid and semi-arid regions, the effect of dams on streamflow is especially
drastic as the variability of natural flow is high (SHAFROTH et al., 2002). Besides, the
reservoir storage which is required to supply a certain yield is always greater than in
perennial rivers as there are longer periods of zero flow between storage replenishment.
These large storage volumes capture even moderately large events and spillage is
limited to the largest events (HUGHES, 2005). BERKAMP et al. (2000) review the impacts
of large scale dams on ecosystems and conclude that the related processes are highly
complex. Thus, it is not possible to assess the impacts of dams on downstream
ecosystems by a standard or normative approach but rather on a case-by-case basis.
CONSTANTZ (2003) points out that the dam problem is often viewed as a surface
phenomenon, but instead, surface water and groundwater should be investigated as a
single resource. Still, little is known about the vulnerability of alluvial aquifers as well

as time and type of response to external impacts
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2 Study area

Namibia has no perennial rivers except for the border rivers Kunene, Okavango,
Zambezi and Kwando-Linyati-Chobe in the north and the Orange River in the south.
The rivers within Namibia are all ephemeral, flowing only for a short period after
intense rains (CHRISTELIS & STRUCKMEIER, 2001). The Swakop River is one of the
largest of the country’s twelve major ephemeral streams draining westwards into the
Atlantic Ocean (figure 1). The catchment stretches from the sea to the east with a total

area of 30 100 km? (JACOBSON et al., 1995).
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Figure 1: Location of Namibia in Africa and the country’s western catchments
(modified from JACOBSON et al., 1995)
Within this study, the term upper Swakop River refers to the headwaters upstream of
Swakoppoort Dam, the middle Swakop River to the area around Otjimbingwe and the
lower Swakop River to the reaches downstream of the Langer Heinrich Uranium (LHU)

mine (figure 2). The elevation varies from 0 to about 2400 m, and numerous towns,



amongst the capital Windhoek, farms and mines are situated in the Swakop River
catchment. This makes it an important centre of development with a high population.
The catchment has a share on three regional government areas: Erongo, Khomas and
Otjozondjupa. The majority of the land is privately owned or used for farming and
tourism. There is also communal land with small scale agriculture around Okahandja
and Otjimbingwe as well as at the north-western fringe of the catchment. Two state-
protected areas, the Namib-Naukluft Park in the lower part and the Von Bach Dam
recreational resort in the upper part, contribute to the tourism potential of the catchment
(JACOBSON et al., 1995). Two uranium mines, Rossing Uranium Ltd. (RUL) and LHU,
as well as a gold mine (Navachab) are situated in the catchment (figure 2) providing a
large number of jobs. Due to high demand on the world market, the uranium mining in
the lower catchment is expanding further and the mining sector is a major contributor to
Namibia’s economy. It is expected that in the near future about 50 000 people will
move into the Swakop River catchment, either as mine employees, work-seekers or
family members. This significant increase in the population will of course have

consequences for the region’s water resources and their management (ELLMIES, 2008).
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Figure 2: Elevation information, towns and mines in the Swakop River catchment
(data from ATLAS OF NAMIBIA and DWA)
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2.1 Climate

Namibia’s climate can be characterised as dry according to the Koppen climate
classification. The low annual rainfall, relatively high temperatures during the rainy
season and huge evaporation losses cause an almost continuous water deficit. In the
western catchments there are significant climatic differences between the coastal and
the interior region which are shown for the Swakop River catchment in figure 4
(JACOBSON et al., 1995). The cold Atlantic sea water, the Benguela current, leads to an
nearly permanent temperature inversion at the coast resulting in the extreme aridity of

the Namib desert (CHRISTELIS & STRUCKMEIER, 2001).

The average maximum temperatures during the hottest month are 20—22°C in
Swakopmund while they reach 30-32°C in Windhoek. The average minimum
temperatures during the coldest month are 10 — 12 °C in Swakopmund and 4 — 6 °C in

Windhoek (ATLAS OF NAMIBIA, 2002).

