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“Schnell wachsende Keime welken geschwinde, zu lange Bdaume brechen im Winde.
Schatz nach der Ldnge nicht das Entsprungene, fest im Gedrange steht das Gedrun-

gene. “

Wilhelm Busch



Abstract

A numerical groundwater model study of the regional groundwater movement in the
Swakop River basin (30100 km?), Namibia has been conducted. The basin will be tar-
get of intensive economic development and associated migration. Both will have strong
impacts on the availability of groundwater. The aim was to develop an initial under-
standing of the groundwater flow system, to determine recharge and discharge areas as
well as possible direct recharge rates consistent with the basin geology. Furthermore,
potential interactions between alluvial aquifers and the basement were investigated.
Geologically, the study area is built up by a versatile hard rock lithology and climatically,
it is characterized by low annual rainfall and huge evaporation rates. Three conceptual
models were constructed, while increasing complexity. One challenge was the imple-
mentation of the versatile (folded and fractured) underlying lithology on the large scale
using a coarse grid size within the finite difference low model, MODFLOW SURFACT.
This was achieved by using the EPM approach and a classification of hydrogeological
units rested on the generalisation of lithological layers according to the Hydrogeological
Map of Namibia as well as the introduction of a exponential decrease of hydraulic con-
ductivity with depth. Basin wide recharge rates, determined with the different models
range from 0.25 mm/a to 2.25 mm/a. Best model performance achieved, resulted in a
mean absolute error of 22.12 m and a root mean square error of 28.37 m (R? = 0.992).
On the regional scale results show that groundwater is mainly recharged at the basin
margins as well as along a line of potentiometric mounds, which trend from the north-
east of Wilhelmstal alongside the ridges of the Otjipatera and Chous Mountains to the
southwest. From these mounds, groundwater diverges to the northeast and southwest
into the subbasins of the Khan and Swakop Rivers, respectively. This large scale flow
pattern consists a complex conglomerate of local and intermediate flow systems, where
recharge areas alternate with their adjacent discharge areas which are preferably located
in troughs and river valleys. In contrast, no deep, regional groundwater flow system was
identified, since no connected flow lines between the lower points and higher elevations in
the basin exist. This was confirmed by particle tracking analyses conducted at different
locations in the basin.

Mass balance computations and particle tracking analyses in six selected river com-
partments insinuated different intensities of basement water influences depending on
climatic and topographic basin characteristics. This was most clearly shown in the com-
partments of the Khan River where basement fluxes into the alluvial aquifer of the Khan

River increased towards the confluence.



Zusammenfassung

Fiir das 30100 km? groBe Einzugsgebiet des Swakop in Namibia, wurde anhand eines nu-
merischen Grundwassermodells das regionale Grundwassersystem untersucht. Das Un-
tersuchungsgebiet ist gekennzeichnet durch eine vielfaltige Festgesteinslithologie sowie
geringe jahrliche Niederschldge und hohe Verdunstungsraten. Ziel der Arbeit war eine er-
ste Klassifizierung des GrundwasserflieBsystems und die Lokalisierung potentieller Grund-
wasserneubildungs und Quellgebiete. In Abhéngigkeit der vorherrschenden Geologie
sollten mogliche direkte Grundwasserneubildungsraten bestimmt werden. Zudem wur-
den potentielle Interaktionen zwischen den alluvialen Aquiferen und dem Grundgebirge
untersucht. Drei Konzeptmodelle wurden entwickelt, die sich in ihrer Komplexitat, hin-
sichtlich der Beriicksichtigung einzugsgebietsspezifischer Merkmale unterscheiden. Eine
Herausforderung war die Implementierung der gefalteten und gekliifteten Lithologie in
das finite Differenzenmodell MODFLOW SURFACT. Hierfiir wurde der Kontinuum
Ansatz angewandt, unter der Annahme einer exponentiellen Abnahme der hydraulis-
chen Leitfahigkeit mit der Tiefe. Die Diskretisierung der Lithologie wurde anhand der
hydrogeologischen Karte von Namibia umgesetzt. Die mit den drei verschiedenen Mod-
ellen bestimmten Neubildungsraten liegen zwischen 0,25 und 2,25 mm/a. Das beste
Modellergebnis wies Fehler von 22,12 m (MAE) und 28,37 m (RMS) auf. Im regionalen
Mafstab betrachtet, zeigen die Ergebnisse, dass Grundwasserneubildung hauptséachlich
sowohl an den Réndern des Einzugsgebiets als auch entlang potentiometrischer Grund-
wasserhiigel stattfindet, welche entlang stidwestlich verlaufender Gebirgsriicken liegen.
Von hieraus fliefit das Grundwasser norddstlich in das Teileinzugsgebiet des Kahns
und siidwestlich in das des Swakops ab. Dieses makroskalische FlieBmuster setzt sich
aus einer Ansammlung komplexer, lokaler und mesoskalischer Flieflsysteme zusammen,
wobei Neubildungs- und Quellgebiete alternieren. Quellgebiete sind darin hauptséachlich
in Trogen und (Fluss-)télern aufzufinden. Ein tiefes regionales GrundwasserflieBsystem
konnte aufgrund nicht identifizierter FlieBwege zwischen hoch und tief gelegenen Regio-
nen nicht nachgewiesen werden. Dies wurde durch mehrere Particle Tracking Analysen
bestatigt. Die Massenbilanzen und die Auswertung von Particle Tracking Analysen
in sechs ausgewéhlten Abschnitten der alluvialen Aquifere zeigten, dass diese unter-
schiedlich von Grundwsser aus dem Festgestein beeinflusst werden. Dies ist abhéngig
von den lokal vorherrschenden klimatischen und topographischen Gegebenheiten des
Einzugsgebiets. Dies konnte am besten anhand des Khans gezeigt werden, in welchem

influente Bedingungen in Richtung der Flussmiindung zunehmen.



Acknowledgements

Sincerely, I would like to thank Dr. Christoph Kiills for his guidance throughout this
thesis.
His support and patience helped me a lot.

Thanks for the motivation and spending so much time in discussions.

I would also like to thank Prof. Dr. Markus Weiler for making this work possible and

for the co-supervision of the thesis.
Thanks also go to the diploma students for their advice and help.

Finally, I would like to thank my familiy and friends who directly and indirectly con-
tributed to this work.

vii






Contents

Declaration of Authorship
Abstract
Zusammenfassung
Acknowledgements

List of Figures
List of Tables
Abbreviations

Symbols

1 Introduction
1.1 Stateof the Art . . . . . . . . . .
1.2 Objectives . . . . . . . . o

2 Methodology

2.1 Numerical modeling . . . . . ... ... . ..o

2.1.1 Numerical model description . . . . ... .. ... .. .......
2.2 The Equivalent Porous Medium approach . . . ... .. ... ... ... ..
2.3 Depth dependence of permeability . . . . ... .. ... ... ..

2.3.1 The influence of temperature on hydraulic conductivity . . . . . .
2.4 Pre- and post-processing . . . . . . . ...
2.5 Model calibration . . . . . .. ...
2.6 Basement-water indicators . . . . . .. ..o

3 Study area
3.1 Overview . . . .. e
3.2 Climate . . . . . . . . . e
3.3 Soils and Vegetation . . . . . ... . ...
3.4 Surface water . . . . . . . ...

iii

vi

vii

xiii

Xv

xvii

xix

10

11
11
11
13
14
16
17
17
18



Contents X
3.5 Geology and hydrogeology . . . . . . . . . ... 23
3.5.1 Overview . . . . . .. 23
3.5.2 Geology . . . . .. 26
3.5.3 Hydrogeology . . . . . . . . .. 31

4 Model conceptualization 33
4.1 Topography . . . . . . .. 34
4.2 Model boundaries and model resolution . . . . .. . ... ... ... ... 34
4.3 Calibration Targets . . . . . . . . . . . L 35
4.4 Recharge . . . . . . . 36
441 Rechargeconcept 1. . . . . . . .. .. .o 36
4.4.2 Rechargeconcept 2. . . . . .. . . . . ... ... 37
4.4.3 Rechargeconcept 3. . . . . . . . . ..o 38

4.5 Evaporation . . . . . . . . .. e 40
4.5.1 Evaporationconcept 1 . . . . . ... ... ... o, 40
4.5.2 Evaporation concept 2 . . . . . .. ... 41
4.5.3 Evaporationconcept 3 . . . . . . .. ... Lo 43

4.6  Aquifer parameters . . . . . . ... L. 44
4.6.1 Aquifer concept 1. . . . . . . ..o 45
4.6.2 Aquifer concept 2. . . . . ... 45

5 Results 49
5.1 Model 1 . . . . . e 49
5.1.1 Aquifer parameter . . . . . .. ... ... ... 49
5.1.2 Model performance . . . . . .. .. ... oL 50
5.1.3 Mass balance . . . . . ... L Lo 52

5.2 Model 2 . . . . . e 54
5.2.1 Aquifer parameters . . . . . . ... ... L 54
5.2.2 Model performance . . . . . .. ... Lo 55
523 Mass balance . . . . . ... L L L L 60

5.3 Model 3 . . . . . e e 62
5.3.1 Aquifer parameter . . . . . ... ... Lo 62
5.3.2 Model performance . . . . . .. ... oo 62
5.3.3 Mass balance . . . . . . ... L L 65

5.4 Groundwater flow system . . . . ... ... 67
5.5 River compartments . . . . . . .. ... L L o 75
6 Discussion 81
6.1 Model 1 . . . . . . e 81
6.2 Model 3 . . . . . . 82
6.3 Model 2 . . . . . . e 83
6.3.1 Mass balance . . . . . ... L L 83
6.3.2 Aquifer parameters . . . . . .. .. Lo 83
6.3.3 Model performance . . . . . .. ..o oo 84
6.3.4 The groundwater flow system . . . . . . ... ... ... ... .. 85
6.3.5 River compartments . . . . .. ... ... Lo 87



Contents xi

7 Conclusion 91

A Tables 93

Bibliography 97






List of Figures

1.1

2.1
2.2

3.1

3.2
3.3
3.4
3.5

3.6
3.7
3.8
3.9

4.1
4.2
4.3
4.4
4.5

4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15

5.1
5.2
5.3
0.4

Schematic flow systems of local, intermediate and regional groundwater

flow (Feyen (2005) after Tdth (1962)) . . . . . . ... ... . ... .... 3
Various models for the depth dependence of hydraulic conductivity . . . . 16
Relation between depth-decaying of hydraulic conductivity and temperature 17
Location of Namibia in Africa and the country’s western catchments

(Marx, V., 2009 modified from Jacobson et al.,1995) . . . . .. ... ... 19
Elevation information and prominent features (modified from DEA (2002)) 20
Soils within the Swakop River basin (DEA, 2002) . . . . . . ... ... .. 22
Tectonic settings of the Damara Orogen (modified after GSA (n.a.)) . .. 25
Generalized geological map of the central zone (modified, Jung et al.