Additionally to the general scarcity of precipitation in Namibia, rainfall events are
unreliable, variable and unevenly distributed in space and time which is characteristic
for drylands (CHRISTELIS & STRUCKMEIER, 2001). Most of the precipitation falls on the
eastern catchment mostly as showers or thunderstorms in summer between October and
May. Figure 3 shows the steep rainfall gradient from East to West in the Swakop River
catchment. The variability of rainfall in the Swakop catchment in general is high and it
increases with aridity towards the sea. At the coast the average annual rainfall varies
from 0-50mm while in the interior regions it reaches up to 450 mm

(ATLAS OF NAMIBIA, 2002).

In the coastal area the high moisture conditions lead to frequent fog formation. Fog
precipitation can exceed three or four times the annual precipitation and hence is an
important water supply for the adapted flora and fauna in the Namib desert (JACOBSON
et al., 1995).

Mean annual potential evaporation especially in the middle part of the catchment
reaches up to 3400 mm while at the coast it is less than 2400 mm (ATLAS OF NAMIBIA,
2002). As a consequence of these extremely high evaporation, water is rapidly lost from
ecosystems and conditions are rather unfavourable for surface water storage (JACOBSON

et al., 1995).
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Figure 3: Distribution of average annual rainfall in the Swakop River catchment (JACOBSON et al.,

1995)
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2.2 Geology and Geomorphology

The oldest rocks in the Swakop River catchment are thought to be nearly two billion
years old belonging to the Epupa, Huab, Abbabis metamorphic complexes and can be
found in the lower part of the catchment. The geology of the Swakop River catchment is
dominated by the Damara Sequence, a group of rocks which are approximately 850 to
500 Ma old (JACOBSON et al., 1995). Damara granites constitute the middle parts of the
Swakop River catchment. The Swakop Group of the Damara Sequence consists mainly
of meta-carbonate deposits with interbedded mica and graphite schist, quartzite, mass
flow deposits, lavas and iron formation which all are intensely folded and fractured to
varying degrees (CHRISTELIS & STRUCKMEIER, 2001). The upper part of the catchment
is characterised by schists of the Swakop Group while in the lower part schists and

dolomites can be found (figure 5).
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M Granite

I Lavas and sandstones

M Limestones and sandstones

["] Sands and calcrete
Sandstones and Conglomerates
Sandstones
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Figure 5: Rock types in the Swakop River catchment (data source: ATLAS OF NAMIBIA)

Some 650 Ma ago deformation occurred subsequent of continental collision which went
along with syntectonic intrusion of serpentinites and syn- to post- tectonic granites.
Uranium bearing Alaskite emerged at deep stratigraphic levels and can be found today
at different sites in the Swakop River catchment providing the basis for uranium mining
activities. The Damara Orogenesis was followed by the Karoo Sequence approximately

300 Ma ago which was a period of deposition and erosion. Some of the Karoo
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sediments were preserved under volcanic coverings. The Cretaceous to Tertiary break-
up of South America and Africa resulted in volcanic activity accompanied by basaltic
lava eruptions. These sheet basalts were removed by erosion almost completely. Only
their feeder channels can be found as dolerite dykes throughout the Namib Desert. This
volcanic period lead to partial melting of Damara metamorphites which resulted in
granitic or granodioritic rocks. These granites intruded into the earth crust and later the
surrounding rocks were removed by erosion. Spitzkoppe, Brandberg and the Erongo
Mountains north of and in the North of the Swakop River catchment are remnants of
these intrusions. The surrounding schists of the Damara Orogen have been eroded
causing a gap between 21° and 23° S in Namibia’s Great Escarpment which stretches

along the whole country roughly parallel to the coastline.

Various phases of erosion and sedimentation followed under different climate
conditions. Large volumes of sediments were deposited onto the coastal plains and
shallow lagoons and marshes developed. The formation of gypsum and salt layers
resulted from increased evaporation. Renewed uplifting in late tertiary caused the
incision of the Swakop River in the Namib forming the so called Moon Landscape.
Large proportions of the earlier deposited salt are still present today in lower layers of
the alluvium. Along the Khan, Swakop and Kuiseb Rivers massive conglomerate
terraces, the Oswater Conglomerate Formation, can be found in the lower reaches
(CSIR, 1997). Figure 5 shows tertiary to recent deposits of sand and calcrete which

cover the crystalline bedrock in lower parts of the catchment.