(1999) after Miller (1983) . . . . . . . . . .. . 26
Stratigraphic column (Schneider et al., 2008) . . . . . . . ... ... ... 27
Faults in the Swakop River basin (GSN, n.a.) . . . .. ... .. ... ... 28
Geological map (1:1 mio) (DEA, 2002; GSN, n.a.) . ... ......... 30
Hydrogeological Map (1:1 mio) (DWA & GSN, 2001) . .. ........ 32
Fluxes and thickness of layers considered in the conceptual model . . . . . 33
Topelevations of layer 1 . . . . . . . ... .. L o 34
Boundary conditions considered in the conceptual model . . . . . . . . .. 35
Recharge zones derived from annual rainfall map (DFA, 2002) . . . . .. 37
Correlation between recharge and elevation derived from annual rainfall

map of DEA (2002) . . . . . . .. 37
Recharge zones of recharge concept 2 . . . . . . . .. ... 38
Topographic indices within the study area . . . . . . ... ... ... ... 39
Frequency distribution of the topographic index in the study area . . . . . 39
Recharge rates/zones of recharge concept 3 . . . . . ... ... ... ... 40
Potential evaporation rates per year and zones of evaporation concept 1 . 41
Correlation between elevation [m amsl] and evaporation rates [mm/a] . . 42
Evaporation zones of evaporation concept 2 . . . . . . ... ... ... .. 43
Evaporation zones and rates of evaporation concept 4 . . . ... ... .. 44
Decrease of kf-values according to layer depth . . . . . . . ... ... ... 45
Zones of aquifer concept 2 . . . . . ..o 46
Observed vs. simulated groundwater heads - Model 1. . . . . . . ... .. 51
Observed heads vs. residuals - Model 1. . . . . .. .. .. .. ... .... 51
Residual circles - Model 1 . . . . . . . . ..o o o 51
Mass balance model summaries of model 1. . . . . . .. .. ... ... .. 52

xiii



List of Figures xiv

9.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19

5.20

5.21
5.22
5.23
5.24

Observed vs. simulated groundwater heads - Model 2. . . . . . . .. ... 56
Observed groundwater heads vs. residuals - Model 2 . . . . . . ... ... 56
Residual circles - Model 2 . . . . . . . . . . ... ... 56
Dry cells and the groundwater contour line in the longitudinal section R4 57
Ranges of residuals, Model 2 - maximum approach . . . ... .. .. ... 59
Mass balance summaries of Model 2 . . . . . . ... ... ... ...... 60
Observed vs. simulated heads - Model 3 . . . . . . .. ... ... ..... 63
Observed heads vs. residuals - Model 3. . . . . .. ... ... ... .... 63
Residual circles - Model 3 . . . . . . . .. . .. Lo oL 64
Model summary of mass balance Model 3 . . . . . .. .. .. ... .. .. 65
Simulated flow pattern in the horizontal plane of layer 2 . . . . . . . .. 68
Velocity vectors plotted on the hydrogeological map (DWA & GSN, 2001) 69
Selected sections and river compartments . . . . . . ... ... ... ... 70
Simulated flow patterns in cross sections (position in Figure 5.17) . . . . . 70
Simulated flow pattern in the vertical east-west section (see position in

Figure 5.17) . . . . . . .. 71
Pathways produced by particle tracking analysis in the zone of saline

groundwater . . . . . ... L L 73
Flow paths to thermal springs . . . . . . ... .. .. ... ... ...... 74
Mass balances of river compartments . . . . . . . ... ... .. ... ... 76
Indicators by comparison . . . . .. ... L oo 77

Particle tracks illustrating flow systems . . . . . ... ... ... ... .. 79



List of Tables

3.1
3.2

4.1
4.2
4.3
4.4
4.5

5.1
5.2
5.3
5.4
9.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15

Al
A2
A3

Stratigraphical units in Namibia (after Christelis & Struckmeier (2001)) . 24

Stratigraphic succession of the Swakop River Basin . . . . . .. ... ... 30
Distribution of selected head targets on layers . . . . . . .. ... ... .. 36
Recharge zones and rates of recharge concept 1 . . . . . . ... ... ... 36
Rates of evaporation concept 1 . . . . . . . . ... ... ... ... 40
Initial hydraulic parameters and kfg-ranges for aquifer zones . . . . . . . . 46
Hydraulic parameters for crystalline and metamorphic rocks . . . . . . . . 47
Hydraulic parameters of Model 1 . . . . . . . . ... .. ... ....... 50
Calibration statisticsof model 1. . . . . . . .. .. .. ... ... ..... 50
Mass balance summary Model 1 - minimum approach (fluxes in m3/d) . . 53
Mass balance summary Model 1 - maximum approach (fluxes in m3/d) . . 53
Hydraulic parameters of the minimum approach (kf-values in m/d) . . . . 54
Hydraulic parameters for the maximum approach (kf-values in m/d) . . . 55
Calibration statisticsof model 2. . . . . . . .. .. ... ... .. 95
Mass balance summary Model 2 - minimum approach(fluxes in m3/d) . . 60
Mass balance summary of Model 2 - maximum approach (fluxes in m3/d) 61
Calibration statistics of model 3. . . . . . . .. .. ... ... .. ... .. 62
Mass balance summary Model 3 - minimum approach . . . ... ... .. 65
Mass balance summary Model 3 - maximum approach . . . .. ... ... 66
Flux - indicators for the selected river compartments . . . . . . . ... .. 75
Mass balances of the river compartments (all fluxes in m3/d) . . ... .. 78
Travel times and average horizontal distances between entrances and exits

of particles . . . . . . L 80
The effect of temperature on hydraulic conductivity . . . . ... ... .. 93
Recharge zones and rates of recharge concept 2 . . . . . ... ... .... 94

Evaporation rates according to elevation. mean annual temperature and
relative humidity - concept 2 . . . . . . . .. ..o 95

XV






Abbreviations

a.s.l.
b.g.l.
CZ
EPM
ET

MAE
OL
OML

Rch
RH
RMS
SZ
sCZ
TI

above sea level

below ground level
Central Zone

Equivalent Porous Media
Evaporation

Indicator

Mean Absolute Error
Okahadja Lineament
Omaruru Lineament
Precipitation

coefficient of determination
Recharge

Relative Humidity

Root Mean Square error
Southern Zone

southern Central Zone

Topographic Index

Xvil






Symbols

S

g Q °©

[

N 5

<

area
saturated thickness
constant

mass transfer coefficient
decay coeflicient

vapour pressure
saturation vapour pressure

constant of gravity

volumetric source/sink term

piezometric head
hydraulic conductivities
permeability

length

porosity

presurre

discharge

universal gas constant
storativity

specific storage

degree of water saturation
specific yield

time

temperatur
transmissivity

velocity

xix

L2

L/ML-'T—!
L

ML~1T—2
ML~!T-2
L/T?

1/T

L

L/T

L2

L

1

M/L/T?
L3/T

J/mol 1K1

1/L



Symbols

T,y

> I 2 ™

length, width

height ( in direction of g)

compressibility
decay coefficient
dynamic viscosity
decay coefficient

density

T2L/M

M/L/T

M/L3



Dedicated to my family

xxi






Chapter 1

Introduction

The westward draining Swakop River basin, presenting Namibia s largest basin with
an area of 30,100 km? will be target of intensive economic development and associated
migration. Both will have strong impacts on the availability of groundwater.

As the driest country in Africa, Namibia s water resources are commonly scarce and
barely reliable. Surface waters are exposed to high evaporation especially during droughts,
and floods as a result of strong rainfall events are not easy to handle. Therefore ground-
water, which is available even during droughts is a essential component of water supply.
The knowledge about its spatial and temporal distribution facilitates a sustainable water
resource management in terms of over-exploitation and consequent negative environmen-
tal impacts.

The Swakop River Basin is coined by thin soils and hard rock crystalline and meta-
morphic geology in which the ephemeral Swakop and Khan Rivers are embedded. The
rivers present important groundwater suppliers due to the high yields of their alluvial
porous aquifers. These ephemeral systems were altered due to constructions of surface
water dams and will furthermore be required for the intensified future water demand.
Therefore river compartments are investigated and numerically modeled.

Still existing open cast uranium mining and the exploitation and operation of further
mineral deposits in the basin require large volumes of water. According to FEllmies
(2009) 7 Mm3/a water were required by uranium mines in the year 2008 and the de-
mand will possibly raise up to 48-64 m?/a till the year 2015. The installation and use
of desalination plants represent a possibility to account for the increasing demand, but
can also have negative influence on the system, through the feed-in of sewages.
Groundwater contour lines derived from boreholes distributed within the basin (either
located within hard rock areas or within the alluvial aquifers) insinuate a connected
flow system on the regional scale with a gradient toward the Atlantic Ocean. Besides

in the western part of the basin is a zone of saline groundwater, which could be caused

1



1. Introduction 2

by evaporation of upwelling water in a regional discharge zone. Furthermore, chemical
compositions of water from the alluvial aquifers indicate dues of basement water and
pose the question, if there is an lateral and/or vertical in flow from the basement into
the alluvial aquifer and where does it occur?

A physically based and distributed model provides a opportunity to simulate the ground-
water systems of a large basins like the Swakop River Basin. The more physically based
individual processes are represented and the less conceptual a model is, the better it can
be used for scenario analysis and decision making ( Wolf et al., 2008).

A reasonable solution of the model will provide boundary conditions for subregional,
local and/or compartment models of the alluvial aquifers and could be used as a basis

for long term assessments and possible future scenarios, respectively.

1.1 State of the Art

Through its aptitude to interact with the ambient environment and its systematized spa-
tial distribution of flow, both, in all scales of space and time, groundwater plays a active
and important role in nature. Three main types of interactions between groundwater
and the environment exist: Chemical interaction, relating to different chemical reactions
(e.g. dissolution, oxidation-reduction); physical interaction with regard to processes of
lubrication and pore-pressure modification and at last kinetic interaction involving the
transport of water, heat and mass (Tdth, 1999).

Corresponding to T'¢th (1962, 1999) three hydraulically different regions of groundwater
movement in drainage basins can be delineated (Figure 1.1): recharge-, discharge- and
through flow- or midline areas. In a local flow system the discharge area is immediately
close to its recharge area. A intermediate system may overstretch one or more local
flow system, but does not extend from the principle watershed to the main valley and
in a regional flow system the principal recharge area is connected with the principle
discharge area of the basin. But nevertheless drainage basins are often a conglomerate
of all different hydraulic regions spatially overlapping.

To describe elements of groundwater flow mathematical models use mathematical equa-
tions . These models can be empirical, probabilistic or deterministic, depending upon
the nature of equations they use.

Empirical models are derived from experimental data, that are fitted to some mathemat-
ical function (e.g. Darcy’s law). The disadvantage of these models is, they are limited

in scope and usually site or problem specific.
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FIGURE 1.1: Schematic flow systems of local, intermediate and regional groundwater
flow (Feyen (2005) after Tdth (1962))

Probabilistic models use laws of probability and statistics. They can have divers forms
and complexity. Usually by starting with a simple probabilistic distribution of a hydro-
geological property of interest and ending with complicated stochastic time-dependent
model. An overview of this type of models is given by Dagan (2002).

Deterministic models are the common model type used in groundwater investigation.
They assume that reactions of a system are predetermined by physical laws governing
groundwater flow. They can be sophisticated as a multiphase flow through a multi lay-
ered, heterogeneous, anisotropic aquifer system or as facile as the Theis equation for two
dimensional radial flow to a point source in an infinite, homogeneous aquifer.
Depending upon the type of mathematical equations involved, a distinction is made be-
tween two large groups of deterministic models, namely analytical or numerical models
(Kresic, 2006).

Simply stated, analytical models solve one equation of groundwater flow at a time and
the result can be applied to one point or line of points in the analyzed flow field.

The first mathematically modeling of groundwater flow may be attributed to T'dth (1962)
and T'dth (1963), who found a analytical solution for describing groundwater flow in ho-
mogeneous lithology, by introducing boundary conditions. This equation related the
fluid potential to the earth acceleration constant, topographic gradient of the valley
flank, horizontal distances between water divide and valley bottom, elevation above a
horizontal impermeable boundary, elevation of the water table at the valley bottom
above a horizontal impermeable boundary and horizontal distance from the valley bot-
tom. By the use of this equation possible flow patterns and potential distributions were

obtained.
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Large scale modeling:

Modeling of large/regional scale areas encounters difficulties of identifying and consider-
ing the main properties and processes taking place. Therefore often simplifications are
made.

Large scale watershed models have been applied to problems of surface water manage-
ment without treating groundwater in much detail, by assuming that percolation from
the soil profile is lost from the system, and thus ignore it. Several studies describe large
scale surface water models for catchments larger than 50000 km?, not including model-
ing the groundwater system, except for the routing of base flow in large linear reservoirs
(a review is given by Refsgaard (2001)).

Coupled models commonly describe groundwater surface water interactions based on
the conductance concept that implies a particular interface at the land surface, sepa-
rating the surface from the subsurface domain. With an exchange flux, that depends
upon the magnitude and direction of the hydraulic gradient across the interface and
a proportionality constant (e.g. hydraulic connectivity) the two domains are linked.
The exchange flux appears in both the groundwater and the surface water equations as
general source/sink terms. Examples for large scale coupled models are given by Kim
et al. (2008), Gunduz & Aral (2005),Anderson et al. (2001), Said et al. (2005), Yu et al.
(2006) and Bauer et al. (2006).

For example Anderson et al. (2001) applied a modified version of the physically based
distributed MIKE SHE model code (Refsgaard & Storm, 1995) to the 375,000 km? Sene-
gal River basin. Here gravity driven flow was assumed for the unsaturated zone and the
groundwater flow simulation was based on flow between interconnected storages, semi-
distributed and conceptual.

Yu et al. (2006) describe a method of coupling climate and hydrological models on the
continental scale, based on categories of fine grid hydrological cells with in each coarse
grid climate cell. This coupling technique addresses the heterogeneity of infiltration and
evaporation due to small scale variations in surface moisture and surface water. The
groundwater compartment was modeled in the hydrological model as a one layer aquifer,
representing a single bedrock unit extending from the surface to a depth of tens to a few
hundred meters with an impervious (no-flow) base. Hydraulic properties of the single
bedrock layer for the conterminous U.S. were determined from the USGS Hydrologic
Atlas for the simulation of the North American continent. Hydrologic parameters for

each lithologic type were aggregated for the 20 km x 20 km grid.
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Large scale groundwater modeling is often conducted by the use of deterministic, physi-
cally based, numerical models. The advantage of a deterministic, numerical groundwater
flow model is that it provides much more information than conceptual water balance
models often used on the regional scale. Spatial distributions of hydraulic heads, the de-
scription of horizontal and vertical flows, flow directions, velocities and the quantitative
simulations of groundwater discharge into surface waters can be computed (Wolf et al.,
2008).

One of the largest groundwater investigation study found in literature , in which the
groundwater was numerically modeled is given by Gossel et al. (2004). They constructed
a GIS-based groundwater flow model for the Nubian sandstone aquifer in the eastern
Sahara (Egypt, northern Sudan and eastern Libya) and simulated the response of the
aquifer to climate changes that occurred during the last 25,000 years. Two three di-
mensional numerical groundwater models were developed. A finite difference modeling
system and a finite element modeling system. The grid covered an area with active cells
covering 1.65 million km?. A grid size of 10 x 10 km? was used for the finite difference

scheme and in the finite element scheme the area of triangles ranged from 10 to 100 km?.
Translating the physical system:

Using a deterministic, physically based numerical model a modeler is faced with the
problem of considering important properties of the bedrock material. Especially in frac-
tured and folded hard rocks this is challenging.

Local scale groundwater flow models in fractured material usually account for flow path
geometry and fracture properties in detail. This can be achieved by so called Discrete
Fractured Network models (DFN). But by the ability to extrapolate properties from
small scales to larger regions, by data available on fractures as well as by a associated
large computing power required for large regions this model approach is inappropriate
for large scale modeling. Dual Porosity models, Channel Network models and stochastic
models are also often used in small scale investigations. A comparison of these modeling
approaches is given by Selroos et al. (2002).

Usually numerical groundwater models on the regional scale use a simplification for rock
properties, by assuming that fractured material can be treated as a equivalent continu-
ous porous medium, the so called Equivalent Porous Media (EPM) approach. Therefore
a numerical model requires definition of the effective values of transmissivity or hydraulic
conductivity in steady-state solution and the storage coefficient and porosity in transient
solution (Kresic, 2006). Even highly karstified aquifers can sometimes be numerically
modeled, using the EPM approach to simulate hydraulic heads, groundwater fluxes and
spring discharges, but often fail to predict information as flow direction, destination,

and velocity (e.g. Scanlon et al. (2003)).
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Michael & Voss (2009) carried out three different approaches for the estimation of equiv-
alent hydrogeologic parameters using three different types of data in the Bengal Basin
of India and Bangladesh (200,000 km?). By inverse modeling using transient hydraulic
head measurements, by manually calibrating a steady state model by the use of ground-
water age estimates from “C measurements and by the analysis of the lithology using
driller logs which allowed a regionalization of hydraulic parameters by statistical analy-
sis. All three approaches resulted in similar parameter value estimates.

Examples for large scale groundwater flow modeling using the EPM approach are given
by Massuel et al. (2007); Ophori (2007); Klock (2001); Schmidt € Plothner (1999) and
are briefly summarized below.

In practice hydraulic properties are usually derived from pumping tests but in fractured
media it is very difficult to extrapolate them to the scale of the grid size of the re-
gional model. Therefore recharge, rather than transmissivity or hydraulic conductivity
is used as an independent variable during regional steady-state model calibration and
in transient model, temporal distribution of recharge in place of storage coefficient and
porosity (Lubcynski, 1997). This is challenging in arid and semi-arid regions, because
groundwater recharge in such areas is often only possible in consequence of temporal or
spatial concentration of rainfall events or runoff, i.e. if the rainfall amount is higher than
the evaporation and may not occur annually (K7ills, 2000). Until the mid 1970s it was
assumed that in Namibia direct groundwater recharge is not possible in areas like the
Swakop River basin. However, following investigations using tritium and groundwater
level fluctuation observations clearly indicated direct groundwater recharge (e.g. Foster
et al. (1982); Mazor (1982)).

Since then, a large range of recharge rates were reported by several investigations and
vary from 0.3 to 10 % of annual rainfall (e.g. Mainardy (1999); Wrabel (1999); Kiills
(2000); Heynes (1992)). Heynes (1992) obtained a recharge rate for the entire country
of 1 % of annual rainfall. Due to the wide range of recharge values, point data can only
represent regional features in a limited way. Therefore the recharge distribution within

a large area plays an important role (Klock, 2001).

Another aspect, that should be considered by modeling large scale and deep groundwa-
ter flow is the decrease of permeability with depth, due to compaction, metamorphism,
and/or filling of pore spaces and fractures by precipitating minerals. In the vertical
direction the results of pumping- or slug-tests are also a opportunity to identify perme-
ability at intermediate field scales but are in general not representative for larger scales
as well. Therefore models are used to explore permeability distributions at large scales.
(Ingebritsen & Sanford, 1998). Furthermore Marklund (2009) found, that the decreasing
of permeability has a effect on near surface fluxes for topographic scales larger than 2

km.
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Belcher (2004) used a function of exponential decrease of hydraulic conductivity (imple-
mented as a feature of MODFLOW-2000 (Harbaugh et al., 2000)) within the development
of a 3D numerical transient ground water model of the Death Valley Regional Flow Sys-
tem (approximately 100,000 km?), Nevada. The model represented Precambrian and
Paleozoic crystalline and sedimentary rocks, Mesozoic sedimentary rocks, Mesozoic to
Cenozoic intrusive rocks, Cenozoic volcanic tuffs and lavas, and late Cenozoic sedimen-
tary deposits. These unconsolidated sediments and consolidated rocks were subdivided
into 27 hydrogeologic units on the basis of lateral extent, physical characteristics, and
structural features. The model was built up by a finite-difference grid consisting of 194
rows and 160 columns, and uniform cells 1500 m on each side for a total of 314,784
active cells. 16 layers ranging from 1 to more than 3000 m were implemented.

The assigned exponential decrease of hydraulic conductivity resulted in better model
performances in all of the volcanic-rock units as well as in the basin fill sedimentary
units and was less important in carbonate rock aquifers. Carroll et al. (2009) com-
pared this model from Belcher (2004) with an unconfined groundwater model based
on MODFLOW-SURFACT, which uses a pseudo-soil function for rigorous treatment
of unconfined flow. In contrast MODFLOW 2000 assumes that saturated thickness re-
mains constant throughout the entire simulation. Carroll et al. (2009) concluded that
the unconfined MODFLOW-SURFACT model represents an evolution toward greater

conceptual accuracy and improved stability.

The representation of small structures like alluvial aquifers is also challenging in large
scale modeling with a in general associated large grid size.

Barthel et al. (2008) and Wolf et al. (2008) developed a groundwater flow model for the
Upper Danube catchment (77,000 km? at gauge Passau, Germany) within the framework
of the research project ?GLOWA-Danube” using MODFLOW (McDonald & Harbaugh,
1988). The Decision Support System "DANUBIA” is comprised of 15 individual fully
coupled models. To allow for appropriate calculation time and to facilitate data exchange
the spatial discretization of such systems must be relatively coarse. The aim was to
achieve a connected aquifer system, which is able to receive the groundwater recharge
in the mountainous areas and yielding a reasonable base flow at gauging stations in the
forelands. In order to implement narrow and highly permeable alluvial aquifers into the
coarse finite difference grid among others the hydraulic properties of the alluvial aquifer

cells were calculated by using the arithmetic mean.
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Examples:

Massuel et al. (2007) simulated groundwater flow of the Musi catchment, India (11,000km?,
grid size 1 km?) using MODFLOW 2000 (Harbaugh et al., 2000) and the EPM approach.
Two layers were implemented to describe weathered granites and fractured weathered
granites (with a thickness of 15 and 20 m, respectively). Predicting the potential of
renewable storage that could be further used in water allocation models was the aim of
this study. By using a water table fluctuation method the aquifer seasonal and annual
storage variations had been estimated for each year. Calibration was done by inverse
modeling of groundwater levels and minimizing the root mean square error by tuning
total recharge, permeability and storativity. The modeling results gave an overview of

the basins water budget.

Ophori (2007) developed a large scale groundwater flow model for the Niger Delta
(75,000km?), Nigeria to evaluate any possible trends that may exist between ground-
water and hydrocarbon movement and -accumulation in the basin. In the study area a
tertiary sequence of three formations had been admitted. These formation were concep-
tualized by assuming the deepest formation consisting of a shale unit as impermeable,
and by considering the other two overlying formations as separated and homogeneous
EPM layers of sediments. Due to the objectives of the modeling study, the model scale
and the high frequency and distribution of geologic structures the EPM approach was
considered to be adequate, despite the extensive and densely distributed series of growth
faults and accompanying rollover anticlines. The geometry consists of 70 rows and 44
columns that were 5 km x 5 km in size. By assuming that average discharge equals the
recharge rate of 750 mm (independently estimated) the hydraulic conductivity of the top
layer (because of the lack of deeper layer data) was adjusted until discharge was close to
750 mm. Results indicate, that due to topographic properties no regional flow system
exits, local flow systems prevail and the basin could be characterized as a shallow basin.
This was confirmed by particle tracking, which illustrated favorable flow systems and a

discharge zone that occurred within a known oil-rich belt.

Schmidt € Plothner (1999) used the results of hydrological interpretations of data de-
rived from several groundwater studies conducted in the Otavi Mountains of Namibia
to develop a three-dimensional groundwater model of the karst aquifer system for the
period from 1978 to 1997. The heterogeneous hydrogeological composition of the area is
build up by fractured dolomite with near surface karstification and by underlying meta
sediments and basement rock types. In the conceptual model the fractured rock matrix
was reproduced as a equivalent porous medium (EPM), due to analyses of observed

groundwater level reactions and the appraisal of the general hyrogeological situation
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on the regional scale. The aquifer system was categorized into fourteen hydrogeologi-
cal units, which represented either aquifers, aquitards or aquicludes according to their
horizontal and vertical hydraulic conductivities. A horizontal grid size of 1000 km? was
used. Through a narrow vertical discretization hydraulic conductivity contrasts between
the upper and lower zones were considered. The regional model assumed a area-wide
precipitation distribution and a effective recharge duration within a rainy season of one
month. Calculated recharge factors varied between 1.3% (7 mm) and 5% (28 mm) of

the mean annual rainfall.

Klock (2001) set up a simple groundwater flow model using ProcessingM ODFLOW
for basic understanding of the hydrogeological system and for inverse determination of
groundwater recharge rates of the Kalahari in northeastern Namibia. The model consists
of 179 active cells with a grid size of 26 km x 28 km (a total area of 130,312 km?). It has
been assumed that the groundwater system is in equilibrium, so a steady state simulation
was performed. The aquifer system has been modeled as a single layer with weighted
kf-values corresponding to the thickness of each formation. A kf-multiplier raster was
introduced in areas where basalts occurred, due to high hydraulic conductivities at
basalt sandstone interfaces. A initial basin wide recharge value of 1 mm/a was used. A
maximum kf approach was performed by multiplying initial kf values by a kf multiplier.
In a second step the minimum basin wide recharge was estimated by looking on the
recharge amount that the basin allowed by neglecting additional groundwater flow in
the basalt sandstone interfaces. Minimum basin wide recharge volume was

5.4 - 105m3/a and for the maximum approach 1.2-10%m3/a.