The catchment is divided into two main physiographic regions: the Khomas Hochland
Plateau and the Central-Western Plains. Moreover, parts of the Inselbergs lie within the
catchment at the north-western fringe (ATLAS OF NAMIBIA, 2002). As mentioned above,
due to erosion processes the transition between the central plateau and the coastal plain
is not sharply defined but rather indistinct (HUSER et al., 2001). In adjacent catchments
to the north or south where there is no gap in the Great Escarpment, the elevated interior

is sharply separated from the coastal margin.

2.3 Vegetation and soils

Vegetation in the western catchments is primarily determined by variations in rainfall.
According to the classification of Giess four vegetation types can be found in the

Swakop River catchment: Central Namib (9 %), Semi-desert / Savanna Transition
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(34 %), Thornbush Savanna (28 %) and Highland Savanna (29 %). However, this
classification method does not reflect the typical vegetation patterns associated with
ephemeral river courses. Soil deposition, increased soil moisture and groundwater
storage lead to characteristic riparian vegetation along alluvial aquifers. River sections
with extremely dense vegetation, so called riparian forests, are often referred to as linear
oases as they provide food and water in arid landscapes. This vegetation is highly
adapted to the climatic conditions as well as to the erratic and destructive nature of
floods. The Swakop riparian vegetation (figure 6) mainly consists of Faidherbia albida
(Ana tree), Tamarix (Tamarisk), Acacia erioloba (Camelthorn), Fig, Euclea and
Salvadora. Besides Prosopis glandulosa (Prosopis), an alien invasive plant, largely
contributes to the flora of the Swakop River. At several places where groundwater is
forced to the surface by shallow bedrock, wetlands occur along the Swakop River
(JACOBSON et al., 1995). In these areas high evapotranspiration losses occur, for

instance at Riet, some 100 km upstream of Swakopmund (CSIR, 1997).

Figure 6: Riparian vegetation in the Namib section of the Swakop River catchment

Soils within the Swakop River catchment are generally shallow, rocky and barely
developed due to arid climate conditions. The dune fields close to the coast consist of
littoral sands while soils in the lower catchment in general are halomorphic. Further
inland soils become calcareous and are almost unsuitable for irrigated agriculture.
Along the Swakop River alluvial deposits of varying depth can be found. Sediments are

transported by floods and deposited along the river course resulting in a deep soil
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profile of alternating layers of sand, silt, clay and gravels. Easily accessible groundwater
makes these alluvial soils suitable for agriculture despite the fact that they have a high
potential to salinisation. Alluvial soils are highly erosive and sensitive to compaction

which reduces infiltration and thus groundwater recharge (JACOBSON et al., 1995).

2.4 Water supply sources

The relative high population density and economic development led to a huge and
increasing water demand in the Central Area of Namibia (CAN) of which the Swakop
River catchment is part of. The water resources are developed to their full potential and
are partly overexploited. Figure 7 shows the water supply situation in the Swakop River

catchment.

2.4.1 Surface water dams

In the upper part of the Swakop River catchment two surface dams, Von Bach and
Swakoppoort Dam, have been constructed in 1970 and 1978, respectively. Together
with a third dam located in the northern neighbouring Omatako catchment, they
constitute an interconnected system contributing largely to the region’s water supply.
Raw water from Von Bach Dam is treated in a purification plant close by the dam and
then directed to Windhoek via pipeline. This scheme is supported by raw water being
transferred from Swakoppoort to Von Bach Dam. Furthermore, water is pumped to Von
Bach Dam from Omatako Dam. The yield at 95 % assurance is 20 Mm?/year for the
interconnected system. If the dams are run on an individual basis, the yield is only
13 Mm?®/year which is mainly due to high evaporation losses at Swakoppoort and
Omatako Dam (ENVES, 2008). Table 1 summarises the characteristics of the two major

surface water dams in the Swakop River catchment.