Nevertheless, Klock (2001) stated that the resolution was to course and data availability
to spare for a detailed modeling (e.g. unconformities between formations could not be
respected) therefore the shape of the groundwater surface only could be reproduced with

the introduction of a kf multiplier raster.
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1.2 Objectives

The primary objective of the thesis is to develop an initial understanding of the ground-
water flow pattern, i.e. the research questions focus on the different regions of ground-
water flow paths and possible interactions between surface and groundwater hydrology.
Due to literature review the attempt is made to represent various processes by a dis-
tributed large scale steady state model, using a numerical finite difference scheme for
flow equations and mass balance, that can handle saturated and unsaturated conditions
(MODFLOW-SURFACT (HydrogeologicInc., 2007)) and the Equivalent Porous Medium
approach. Because of the versatile, fractured and folded lithology as well as the size of
the basin a grid size of 1 km? will be used. Furthermore, a exponential decrease of
hydraulic conductivity will be implemented. Since lack of detailed basin wide informa-
tion about hydraulic properties of the bedrock material, two approaches will be used
with fixed recharge rates of 0.5 and 1% of annual rainfall, denoted as minimum and
maximum approach, respectively. Different concepts will be developed, while increasing

complexity according to climatical and lithological characteristics of the basin.

The aims of the thesis are:

The representation of the groundwater flow pattern

The determination of recharge and discharge zones

The ascertainment of potential direct recharge rates, consistent to the basin

geology

The investigation of potential interactions between alluvial aquifers and the

basement rocks



Chapter 2

Methodology

In this chapter tools and methods used to achieve the objectives of the thesis are de-

scribed.

2.1 Numerical modeling

The graphical user interface Groundwater Vistas (GV) (Rumbaugh & Rumbaugh, 2007),
which couples a model design system with graphical analysis tools as well as the flow
and transport model MODFLOW SURFACT (HydrogeologicInc., 2007) are used in this
thesis.

MODFLOW SURFACT is a fully integrated flow and transport numeric code based on
the USGS finite difference groundwater model MODFLOW (McDonald € Harbaugh,
1988). SURFACT ‘s modified BCF4 (Block Centered Flow) package performs a com-
plex saturated-unsaturated subsurface flow analysis by using a pseudo-soil function for

rigorous treatment of unconfined flow (HydrogeologicInc., 2007).

2.1.1 Numerical model description

Groundwater flows either laminar or turbulent depending on the ratio of inertial forces
to viscous forces of the water flow (i.e. with a Reynolds number {2000 water moves
laminar). The flow direction is controlled by the hydraulic gradient. According to

Darcy “s Law groundwater moves laminar:

- =v=—k— (2.1)

11
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where Q[L3/T] is the water flow, A [L?] is the cross-section area of the medium, v [L/T]
is the velocity, h is the hydraulic potential or hydraulic head [L]), 1 [L] the distance.
Elevation, velocity head and pressure head affect the hydraulic head. Energy head
from velocity is often negligible and the fluid is assumed incompressible so the potential
becomes:

h=z+L (2.2)
pg

where z [L] is the elevation, p [M/L/T?] is the pressure, p[M/L?3] is the density of water,
and g [L/T?] is the earth s gravitational acceleration constant.

Properties of fluid and the medium affect the hydraulic conductivity:

k=K (2.3)
n

where K [m?] is the permeability of the medium and n[kg/(s-m] the dynamic viscosity
of water (Maidment, 1993). So gravity is the main driving force and topography and
geology define the effects of gravity on groundwater flow.
Based on mass conservation and Darcy “s law, MODFLOW SURFACT represents ground-
water flow in three dimensions for an unconfined aquifer in variable saturated porous
media as follows (Huyakorn, 1986):

0 Oh

oh
% (k:p:v krw %

Ohy | 0 oh oS oh
" Oy 0z

(hshru ) = G = @5 + SuSs o (24)

0

where kg, ky, k. [LT ~1] are the hydraulic conductivities along the x, y and z coordi-
nates and h[L] is the hydraulic. G [] is a volumetric source/sink term, S is storativity
[dimensionless], b is saturated thickness [L]| and t is time [T].

This equation includes additional terms relative to the equation used in MODFLOW
(see McDonald € Harbaugh (1988)), these are:

krw equal to relative permeability (a function of water saturation, dimensionless), ¢
equal to a drainable porosity (i.e. specific yield S,) and S, representing the degree
of water saturation (a function of pressure head, dimensionless). When fully saturated
conditions exist, then 5,=1.0, k;,1.0 and Equation 2.4 reduces to the confined ground-
water equation used by MODFLOW.

Furthermore MODFLOW “s HUF2 package (Hydrologic Unit Flow) uses the harmonic
mean for computing effective interblock transmissivity (i.e. harmonic mean of transmis-
sivity between a cell i and a cell j, defined as T;; = 2-T;T; /(T;+1})).

The effective transmissivity is equal to the saturated hydraulic conductivity multiplied
by the saturated block thickness. The saturated thickness is equal to cell thickness (b),
for confined systems. The harmonic mean removes the impacts of large outliers, aggre-

gates smaller values and is best used to average fluxes. This estimation automatically
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underestimates the equivalent interblock conductivity by biasing toward the lower block
value, and in the extreme case never allows a desaturated block (i.e.saturated thickness
of zero) to resaturate.

SURFACT “s BCF4 package computes interblock conductance as a product of the weighted
harmonic mean of block saturated hydraulic conductivities (kyz, kyy, k--), relative per-
meability (kyy,), and mean flow area. Compared to MODFLOW “s unconfined solution
(where the storage coeflicient S s replaced by the specific yield S,) the SURFACT ap-
proach to interblock conductance is more stable, does not bias toward the lower block
value and does not inactivate dry cells during desaturation (Carroll et al., 2009).

As aforementioned, the MODFLOW code generates a system of equations describing
the groundwater flow system in a finite difference form. Within the program this set
of algebraic equations can be solved by the use of the Slice Over-Relaxation- (SSOR),
a Strongly Implicit Procedure- (SIP) or the Preconditioned Conjugate Gradient- 2 and
4 (PCG2, PCG4) methods. In the thesis the PCG4 package will be used. Furthermore
the new Recharge-Seepage Face Boundary (RSF4) condition package of SURFACT al-
lows the supplied recharge into the groundwater system if the water is below a user
prescribed pool (ponding) elevation. The simulation allows only as much recharge to
occur to maintain the prescribed pool conditions, if the water table reaches the pool
elevation. The remaining recharge is not accepted into the simulation domain and equal
to surface runoff. The output express this reduction in volumetric recharge flux [L3/T]
to the system following from the system saturating up to the ponding height. The
Recharge package (RCH1) of MODFLOW provides the supplied recharge to the aquifer
(as in confined systems) with heads continually rising above the ground surface, due to

neglecting surface runoff (HydrogeologicInc., 2007).

2.2 The Equivalent Porous Medium approach

Usually three vertical zones are distinguished in an hard rock environment. An upper or
weathered zone characterized by regolith, colluvium and talus, side by side with alluvial,
fluvial, glacial and lacustrine deposits with intergranular porosity prevailing.

An middle fractured zone with depth between tens to hundreds of meters. Here per-
meabilities generally decreasing with depth, due to the dependence of fracture aperture
on exogenous geologic processes. At last a deep or massive zone with relatively scarce
fracture and fault zones. Inhomogeneities in the deep or massive zone, in general due to
light fracture apertures may form interconnected networks facilitating enhanced regional
to continental groundwater flow (Krasny & Sharp, 2007).

Since it is very difficult to account for all properties of faulted, weathered and fractured
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rocks (e.g. fracture network geometry) especially in large scale models the subsurface is
often assumed to be a equivalent porous media. This approach is known as the Equiv-
alent Porous Medium approach (EPM). In practice hydraulic parameters are usually
derived from aquifer pumping tests but in fractured media it is very difficult to extrap-
olate them to the scale of the grid size of the regional model. Therefore recharge, rather
than transmissivity /hydraulic conductivity is used as an independent variable during
regional steady-state model calibration and in transient model, temporal distribution of
recharge (if available) in place of storage coefficient and porosity (Lubcynski, 1997).
Effective porosity is defined as the ratio of void space that is available for groundwa-
ter flow, i.e. void spaces used by adhesive and capillary water excluded. In fractured
medium effective porosity depends in part on fracture frequencies, orientations and aper-
tures. Also it was found that effective porosity is a dynamic parameter that depends on
fluid velocity and fluid or tracer molecular size. Furthermore, a fractured material can
have a lower effective porosity than an unfractured one of the same material. This arises
from the dominant effect that even small fractures can have on groundwater flow. The
continuity of fractures profoundly effects the effective porosity. Is the fractured material
treated as a porous continuum, the equivalent continuum effective porosity is estimated
as the volumetric fraction of fracture void space contributing to flow per bulk volume of
rock, i.e. interconnected matrix void space is neglected. Due to the low matrix perme-
ability compared to the fractured permeability, matrix void space may not substantially
contribute to groundwater flow and advective contaminant transport (Gordon, 1986).
In principle the EPM has some limitations. Only a cell size much bigger than the frac-
ture spacing should be used. Besides, the fracture network must be interconnected and
rather uniformly distributed within zones of equal density, when dealing with contam-
inant fate and transport analysis where all field scales are equally important (Kresic,
2006).

2.3 Depth dependence of permeability

The permeability, K [L2], is a important material property describing a material ‘s ca-
pability to transmit fluids. It is the most relevant parameter in geological porous media
flow. Often ranging over more than 15 orders of magnitude in geological materials and
thus it can be highly anisotropic and inhomogeneous.

Measurements of permeability in laboratory settings may not reflect field scale, ne-
glecting larger representative elementary volumes, which include large-scale fractures or
layers . Especially the large scale permeability distributions affect numerous processes
like regional flow patterns and long term water management (Saar & Magna, 2004). It

is useful or even necessary to use analytical or numerical models to explore permeability
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distributions at large scales.

Usually K decreases with depth, because of compaction, metamorphism, and/or filling
of pore spaces and fractures by precipitating minerals (Ingebritsen & Manning, 1999;
Ingebritsen € Sanford, 1998). To describe the non linear decrease of permeability with
depth, mathematical representations are used: Ingebritsen € Manning (1999) describe
the relation between depth and permeability by a power-law function (Equation 2.5),
which was afterwards refined, suggesting to be exponential for the top 800 meters of
depth by Saar € Magna (2004). Equation 2.6 was developed in the Oregon Cascades
(Oregon, U.S.A.), a volcanic range located along an active, convergent plate boundary.
Equation 2.7 was found based on swedish borehole data (Rehn et al (1999) in Mark-
lund (2009)) and Equation 2.8 is implemented in MODFLOW-2000 (Anderman & Hill,

2003).
_Z_

K(2) = Kp()™" (2.5)
k(z) = koe T (2.6)
k(z) = koe (2.7)

k(z) = ko - 1077 (2.8)

Ks [L?] is the permeability at the ground surface, Kp [L?] the permeability at some
depth. D, §, v and A [L] are decay coefficients. ko L/T]) is the hydraulic conductivity
at the ground surface, z [L]) is elevation, and c is a positive constant.

Ingebritsen € Manning (1999) recommended following values to represent the conti-
nental crust: Kp= 107 m? | D= 1000 m, yv= 3,2 m. Saar & Magna (2004) give
conformable values: Kg= 5-10713 m? and 6= 250 m.

Over 3000m of depth Equation 2.8 by ITCorporation (1996) results in a conductivity
of 50% with A=1-10"* (green line in Figure 2.1), and in 0.1% of the surface value with
A=1-1073.

Values of ¢ and kg fitted to borehole data from Sweden down to approximately 1600 m
are 0.00641 and 1.925-10~7 m?, respectively. Each of these functions has limitations and
advantages. For example Equation 2.6 by Saar & Magna (2004) tends to provide unre-
alistic low permeabilities at depth greater than about 2 km and reasonable near surface
magnitudes. On the other hand the power law function (Equation 2.5 by Ingebritsen €
Manning (1999)) gives realistic values at greater depth but converges infinity for z—0
and is not defined for z=0 (Saar & Magna, 2004).