Table 1: Characteristics of Von Bach and Swakoppoort Dam (NAMWATER, 1999)

Von Bach Swakoppoort
Rock fill with concrete outlet

Structure . Concrete arch

with gate
Purpose Domestic supply to Water supply to Navachab mine and

urp Windhoek and Okahandja  Karibib; augmentation to Von Bach
Capacity 48.560 Mm’ 63.489 Mm’
Surface area 4.884 km” (when full) 7.808 km® (when full)

Construction year 1970 1978
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2.4.2 Groundwater abstraction

In the lower catchment area groundwater is supplied from the OMDEL (Omaruru Delta)
water scheme via Swakopmund to the uranium mines. LHU has a permit to use
0.5 Mm?/year of alluvial groundwater of the Swakop River for dust suppression on the

mining area (BITTNER, 2008).
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Figure 7: Water supply situation in the Swakop River catchment and schematic location of the
pipelines (data source: DWA, ATLAS OF NAMIBIA)
Along the Swakop River there are two water supply schemes (WSS) based on boreholes
in the alluvium. The Ovitoto WSS consists of several production boreholes and is
located upstream of both dams, adjacent to the Swakop River and some 15 km from
Ovitoto. It provides water to the town of Ovitoto (NAMWATER, 1999). Records of the
two production boreholes (28250 and 28251) obtained from NamWater show an
average abstraction rate of 0.046 Mm?/year. Another WSS is situated downstream of
both dams at Otjimbingwe. It consists of 6 individual WSS, comprising of the
Otjimbingwe Town WSS as well as five rural WSS (Okaruse, Karikaub, Arueis,
Anawood and Huises) operated by NamWater on behalf of the Ministry of Agriculture,
Water and Rural Development (NAMWATER, 1999). Production records for the period
from 1990 to 1995 indicate an average abstraction of 0.17 Mm?/year (CSIR, 1997). A

smallholder farming zone is located between Swakopmund and the confluence with the
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Khan River. Here groundwater abstraction for farming purposes was estimated to be
0.55 Mm?/year. The groundwater stored in these lower reaches of the Swakop River is

generally brackish and thus unsuitable for human consumption (CSIR, 1997).

Different options to augment the water supply situation in the CAN have been examined
in the past decade. Finally it has been decided to artificially recharge the Windhoek
aquifer with surplus water from the dam system. Over-abstraction has led to an
underground storage facility in this aquifer where the recharged water is better protected
from evaporation and can be used for the water supply of Windhoek. This will also
serve as a water bank for security of supply during extreme dry periods that result in

shortages of surface water (ENVES, 2008).

2.5 Previous studies and data availability

JACOBSON et al. (1995) give a profound overview on Namibia’s western ephemeral
streams, their catchments and resources. The book points to the relevance of these
resources and to the urgent need of plans for a sustainable development in the future.
“Groundwater in Namibia- an explanation to the hydrogeological map” (CHRISTELIS &
STRUCKMEIER, 2001) synthesises information on groundwater related data, information
and knowledge in Namibia. Several investigations on the Swakop River were conducted
by the Council for Scientific and Industrial Research (CSIR) starting in the late 60s.
Besides, studies on the groundwater occurrence in the lower Swakop were carried out
by RUL and the Department of Water Affairs (DWA). Important information on the
aquifer characteristics were obtained from pumping tests conducted by the DWA and
the Geological Survey, Pretoria (DZIEMBOWSKI, 1970). HELLWIG (1971, 1973a, 1973b)
carried out detailed investigations on the evaporation from wet sand including an
experimental setup at Gross Barmen in the Swakop River. Furthermore, the loss of
water from the Swakop River bed by evaporation and transpiration was determined
using a calculation method. From infiltration experiments in the laboratory and in the
bed of the Swakop River it was concluded that the formation of an impermeable silt
layer during flood events is - even at high velocities - an extremely important factor for

the determination of recharge (CREAR et al., 1988).

Within the Central Area Water Master Plan (CAWMP) all hydrological data on the
Swakop River and several other catchments in the CAN was reviewed. The report

includes the application of the rainfall-runoff model NAMROM (Namibia runoff
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model) (JVC, 1993). A report on the impact of a proposed recharge dam in the Khan
River was compiled for RUL by the Council for Scientific and Industrial research
(CSIR) in 1997. The hydrology and hydrogeology of the lower Swakop River was
investigated and data on aquifer dimensions and parameters, water quality, groundwater
levels, vegetation, evapotranspiration and streamflow were summarised. Furthermore,
the report introduces a model which is using a yearly time-step consisting of a
hydrological, hydrogeological, sediment and water quality component. The model was
applied in order to assess the impact of the existing dams and the proposed Khan

scheme on the lower Swakop River.

In Namibia the DWA provided access to the groundwater database (GROWAS) with
data on the location of existing boreholes in the Swakop River catchment. The majority
of the borehole data contains information on water chemistry and at nine monitoring
boreholes in the Swakop River water level data was available. The Hydrology Division
shared data on water levels and flood volumes at several gauging stations as well as
time series of dam in- and outflow. Additionally, relevant GIS data of the study area
was provided and reports on previous studies could be accessed in the DWA archive
and library. Water quality and water level data of the boreholes at Ovitoto and
Otjimbingwe was obtained from NamWater. Besides, sampling at these two WSS was
supported and a general overview on the dams and the water supply situation in the

catchment was given.
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3 Characteristics of the ephemeral system

This chapter describes the characteristics of the streamflow and groundwater system of
the ephemeral Swakop River. Changes in the natural state, which was altered by the
construction of the two surface dams, are reported by locals and can be observed from

existing data. This holds various consequences for the ADEs downstream.

3.1 Streamflow

The Swakop River originates in the Khomas Hochland in the east and flows westwards
to the Atlantic Ocean with a total river length of 460 km. Typical for ephemeral
streams, the Swakop River only flows during rainy season after intensive rainfall
(JACOBSON et al., 1995). Streamflow is mostly generated in the elevated, uppermost
parts of the catchment where there is sufficient precipitation. Downstream of the
gauging station Dorstrivier (figure 7) a zone of depletion of flood waters starts as annual
rainfall is below 150 mm and there are no significant tributaries other than the Khan

River (CSIR, 1997).

Within the review of literature and data on the hydrology of the Swakop River it turned
out that it is rather difficult to obtain streamflow records downstream of the dams of
sufficient length and quality. This is a problem typical in arid regions as measuring of
floods in ephemeral streams is complicated due to their erratic and destructive nature. In
order to show the impact of the dams on the streamflow of the Swakop River, records of
gauging stations located downstream of the dams are required. The streamflow records
at these gauging stations, Westfalenhof and Dorstrivier, are partly incomplete and the
latter has been constructed only after the dams were built. In this study, observed data at
Westfalenhof were used to show the impact of the dams on the hydrological regime of
the Swakop River. Figure 8 displays annual streamflow (1962-2005). A first visual
assessment of the record shows that streamflow was clearly influenced by the
construction of the Swakoppoort Dam in 1978. Afterwards, annual streamflow
decreased to almost zero and only the spills in 1988/89 resulted in significant floods. It
is important to note that from 1997 to 2000 and in 2004/05 most of the year no data was
recorded at Westfalenhof and in most of all the years, data has been partly estimated.
Swakoppoort Dam spilled again in 2006 and 2008. For these recent years no streamflow

data from the gauging station is yet available.
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Figure 8: Annual streamflow at Westfalenhof (data source: DWA)

In this study flow duration curves (FDCs) have been constructed from the monthly
record (1962-1996) at Westfalenhof according to DINGMAN (2002). Therefore, the
record has been divided into three periods: before, between and after the dam
construction (figure 9). In the period between 1996 and 2005 almost no data was
recorded why it has not been included in the analysis. The curves describe the
percentage of time that a certain streamflow volume is equalled or exceeded. It is shown
that, after both dams were completed, the volume of monthly streamflow equaled or
exceeded for a certain time was reduced significantly. Furthermore, maximum values

decreased by one order of magnitude.
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Figure 9: FDCs for monthly streamflow at Westfalenhof (data source: DWA)

In the CSIR report (1997) the modelling results indicate that the mean reduction in the
volume of streamflow in the lower Swakop River is approximately 40 % since the two
dams are completed. Furthermore, the contribution to streamflow from the Khan River
increased from 13 to 20 %. The model is based on various simplifying assumptions and

was calibrated with streamflow data based on observations and not on measurements.