In this thesis the equation of (Saar & Magna, 2004) will be used with the reported decay
coefficient (6= 250 m) , because of the lack of information about the decay of hydraulic
conductivity in the study area, and because literature review about the equation found
in Sweden by Rehn et al. (1999) failed, except for a citation in Marklund (2009).



Chapter . Methodology 16

0 010 0,20 0,30 040 050 0,60 0,70 0,50 050
0,00

- 100,00

100,00

= 300,00 -

-400,00

=500

=G0, 00

elevation [m b.g.l]

- T00 00 4

H00,00

Q00,00

- Looa g 4

kT [m'd]

——Saar and MNanga (2004) —=— Heln ef al. (1999 —— LT (1996 {1} — 1T (19%6) (2} —— Ingebrirsen et al. (1999

FIGURE 2.1: Various models for the depth dependence of hydraulic conductivity
2.3.1 The influence of temperature on hydraulic conductivity

The hydraulic conductivity defined by Equation 2.3 actually contains an viscosity de-

pendent term 7 = pgn~ L.

Using the kf-value in groundwater investigations, this term
may be treated as a constant (about 7.5-10%) at a temperature of 10 °C and a density
of 1000 kg/m?>.

Dynamic viscosity of water has a strong dependence on temperature. It can be calcu-
lated directly from temperature using the Poiseulle relationship (Equation 2.9)(Stelczer,

1987 in (Gordon et al., 2004)):

1,78 107 kg,
1+0,0337T +0,00022172) ‘ms

n = ( (2.9)
Table A.1 in appendix A and Figure 2.2 illustrate the effect of temperature on hydraulic
conductivity. The gray line in Figure 2.2 shows the depth dependence of hydraulic con-
ductivity using Equation 2.6 by Saar & Magna (2004) for a near surface permeability
Ko= 1,03-10~'2 m?, a near surface water temperature of T=20 °C, a density of 1000
kem™3 as well as a temperature gradient of 9T /dz= 3°C/100m. The decrease of hy-
draulic conductivity with depth by neglecting temperature and density is indicated by
the black line. Values are listed in appendix A (Table A.1).
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FIGURE 2.2: Relation between depth-decaying of hydraulic conductivity and temper-
ature

For calculations in multi-phase systems or geothermal systems with different temper-
atures and different viscosities the permeability has to be used. Since the differences
between the values in Figure 2.2 is marginal to other uncertainties (e.g. the decrease of
permeability with depth) the influence of temperature and density on hydraulic conduc-

tivity will not be considered in this thesis.

2.4 Pre- and post-processing

Spatial data, such as digital elevation, geology, recharge and evaporation and borehole
information, were manipulated using ArcMap 9.3 (ESRI, 2008) and were converted into
matrix or shape files and imported into Groundwater Vistas (Rumbaugh & Rumbaugh,
2007).

2.5 Model calibration

Model calibration will be done by trail and error procedure by fitting simulated to ob-
served groundwater levels derived from the GROWAS borehole database (DWA, 2004).
As a measure of the deviation between simulated and observed groundwater heads the
Root Mean Square Error (RMS) (Equation 2.11) and the Mean Absolute Error (MAE)
(Equation 2.12 will be used. Residuals are defined as (Equation 2.10):
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Residual = (hoj — hs ;) (2.10)

1 n
RMS = |- hoj — hs.j)?, € [0; 2.11
n ;(( J 4)? € [0;00] (2.11)

1 n
MAE = =(S " |hyi — hs i), € [0; 2.12
n(Z! J — hsjl), € [0500] (2.12)

j
2.6 Basement-water indicators

In chapter 5.5 mass balances of different river compartments were calculated. For the
determination of basement water influence on these river sections four indicators (I) will

be used.

B Totalln — Rch

11 = 2.13
Totalln ( )

A measure for the water amount that enters the compartment from the subsurface

(vertical and lateral).

2.
BottomlIn
2= ——— 2.14
Totalln ( )
A measure for the fraction of basement water inflow on total inputs.
3.
Bottoml
I3 orom-n (2.15)

- Totalln — Rch

A measure for the ratio of vertical basement inflow on total basement inflow.

ET

4= —
Totalln

(2.16)

A measure for the influence of evaporation.



Chapter 3

Study area

3.1 Overview

Africa

i) |
U
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FicUre 3.1: Location of Namibia in Africa and the country’s western catchments
(Marx, V., 2009 modified from Jacobson et al.,1995)

The westward draining Swakop River catchment with an area of 30,100 km? is the
largest catchment within Namibia and the one with the most developed infrastructure.
It stretches from the Atlantic Ocean to the east and is bordered by the Kuiseb River
catchment in the south and the Omaruru River catchment in the north (Figure 3.1
(CSIR, 1997).

19
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The elevation varies from sea level to about 2400 m a.s.l. in the Khomas Highland.
Located in the catchment are numerous towns like Okahandja, Otjimbingwe, Karibib,
Usakos and the capital Windhoek. Several farms and mines, Rossing uranium mine,
Langer Heinrich uranium mine and the gold mine Navachab are also situated in the
study area. In the upper part of the catchment the Von Bach and the Swakoppoort
Dam together with a third dam located in the northern neighboring Omatako catchment
constitute an interconnected system and allocate considerable amount of water to the

region. Figure 3.2 gives elevation information and depicts prominent features.
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FIGURE 3.2: Elevation information and prominent features (modified from DEA
(2002))

3.2 Climate

Low annual rainfall, relatively high temperatures during the rainy season and huge
evaporation losses cause an almost continuous water deficit, Namibia s climate can be
classified as dry according to the Koppen climate classification. A nearly permanent
temperature inversion at the coast caused by cold Atlantic sea water (Benguela current)
leads to the extreme aridity of the Namib desert. Rainfall events are variable, unreliable
and unevenly distributed in space and time. There is a steep rainfall gradient from east
to west with most precipitation falling as showers or thunderstorms in summer between
October and May. The variability of rainfall increases with aridity toward the Atlantic

sea. Annual rainfall varies from 0-50 mm at the coast and up to 450 mm in the interior
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regions (Christelis € Struckmeier, 2001). High moisture conditions in the coastal area
lead to common fog formation, which is an important water supply for the adapted
fauna and flora in the Namib desert. Fog precipitation can exceed three to four times

the annual precipitation (Jacobson et al., 1995).

Mean annual potential evaporation is around 3000 mm a year, up to 3400 mm in the
center and less than 2400 mm at the coast (DEA, 2002). Thus water is rapidly lost from

ecosystems and surface water storages (e.g. dams).

Average minimum temperatures range from 10 - 12°C at the coast and from 4 - 6°C in
Windhoek and average maximum temperatures are 20 - 22 °C at the coast and around
30 - 32 °C in Windhoek (DEA, 2002).

3.3 Soils and Vegetation

Due to the arid climate and the relatively slow rates of weathering, soils are generally
thin and poorly developed. Thus they are often very rocky and frequently giving way
to the bare rock beneath. Close to the coast dune fields consisting of littoral sands
are located. Soils in the lower catchment are in general halomorphic, often associated
with gypsum or salt deposits. The thickest and most fertile soils can be found in major
valleys, and originated from alluvial and colluvial deposits. However they are also often
calcareous and saline and thus have as well limited potential for irrigated agriculture.
Soils of floodplains, with a thickness of about 10 - 30 m, formed of deposits of sediments
transported by floods of the ephemeral rivers, exist of sandy loams and sandy clay
loams. These alluvial soils are composed of variantly layers of sand, silt, clay and gravels
tributary upon the magnitude of individual floods and source materials (Jacobson et al.,

1995; CSIR, 1997). A map of major soil types in the basin is given in Figure 3.3.

The vegetation in the catchment is highly adapted to the climatic conditions and along
the ephemeral rivers to the erratic and destructive nature of floods. Variation in species
composition of plant communities is associated with the rainfall gradient, i.e. variation
in rainfall is the primary determinant of vegetation. Riparian vegetation occurs along
alluvial aquifers, due to soil deposition, soil moisture and groundwater storage.
Faidherbia albida (Ana tree), Tamarix (Tamarisk), Acacia erioloba (Camelthorn) and
Prosopis glandulosa (Prosopis, an alien invasive plant) represent the Swakop riparian
vegetation. In general four vegetation types according to Giess can by found in the
catchment: Central Namib (9%), Semi-desert / Savanna Transition (34%), Thornbush
Savanna (28%) and Highland Savanna (29%) (Marz, 2009; Jacobson et al., 1995).
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FIGURE 3.3: Soils within the Swakop River basin (DEA, 2002)

3.4 Surface water

The Swakop River and its tributary, the Khan River, are the biggest ephemeral streams
in the Swakop river basin and important groundwater suppliers to several towns in the
central area. Several smaller ephemeral tributaries are located in the catchment, some
of them were also used for water supply in former times. The riverbeds of the westward-
flowing Swakop and Khan rivers exist of sand, gravel and silt deposits with a general
thickness between 10 and 30 meters. The hydrogeological map in Figure 3.9 displays
high yields within the porous alluvial aquifers.

The river gradient of the Swakop River with an mean slope of 1:270 can be characterized
as very constant and slightly convex over long sections, in contrast the average gradient
of 1:182 is steep resulting in faster travel times and smaller transmission losses if equal
conditions in both rivers would prevail. In general the rivers are following the strike of
the bedrock formation and when cutting across the strike, the bedrocks form barriers
that split up the alluvial aquifers into compartments (CSIR, 1997). The construction of
the Von Bach and Swakoppoort dams upstream of Otjimmbingwe resulted in a rigorous
change of water supply from the streams by the reduction of frequency and volume of

floods (Miller, 2001). A description about the characteristics of the ephemeral system
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and the alterations due to the construction of the two surface dams is given by Marx

(2009).

3.5 Geology and hydrogeology

3.5.1 Overview

Numerous different processes and formation phases formed todays versatile landscapes
of Namibia. Figure 3.4 illustrates the different tectonic settings. The oldest parts (more
than 2 billion years) are build up by two primarily separated cratons, the Congo Craton
in the north and the Kalahari Craton in the south east. Over million of years further
mainlands joined those two cratons under orogenesis. During the first orogenesis the
Epupa-, the Huab-, and the Grootfontein - complex were added to the Congo Craton
and rocks, which formations are called Vaalian were formed.

In the following second big orogeny rocks of the Mokolian were generated, consisting
of metamorphic erosion deposits from the Congo and Kalahari Cratons and from the
ambient mountains of the Vaalian, which were sedimented in the Damara geosyncline.
Approximately 900 million years ago tectonical plate procedures led to an convergence
of the Congo and the Kalahari Cratons and a displacement of water from the Damara
sea. Finally, about 650 - 500 million years before today the cratons clashed, the erosion
deposits were raised and the Damara belt was generated. Numerous magma intrusives
were crystallized in this southwest - northeast aligned range at the end of this folding
process. At this point in time Pangaea was generated as well by the joining of Africa,
South America, Australia, Antarctic, India and Madagascar.lia, Antarctic, India and
Madagascar. Following the Damara Sequence, about 300 million years ago, an erosion-
cycle in South Africa (Karoo Sequence) occurred. In this process the Damara range
was weathered and eroded. The deposits were sedimented over the Kalahari Craton
mainly to the south and south-east of the mountains and built up the so called Nama
Formation. Because of the former adjacency to the South Pole inland glaciers covered
Namibia during the Godwana ice age. About 280 million years ago, at the end of this
ice age, large glacial deposits remained in southern Namibia, e.g. the Dwyka forma-
tion. Glacio-fluviatile sediments can be found preferentially in central Namibia, e.g. the
Omingonde Formation, furthermore fluviatile deltasediments (Ecca-sediments) in the
south and consolidated sandstones and quartzites from the Etjo-Formation in the north

of the country.
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At the end of the Karoo time, around 135 million years before today, the super con-
tinent Pangaea began to split up into northern hemispherical Laurasia and southern
hemispherical Godwana involving further big magmatic eruptions, e.g the Etendeca
basalts. The tertiary was characterized by erosion and sedimentation of the Kalahari
sequence or rather Post-Karoo-Sequence and the genesis of the Namib-Erg took place
as well. During the last million years aeolian and fluviatile forces formed the landscape
(Hueser et al., 2001; Gruenert, 2003; Christelis & Struckmeier, 2001).