Due to high uncertainties associated the streamflow data and the model approach in the
CSIR report (1997), the results are regarded qualitatively rather than quantitatively.
However, it is obvious that the construction of the two surface dams significantly

altered the hydrological regime of the Swakop River.

3.2 Groundwater

As mentioned above, in the Swakop River catchment, streamflow is generated in the
headwaters after intense rainfall. The flood moves downstream, infiltrates into the
alluvium and recharges the alluvial aquifer indirectly. Figure 10 shows the monthly
streamflow at Dorstrivier and the response of the water table in the alluvium to indirect

recharge. The boreholes are located between 15 and 30 km downstream of the gauging
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station Dorstrivier. All of them show an instantaneous reaction to flood events which

underlines the close interdependency of the flood regime and the alluvial aquifer.
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Figure 10: Monthly streamflow at Dorstrivier and groundwater level response (data source: DWA)

The flood event in February 1985 is not complete as data were lost. No data were
recorded in 1996/1997, but the groundwater levels show a response of the aquifer. In
this summer period, widespread rains were recorded over large parts of Namibia. The
Swakop River as well as the neighbouring rivers, Kuiseb and Omaruru, were all in flood
this year (1997) and the Swakop River even reached the sea. The runoff volumes have
been below average and particularly poor in 1994/1995 and 1995/1996 rainy seasons
(CSIR, 1997).

The water tables of the DWA monitoring boreholes shown in figure 10 dropped by 7 m
(21582), 9 m (21585) and 14 m (65813) between 1978 and 2008. In the CSIR report
(1997) water levels in the farming zone of the lower Swakop River have been found to

continue to drop approximately 0.07 m/year
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3.3 Aquifer dependent ecosystems

The ADEs of the Swakop River can serve as indicators for changes in the hydrological
system. In a study recently conducted by DouGLAS (2008) it was evidenced that the
hydrological changes and the invasive species Prosopis have a negative impact on the
native species and thus the health of the riparian ecosystem. The reduced floods and
consequently reduced groundwater recharge in the Swakop River influence the trees
with regards to mortality, die-back and recruitment. Prosopis is efficient at sourcing
water and together with a reduction in groundwater recharge, the water availability for
Ana Trees is being reduced (DOUGLAS, 2008). Similarly, large-scale die-back of Ana
Trees along the Kuiseb River has been observed as a consequence of falling
groundwater tables due to excessive abstractions near Walvis Bay (CSIR, 1997). Locals
recently report an increase in die-back of Ana Trees and at the same time a spreading of
the invasive species Prosopis along the Swakop River downstream of the dams. The
farm Graceland is located between the two dams at the Swakop River just upstream of
the confluence with the Okahandja River where streamflow is undisturbed by dams. The
farmer states that the vegetation density, consisting mainly of Prosopis, is much higher
in the Swakop River than in the Okahandja River (BASSINGTHWAIGHTE, 2008) (figure
11). At the farm Westfalenhof, downstream of Swakoppoort Dam, the water table was
dropping rapidly after the dam construction and lots of dead Ana Trees were observed.
In 2005 the borehole in the alluvium dried out and several trees were irrigated to be kept
alive (REDECKER & REDECKER, 2008). In the CSIR report (1997) it is noted that in the
lower Swakop River the reduced floods have promoted Prosopis and Tamarisk growth

which leads to increased transpiration losses.

Va®

Figure 11: Riparian vegetation in the Okahandja (left) and Swakop (right) River at the farm
Graceland
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4 Longitudinal sampling profile

In the previous chapter it is shown that the hydrological regime was altered by the
construction of the two surface dams and that the alluvial aquifer is closely linked to
streamflow. In order to characterise the groundwater system and to assess the impact of
environmental changes on a large scale, a longitudinal sampling profile was taken along
the Swakop River. The analysed parameters (stable isotopes of water, major ions, trace