TABLE 3.1: Stratigraphical units in Namibia (after Christelis & Struckmeier (2001))

Era Formation Namibian Classification
Cenozoic Cretaceous to
< 65 Ma Quaternary Cenozoic Sediments
< 135 Ma
Mesozoic < 135 Ma Post-Karoo Complexes
65-250 Ma
Permian to 135-300 Ma Karoo Sequence
Jurassic
Paleozoic 135-300 Ma
250-540
Ma 300-500 Ma Erosion
Cambrian Namibian to Nama Group
500-540 Ma early Cambrian
500-1000 Ma Damara Group
Neoproterozoic
540-1000 Ma Gariep Complex
Precambrium
> 540 Ma Mesoproterozoic | Middle to late | Gamsberg Granite

1000-1600 Ma

Mokolian

1000-1800 Ma

Fransfontein Suite
Sinclair Sequence
Namagqualand Complex
Rehoboth Sequence

Elim Formation
Khoabendus Group
Vioolsdrif Suite

Paleoproterozoic Orange River Group

and Archaean Vaalian to Mooiriver Complex

> 1600 Ma early Mokolian | Neuhof Formation
> 1800 Ma Hohewarte Complex

Abbabis Complex
Grootfontein Complex
Huab Comblex
Kunene Complex
Epupa Complex




Chapter 3. Study area 25

NORTH SOUTH
A. ~780-750 Ma Intracontinental rifting phase

Congo craton =

100 km

100 km

ocean basin submarine fan

Gongo i

mantie

C. ~560 Ma Closure of Basin— subduction phase

" n
ocean basin Submanne fa

D. ~540-520 Ma Termination of subduction— crustal thickening phase (Central Zone)
structurally thickened
wedge

— NZ—+— C2—— SZ——SMZ

. "Congo craton +

mantle

FIGURE 3.4: Tectonic settings of the Damara Orogen (modified after GSA (n.a.))
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3.5.2 Geology

The Swakop River catchment is located within the Damara Orogen. The Damara Orogen
in Namibia has been divided into a north-south trending coastal branch and a north-east
trending inland branch, which has been interpreted as a result of the collision between
the Congo, Kalahari and Rio de la Plata cratons (Stanistreet et al., 1991; Prave, 1996
in Nex et al. (2002)). Miller (1983) divided the inland branch into a number of zones
based on lithostratigraphical, structural and metamorphic criteria (Figure 3.5 and 3.4.
Faults or lineaments represent boundaries between different zones. The Swakop River
catchments occurs in the Central Zone (CZ) (bounded by the Otjihorongo thrust in the
north and the Okahandjia lineament in the south)and in the Southern Zone (SZ). In the
strict sense the catchment occurs in the southern Central Zone (sCZ)(bounded by the
Omaruru Lineament (OML) and the Okahandja Lineament (OL)), in the Okahandja
Lineament Zone (OLZ) (the southern margin of the CZ) and in the Southern Zone
(SZ). The geological map (1:1000000) (DEA, 2002) in Figure 3.8 gives an lithological
overview and displays groups, major rock types and their age. Figure 3.6 illustrates the
stratigraphic column, and in table 3.2 the stratigraphic units and associated lithologies

are listed.
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FIGURE 3.5: Generalized geological map of the central zone (modified, Jung et al.
(1999) after Miller (1983)
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As aforementioned, the central region, including the Swakop River basin, is dominated
by the Damara Sequence. These rocks were liabled to extensive folding, faulting and
erosion before being covered by sedimentary deposits, followed by another long time of
erosion. The Great Escarpment in the catchment is not as pronounced as elsewhere in
Namibia, mainly due to erosion caused by drainage of Swakop- and Khan River also
Damaran rocks present here weather more readly than rocks forming the Great Escarp-
ment elsewhere (Schneider et al., 2008). As shown in Figure 3.6 quarzofelspathic biotite
gneisses and schists with subordinate para- and ortho-amphibolites of the Precambrian
Abbabis Formation compose the basement on which they were deposited (Smith, 1965).
The overlying Damara Sequence (540-1000 Ma) comprises the Nosib and Swakop Groups,
consisting of various metamorphic rock types and is subdivided with decreasing age into
the Etusis, Khan, Rdssing, Chuos, Arandis, Karibib, Tinkas and Kuiseb formations.
Typical rock types of these formations are metasediments, marbles, dolomites, calc-
silicate rocks, schists and gneisses.

The following Karoo Sequence with an age of 130 - 300 Ma is composed of Damaran
granites, uraniferous alaskites and basalts as well as dolerites of the Etendeka Group.
Aeolian sands and other surficial deposits (Table 3.2) represent the top in some areas.
The OLZ and the SZ together form the Khomas trough (Breitkopf €/ Maiden, 1988) and
both only comprise the Kuiseb Formation of the Swakop Group, distinguished by a thick
sequence (almost 10000 m) of highly thrusted, high pressure, low temperature pelitic and
graphitic schists (mica-schist, quartzite and meta-greywacke) with a southward vergence

(Nex et al., 2002; Schneider et al., 2008; Miller, 1983).
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FIGURE 3.6: Stratigraphic column (Schneider et al., 2008)
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Toward the center of the trough a zone of graphitic schists units separates this se-
quence from the other half of the trough which is characterized by increasing propor-
tions of schists with inter layered meta volcanic material concentrated along the so
called ”Matchless Amphibolit Belt”. In total it has a SW-NE strike length of 350 km
and ranges in thickness from 0,5 to 3 km, representing metamorphosed mafic volcanic
and intrusive rocks (Breitkopf € Maiden, 1988). In the basin the Matchless Belt occurs
with a length of about 50 km near Windhoek.

In the south of Windhoek well fractured sandstones of the Rehoboth Group (Paleopro-
terozoic age ca. 2200 to 1800 Ma) occur (not included in the stratigraphic column of
the Central Zone).

Between Windhoek and Okahandja the prominent Windhoek Graben occurs. This fault
system is characterized by individual, in relation to each other vertically displaced blocks
along steeply dipping faults (Figure 3.7) and is characterized in the hydrogeological map
(Figure 3.9) as a fractured aquifer with moderate to high yields.
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FIGURE 3.7: Faults in the Swakop River basin (GSN, n.a.)

The Okahandja Lineament separates the southern Central Zone from the Southern Zone
(Figure 3.5). Here, alteration in the stratigraphic succession, in the degree of metamor-
phose and changes in seismic profiles occur (Miller, 1983; Schneider et al., 2008; Nagel,
1999). The NE trending lineament itself is characterized by a vertical, isoclinal fault
structure with upright layer-, shale- and shear zones and a thickness of about 500 - 2000
m (Nagel, 1999).
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The sCZ is distinguished by high temperature, low pressure rocks. Here a large number
of syn- to post-tectonic granite plutons, which have been intruded during the Damaran
Orogeny (190-650 Ma) are located. Regional metamorphism and much of the deforma-
tion in the Damara Belt is related to two thermal events: First the mobilization of the
basement and the lower parts of the Damara Sequence with related generation of syn-
tectonic granites and secondly the emplacement of post-tectonic granite bodies toward
the close of the Damara cycle.

Approximately 520 Ma ago the Donkerhoek batholith (a gray, garnet-bearing, two mica,
post tectonic Damaran granite (Figure 3.5) disrupted and invaded the northern edges
of the Khomas trough for nearly 200 km along the strike. The Ugab Subgroup is repre-
sented by the Rossing Formation in the areas immediately north of the Khomas trough.
Marbles of the Karibib Formation of the Swakop Group can be found at Karibib and
also mountains of triassic arkose of the Karoo Sequence, topped by hard Creataceus
basalt. Near Karibib at the southern site of the Khan River mountains by quartzite and
meta-arkose of the Etusis Formation are located. From Usakos onward Swakop Group
meta-sediments become increasingly intruded by granite, alkasite and pegmatites. Some
of alkasite carry uranium and are stooped in open cast uranium mines (Schneider et al.,
2008).

Highly metamorphosed rocks of the mesoproterozoic Abbabis Complex are exposed in
some domes and antiforms within the basin. The Abbabis inlier is the largest of several
small inliers of the basement, which are found in cores of domal structures draped by
units of the Damara Sequence.

Toward the coast occurrence of dykes increase. These dolerite dykes form NE and less
frequently EW trending dyke swarms, which cut through all the meta-sediments and
intrusive rocks. They are related to the cretaceous Etendeka volcanism, which immedi-
ately preceded the break-up of the African-South American part of Godwana. Individual
dykes range between 10 cm and several tens of meters wide, and often extend for many

kilometers along the strike (Schneider et al., 2008).



Chapter 3.

Study area

30

se0000 sa0000 i i rooaco i
| y E
] 4 =
- .J'
.E JF I- "'_J -
g_ . i I - .w. btk -~ g
- e .llﬂwl' p : 'm & -
.‘:/’ . '.-:_-_ .__ 5 J i r;‘.".\. ; F
2 . et 2R = . 8
1 s iy ' i
- == O, Oufmbingwe ... . -
PG BT T
g. ;rp e : .;;;H.ddhnuk g
o =
il
g as0000 520000 580000 640000 700000 760000 §

Age [Ma], rock type, group and dykes

137-132, Lawvas and sandsiones. Ebendeka Group
137-132, Limasiones ind sandsionss, |Gneous @iinsSuons
2500-1650, Complas, Abbabs Malamonphe Compienes
28001850, Complax

300-180, Sancatonss and Conglomaratas

650-270, Geanile, Damars grardes

TO-présent, Sands and calcrete, Kalahar and Namib Sands
850-550, Scheats and dolomtes. Swakop Group
850500, Amphibalie. Matchless Bed
B50-800, Schests, Khomas Group
850550, Sandguones
Dyhe 0 1285 2%

[ = ==

g
Kilomners

FIGURE 3.8: Geological map (1:1 mio) (DEA, 2002; GSN, n.a.)

TABLE 3.2: Stratigraphic succession of the Swakop River Basin

Max.
System Sequence | Group SubgrouJFormntiun thickness| Lithology
Quaternary, Namib aeolian sand
Tertiary surficial deposits
Cretaceous, Ftendeka basalt
Jurassic, dolerite
Triassic Karoo
Permian,
Carhoniferous, |(300-130 Ma)
Dievonian,
Silurian
Ordovician, alaskite (uraniferous)
Cambrian Damara granites
Swakop | Khomas Kuiseb = 3000 m mica schist, metagreywacke, migmatite,
quartzite (micaceous), cale-silicate rock, schist (graphitic)
Namibian marhle/dolomite,amphibolite
Tinkas mica schist, metagreywacke
540-1000 Ma cale-silicate rock, quartzite (micaceous), marhble, hiboli
Karibib 1000 m marble, dolomite, limestone, cale-silicate rocle, mica schist
peltic and semi-peltic schist and gneiss,
biotite amphibolite schist, quartz schist, mig
Arandis mica schist, para-amphibolite, metasediments,
marble (impure), cale-silicate rock
Chuos 700 m diamictite, pebbly schist, cale-silicate rock, quartzite,
Damara marhle (dolomitic), ferruginous quartzite
Discordance
Ugah Rossing 200m Marhble, peltic schist and gneiss, biotite-hornblende
schist, migmatite, calc-silicate rock, quartzite, metaconglomerat
Discordance
Nosib Khan 1100 m cale-silicate rock, conglomerate, mica schist, amphibolite, migmatite,
handed and led quartzofeldspathic clinopyroxene-amphiboli
gneiss, hornblende-biotite schist, biotite schist and gneiss, mig
Etusis 2000 m quartzite (feldspathic), meta-arkose, pelitic and semi-pelitic
schist and gneiss, migmatite, quartzofeldspathic
clinopyroxene hibolite gneiss, cale-silicate rock, metaphyolite.
Major unconformity
Mokolian Abbabis Complex quartzofeldspathic biotite gneiss and schist
> 1800 Ma
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3.5.3 Hydrogeology

Figure 3.9 shows a detail of the Hydrogeological Map of Namibia (1:1000000) (DWA
& GSN, 2001) and the boundaries of the Swakop River basin (red line). The map
presents a color scheme that subdivides the rock bodies into aquifer (blue, green) and
non-aquifers (brown) and further into fractured (green) or porous (blue) ones. Dark
blue and dark green illustrate aquifers with high potential and yields generally above
15 m3/h, while the light colors describe aquifers with moderate potential and yields
between 3 and 15 m?/h. The map is based on informations from the GROWAS borehole
database (DWA, 2004). The aquifer productivity data set, was created by analysis and
spatial interpolation of the yield figures stored in the database. Further, the results of
the data analysis exercise were discussed with local groundwater consultants (Christelis
€ Struckmeier, 2001).

The potential of bedrock-aquifers in the Swakop River catchment is very limited, because
of low rainfall, lack of recharge and to some extend because of generally adverse aquifer
properties of Damara Sequence rocks. Due to that fact most towns are situated on or
near rivers and obtain their water by surface water storage in dams or from alluvial
aquifers. High yielding bedrock properties can be found in the quartzite aquifer of
the Windhoek area. Faults, generally north-south subvertical tension faults associated
with the Windhoek Graben (Figure 3.7) present the major water conductors in this
area and extend as a zone of moderate potential northward toward Okahandja. Here
recharge takes place mainly by direct infiltration of rainwater over areas of quartzite
outcrops, or in areas underlain by schist by direct recharge along fault zones. Water
pumped from Windhoek boreholes has a mean age of approximately 12000 a. Deep
groundwater circulation is assumed in fault zones some kilometers north of the main
quartzite outcrops, due to the presence of strong flows of hot water. The mica schist
with occasional quartzite intercalation, which are located in the Khomas Highland, have
less recharge rates in the west of Windhoek , due to higher rainfall and thus enhanced
chemical weathering, while joints and fractures in the east of Windhoek tend to be
open. Mean borehole yields of about 2.4 m3/h are in the east of Windhoek, 9 m?/h in
Windhoek and 2.9 m?/h further west. Nevertheless borehole success rates and yields
decrease toward the Namib. Subvertical pegmatite dykes parallel to the strike of the mica
schist near Okahandja (Figure 3.8 present preferred drilling targets and have highest
yields between 15 and 35 m below the water level. The marble and schist aquifers
around Karibib and also the calcrete aquifer in the Kranzberg area at Usakos have
moderate yields. Bedrock aquifers in the eastern part of the Namib have generally
low but locally moderate yield potential. Low to limited yields are encountered in the
Namib. Represented by orange hatching on the map, groundwater in fractured aquifers

between the coast and 20 to 150 km inland is saline in most instances (Miller, 2001).
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FIGURE 3.9: Hydrogeological Map (1:1 mio) (DWA & GSN, 2001)




Chapter 4

Model conceptualization

This chapter presents the model conceptualization for the study area, i.e. translating
the physical system in one that can be modeled numerically. It includes the physical
and hydrogeologic settings of the study area and the hydrologic factors that control
groundwater flow. Special subjects implicated in this chapter are initial model parameter
values, boundary conditions, and references to the source data. Model conceptualization
was done in several steps while increasing complexity, i.e. the model was built up from
simple to more detailed according to the translation of basin characteristics. Three
different recharge and evaporation as well as two aquifer concepts were developed and
combined in three modeling approaches. The results of different conceptualizations were
interpreted to achieve improvements in the subsequent model conceptualization.

In Figure 4.1 fluxes considered in the conceptual model are demonstrated as well as
the implemented layers and their thickness. It has been assumed that the groundwater

system is in equilibrium and groundwater withdrawals have been neglected.

25 m
35m
40 m
100 m
200 m
250 m
350 m

wpoot

FIGURE 4.1: Fluxes and thickness of layers considered in the conceptual model
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4.1 Topography

Land elevation data of the study area were derived from SRTM (Shuttle Radar Topog-
raphy Mission provided by NASA) and used to represent the surface elevation in the
model (Figure 4.2).
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FIGURE 4.2: Topelevations of layer 1

4.2 Model boundaries and model resolution

The model area comprises the entire catchment of the Swakop River. It was assumed
that surface and subsurface catchment equal each other. Thus, for the groundwater
flow in the basement no constant heads around the catchment borders are needed which
simplifies the model. All groundwater flows, recharge and discharge occur within the
model domain, except for discharge into the sea.

The location of the saltwater-freshwater interface can be described by the Ghyben-
Herzberg relation which indicates that the interface lies at a depth below sea level 40
times the height of the water table above sea level. Water discharges into the sea
through an outlet face extending seaward from the coast (Dingman, 2008). Therefore
a constant head boundary of 0 m was assigned at the outlet of basin in layer 1 and no

flow boundaries to all other layers (Figure 4.3).
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FI1GURE 4.3: Boundary conditions considered in the conceptual model

The fewer cells the more stable is the model. However, the fewer cells a model runs
with, the less accuracy can be achieved. In general the grid size of a groundwater flow
model should not be chosen because of the size of the model but to display the dominant
structures in the most realistic way ( Wolf et al., 2008).

Due to lack of basin wide data for hydraulic properties and the objectives of the thesis
a grid size of 1 km? was assumed to be appropriate.

Furthermore the model setup consists of seven layers to get a smooth decrease of per-
meability with depth. Determinations of the layer bottom elevations were calculated
by subtracting layer thickness or rather cumulated layer thicknesses from top elevation
using ArcMap 9.3 (ESRI, 2008). Layer 1 has a thickness of 25m to enable the imple-
mentation of the shallow alluvial aquifers of the Swakop and Khan Rivers. Layer 2 has
a thickness of 35 m, layer 3 of 40 m, layer 4 of 100 m, layer 5 of 200 m, layer 6 of 250
m and layer 7 a thickness of 350 m (Figure 4.1).

The model has a total area of 57594 km? with active cells covering 29284 km? in layer
1, representing the Swakop River Basin. In total the model consists of 174 rows, 331
columns and 7 layers, resulting in 403158 cells in total and 204705 active cells (198453

no flow cells).

4.3 Calibration Targets

1214 head targets were derived from the GROWAS groundwater database (DWA, 2004).
Checking target values led to the decision only using head targets in layer 1 and 2. No
basement head information were available for the area from the outlet up to 80 km
westward in the database (e.g. Figure 5.3), thus one additional target was assigned near

the outlet with a head of 0 m.
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After applying target thinning (only one target per cell and location was permitted) a
total of 967 head target data were used as the measure of observed steady-state hydraulic
heads (Table 4.1).

TABLE 4.1: Distribution of selected head targets on layers

Layer Initial head targets Targets selected Distribution of
for calibration  targets by layer[%)]
1 720 606 62,67
2 402 361 37,33
3 76 0 0
4 14 0 0
5 1 0 0
6 1 0 0
7 0 0 0
Total number 1214 967 100

4.4 Recharge

Three different recharge concepts were developed and adopted which are described below.

4.4.1 Recharge concept 1

Recharge zones were assigned according to the rainfall map from DFEA (2002) (Figure
4.4). Annual recharge was estimated as 0.5 to 1 % of annual rainfall. Direct recharge is
applied to the highest active grid layer and will also occur if the layer is dry.

Recharge rates per day of concept 1 are listed in Table 4.2 for the nine zones.

TABLE 4.2: Recharge zones and rates of recharge concept 1

0.5% 1%
Zone P [mm/a] Rch [m/d] Rch [m/d]
1 25 3.42.1077  6.84-1077
2 75 1.0-10° 21076
3 125 1.7-1076 3.4.10°
4 175 2.4-1076 4.8.1076
5 225 3.1-1076 6.2-1076
6 275 3.8:1076 7.6-1076
7 325 4451076  8.9-1076
8 375 5.14-107%  1.03-107°
9 425 5.82:1076  1.16-107°
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FIGURE 4.4: Recharge zones derived from annual rainfall map (DEA, 2002)

4.4.2 Recharge concept 2

This concept was established to account for the effect of elevation on rainfall. The rainfall

zones of the rainfall map from DEA (2002) were blended with the digital elevation model.

Mean elevation within each zone was then correlated to annual recharge (Figure 4.5).

With this model recharge amounts for 23 zones were calculated (each with an extend of

100 m in altitude). Figure 4.6 shows recharge zones of this concept. All detailed rates

are given in appendix A (Table A.2).
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FIGURE 4.5: Correlation between recharge and elevation derived from annual rainfall

map of DEA (2002)
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4.4.3 Recharge concept 3

To account for local groundwater flow systems and a fractile distribution of recharge
and discharge areas the topographic index (TI) of the top elevation was computed. It
is considered, that discharge areas are mainly located in shallow terrain. Through this
procedure areas were identified where only evaporation or only recharge takes place, i.e.
in this concept recharge is defined as "net recharge”, from which evaporation is already

subtracted. The topographic index is defined as:

TI =lIn(a/tanp) (4.1)

where a is the upslope contributing area per unit contour and tans the local slope angle
(Beven & Kirkby, 1979). The location of different indices in the basin are given in Figure
4.7. By determining a boundary value of the index recharge and discharge/evaporation
zones can be identified. All indices higher than the boundary index are reclassified
to zero, all values lower then the boundary index are defined as recharge zones and

reclassified to a value of 1.
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FI1GURE 4.7: Topographic indices within the study area

The frequency distribution of the TI is shown in Figure 4.8, with a minimum index of

6.61 a maximum of 21.14 and a mean index of 12.36.
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FI1GURE 4.8: Frequency distribution of the topographic index in the study area

The binary map was multiplied with the recharge map from recharge concept 2. Figure
4.9 shows the distribution of recharge zones according to a boundary index of 12 and a
recharge rate of 0.5% of annual rainfall; i.e. all indices lower than 12 were assigned as

recharge zones.
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FIGURE 4.9: Recharge rates/zones of recharge concept 3

4.5 Evaporation

Three different evaporation concepts were developed and adopted which are described
below. Evaporation was applied to the highest layer only and the extinction depth was

set to 2 m b.g.l. in all concepts.

4.5.1 Evaporation concept 1

Evaporation zones were assigned according to the evaporation map from DFEA (2002)
(Figure 4.10). To account for higher evapotranspiration rates, due to riparian vegetation
along the Khan and Swakop Rivers, additional recharge zones were generated along the

river reaches.

TABLE 4.3: Rates of evaporation concept 1

Zone ET[mm/a] ET[m/d]
2700 7,4-1073
2900 7,9-1073
3300 9.1073

3100 8,5-1073

—_

=W N
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FI1GURE 4.10: Potential evaporation rates per year and zones of evaporation concept 1

4.5.2 Evaporation concept 2

Evaporation zones were assigned like in recharge concept 2, based on elevation (m a.s.l.).
A simple ”Dalton - type” evaporation function was used to compute evaporation rates.

Dalton s law is given by Equations 4.2 and 4.3 (Dingman, 2008):
ET xes—e (4.2)

where ET is the evaporation rate, e; the saturation vapor pressure and e the vapor
pressure. In general the proportionality depends on the height where e was measured
(above the surface layer) and on the factors controlling the diffusion of water vapor in
the air. The Dalton formula estimates evaporation by a mass transfer, bulk-aerodynamic

method, usually using convenient parameters routinely measured at weather stations.
ET = f(v) - (es — e)[mm/d] (4.3)

f(v) = C-v is a function of wind velocity (v) in [mm/hPa-d|, where C is an empirical
mass transfer coefficient, dependent on the elements of weather. Due to the correlation
between mean annual temperature and elevation a linear temperature gradient was com-
puted with an increase of temperature up to 500 m a.s.l. and a decrease from 500 m to
2400 m a.s.l.. Mean annual relativ humidity (RH) was estimated as 35 - 45% according
to (DEA, 2002) and a value of 35% was used for the calculation.
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The saturation vapor pressure, which is a function only of temperature T was calculated
with Equation 4.4 and the vapour pressure e with Equation 4.5 (Maidment, 1993). All

parameters relating to elevation and temperatur are itemized in Table A.3.

17,3-T
RH = ei -100% (4.5)

Abd Ellah (2009) used amongst others the Dalton Formula to calculate evaporation rates
of Wadi El-Rayan Lake, Egypt with a mean annual value for f(v) of 0.54 mm/hPa-d. As
the initial f(v) a value of 0.45 mm/hPa-d was estimated, resulting in plausible annual

evaporation rates, illustrated in Figure 4.11.
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FIGURE 4.11: Correlation between elevation [m amsl] and evaporation rates [mm/a]

The distribution of evaporation zones (concept 2) within the basin are given in Figure
4.12 and the evaporation rates as well as the climatic parameters are listed in appendix

A (Table A.3).
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FIGURE 4.12: Evaporation zones of evaporation concept 2

4.5.3 Evaporation concept 3

For the development of the evaporation concept 3 a complementary map to the recharge
map in Figure 4.9 was created. All topographic indices lower than the boundary in-
dex were defined as recharge zones and reclassified to zero evaporation and all inidces
higher than the boundary index were defined as discharge or rather evaporation zones
and reclassified to one. This binary map was multiplied with the evaporation map from
evaporation concept 2 (Figure 4.12). Figure 4.13 shows the distribution of evapora-
tion zones and rates with a boundary index of 12 and a Dalton coefficient f(v) of 0.45
mm/hPa-d.
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FIGURE 4.13: Evaporation zones and rates of evaporation concept 4

4.6 Aquifer parameters

The geology and the associated versatile rock types of the Swakop River basin are highly
complex. Basin wide cross and/or longitudinal sections are not available. Hence, it is
assumed that general characteristics of the basin on the regional scale can be displayed by
a simplification of the geological settings. All aquifers are assumed to be unconfined with
a top elevation equal to surface elevation, since soils are in general thin, poorly developed
and frequently giving way to the bare rock beneath (Chapter 3.3). Aquifer parameters
for numerical modeling usually are derived from pumping tests, but in fractured media
it is difficult to extrapolate them to the scale of the grid size and of the regional model
(Kresic, 2006). Therefore hydraulic parameters found in literature were used. Hydraulic
parameters released in publications for rock types occurring in the study area are listed
in Table 4.5. Vertical hydraulic conductivity was always estimated as one order of
magnitude less than the horizontal and is therefore not explicit listed. Furthermore
leakance (vertical conductance) was computed by dividing vertical conductivity by inter-

layer distance between two adjacent nodal layers (HydrogeologicInc., 2007).
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4.6.1 Aquifer concept 1

Each discrete layer was set up with uniform parameters and a depth dependent hydraulic
conductivity according to equation 2.6 of Saar & Magna (2004). Figure 4.14 gives
examples of decreasing hydraulic conductivity with depth. An initial kf-value of

8.64 -1073 m/d according to Mainardy (1999) was used.

kf [mid]
0,00 00 0,02 0,03 0,04 0,05 006 0,07 ooz 009

Depth [m bal]
ot I\:I'I ad
o Q2 O
= O O

[ =0 = 8 B4E-2 [mvid] —— K0 = 4 32E-2 [mid] |

FIGURE 4.14: Decrease of kf-values according to layer depth

4.6.2 Aquifer concept 2

Aquifer zones were assigned according to the classification of groundwater potentials in
the hydrogeological map (DWA & GSN, 2001) (Chapter 3.5.3). Five hydrogeological

units (Figure 4.15) were implemented:

1. Rock bodies with low to moderate groundwater potential (23065 km?)

2. Fractured aquifers with moderate groundwater potential (1704 km?)

3. Rock bodies with limited to very low groundwater potential (3159 km?)

4. Fractured aquifers with high groundwater potential (523 km?)

5. Porous aquifers with high groundwater potential (833 km?)
The zones encompass all seven layers with a decrease of hydraulic conductivity according
to Equation 2.6 of Saar & Magna (2004), except for zone 5, representing the alluvial
aquifers, which are assigned to layer 1 only. Effective channel widths along the river
reaches varies between around 8 m to 300 m (CSIR, 1997); an average of about 100
m is assumed here. The hydraulic parameters for the alluvial aquifers were aggregated

to the 1 km? grid using the arithmetic mean, resulting in approximately one order of
magnitude less than observed in the field by DWA (1970).
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FIGURE 4.15: Zones of aquifer concept 2
Parameter ranges for each aquifer category were determined for calibration purpose. In

Table 4.4 the various zones, parameter ranges and initial hydraulic parameters are listed,

Figure 4.15 illustrates the distribution of aquifer zones in the basin.

TABLE 4.4: Initial hydraulic parameters and kfy-ranges for aquifer zones

Zone Category kfp-range [m/d] Initial kof [m/d] Initial n.s¢
1 low/moderate 8.64-107° - 8.64-1072 8.64-10~* 0.08
2 moderate (fractured) 8.64-1074 - 8.64-1071 8.64-1073 0.1
3 limited /very low 8.64-1076 - 8.64-1073 8.64-107° 0.05
4 high (fractured) 8.64-10~4 - 8.64 8.64-10~2 0.12
5 high (porous) 8.64-10~1 - 864 30 0.2
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Chapter 5

Results

Three models were developed by combining different recharge-, evaporation-, and aquifer
concepts, while increasing complexity according to basin characteristics. Each of them
was performed with a recharge amount of 0.5% and 1% of annual rainfall, denoted
as minmum and maximum approach, respectively. Consecutive variation of hydraulic
conductivity followed, until the simulated groundwater levels fitted reasonable with the
observed ones. Best results were achieved with the maximum approach of Model 2
(Chapter 5.2), which was used for determination of the groundwater flow system (Chap-
ter 5.4) as well as for flow path and mass balance investigations at six selected river

compartments (Chapter 5.5).

5.1 Model 1

Model 1 combines the recharge and evaporation concept 1 which is based on the rain-
fall map and the map of potential evaporation of the Atlas of Namibia (DEA, 2002)
(Chapters 4.4.1 and 4.5.1) and the uniform aquifer concept 1 (Chapter 4.6.1).

5.1.1 Aquifer parameter

Best model performances were achieved with a near surface hydraulic conductivity of
kfy = 9.55-107?[m/s] for the minimum approach and a near surface hydraulic conduc-
tivity of kfy = 9.8-1078[m/s] for the maximum approach. Aquifer parameters for the

two approaches are listed in Table 5.1.

49
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TABLE 5.1: Hydraulic parameters of Model 1

min. approach max. approach
Layer kf, , [m/d] kf,[m/d] ness kf, , [m/d] kf.[m/d] ness

8.25-10~% 8.25-10~°  0.05 8.47-10~3 8.47-10~*  0.05
6.96-104 6.96-107°  0.05 7.14-1073 7.14-10~*  0.05
5.99-1074 5.99-107°  0.05 6.15-1073 6.15-107*  0.05
4.53-10~% 4.53-107°  0.05 4.65-1073 4.65-10~*  0.05
2.49-10~4 2.49-1075  0.05 2.55-1073 2.55-107%*  0.05
1.01-10~¢ 1.01-107°  0.05 1.04-1073 1.04-10*  0.05

3.107° 3100 0.05 3.1.1074 3.1-107°  0.05

N O U W N

5.1.2 Model performance

For the minimum and the maximum approach observed groundwater levels were plotted
against simulated ones. Calibration statistics (Table 5.2) were computed as well as the
location of the residuals determined. The results are shown in Figures 5.1 and 5.2 and

are described below separately for the minimum and maximum approach.
TABLE 5.2: Calibration statistics of model 1

min. approach max. approach

Residual Mean -16.06 m -4.20 m
Res. Std. Dev. 22.83 m 34.75 m
Min. Residual -78.40 m -68.21 m
Max. Residual 168.10 m 233.75 m
Range in Target Values 1885 m 1885 m
MAE 22.25 m 25.05 m
RMS 27.9 m 34.99 m
R? 0.993 0.985

Minimum approach:

The root mean square error (RMS) of the minimum approach is 27.9 m, the mean
absolute error (MAE) 22.25 m. The residual standard deviation is 22.83 m, the residual
mean -16.06 m and the coefficient of determination (R2) is 0.993.

The scatter plots in Figure 5.1 and Figure 5.2 show good fits for observed and simulated
groundwater levels in the western part of the catchment up to approximately 800 m
a.s.l.. The most negative residual appears with a value of -78.4 m and is located in
layer 2 (red arrow in Figure 5.3 a). In general, the majority of residuals are negative,
i.e. these simulated heads are higher than the observed ones (especially in layer 2).
With increasing elevation also the scatter increases and the largest positive residuals
occur with a maximum residual of 168.1 m (black arrow in Figure 5.3 a). The basin
wide distribution of positive (green) and negative (orange) residuals in Figure 5.3 a
depicts that the majority of positive residuals is located in the SSW within the Khomas
Highland.
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FIGURE 5.3: Residual circles - Model 1
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Maximum approach:

Best simulation with the maximum approach resulted in a RMS value of 34.99 m and
a MAE value of 25.05 m. The residual standard deviation is 34.75 m and the residual
mean -4.2 m (R?=0.984). In contrast to the minimum approach of model 1 the scatter
plot of observed versus simulated groundwater heads (Figure 5.1 b) illustrates greater
residuals in the western part of the catchment, while the scattering looks nearly similar
in higher elevations. The most negative residual appears in layer 2 with a value of -68.21
m near Windhoek within sandstones (red arrow), the most positive (black arrow) with
a value of 233.75 m complies with the location of the most positive one of the minimum

approach.

5.1.3 Mass balance

In Tables 5.3 and 5.4 the model summaries of mass balances for the minimum and maxi-
mum approach are listed, specifying in- and outputs for each layer. Figure 5.4 illustrates

the total fluxes of each approach.

3a+5
Reh=10,5% Rch = 1%
of annual Rainfall of annual rainfall
2845
E Te+s 4
E
=
=2 0
) .
~1e+5 4
-2e+5 4
-3e+5

Reh ET Err Rch ET Err

FIGURE 5.4: Mass balance model summaries of model 1

Minimum approach:

The recharge (Rch) amount is 9.72-10* m?/d which equals to 35 -10® m3/a. An evapora-
tion rate (ET) of 9.70-10 m?3/d compensates the recharge amount nearly completely. A
small amount of surface runoff (8.25 -107! m3/d = recharge out) and a inflow from the
sea of 2.25-1072 m3/d(= const. head) occur, resulting in a total error between inputs

and outputs of 0.18% (Table 5.3.
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TABLE 5.3: Mass balance summary Model 1 - minimum approach (fluxes in m3/d)

Layer 1 2 3 4 5 6 7

Recharge in 9.72.10*

Recharge out 8.25-107!

ET out 9.70-10*

Const. Head 2.25-1073

Qz Top in 4.28.10* 3.83-10* 3.30-10* 2.19-10* 9.24-10% 2.72-10°

Qz Top out 4.28.10* 3.83-10* 3.30-10* 2.19-10* 9.24-103 2.72.10°

Qz Bottom in 4.28-10*  3.83-10* 3.30-10* 2.19-10* 9.24-10% 2.72:103

Qz Bottom out  4.28-10*  3.83-10* 3.30-10* 2.19-10* 9.24.10% 2.72.103

IN 1.40-10°  8.12-10* 7.13-10* 5.49-10* 3.12-10* 1.20-10* 2.72-10°

ouT 1.40-10°  8.12:10* 7.13-10* 5.49-10* 3.12.10* 1.20-10* 2.72-10°

Total IN 97213.53

Total OUT 97035.49

Total Error 0.18%

Maximum approach:

Compared to the minimum approach the total error between all inputs and outputs of

this approach (0.14%) is slightly smaller. Input by recharge is 1.945-10° m3/d which

equals to 71.18-10% m?3 /a of which 33.8 m?/d were conducted by surface runoff. Recharge

is counterbalanced by an evaporation amount of 1.941-10° m?®/d and a marginal outflow

to the sea of 0.39 m3/d.

TABLE 5.4: Mass balance summary Model 1 - maximum approach (fluxes in m?/d)

Layer 1 2 3 4 5 6 7
Recharge in 1.95-10°

Recharge out 3.38-10"

ET out 1.94-10°

Const. Head -3.94.1071

Qz Top in 1.16-10° 9.70-10* 7.77-10* 4.41-10* 1.54-10* 3.88.10°
Qz Top out 1.16-10° 9.70-10* 7.77-10* 4.41-10* 1.54-10* 3.88.10°
Qz Bottom in 1.16-10°  9.70-10* 7.77-10* 4.41-10* 1.54-10* 3.88-10°

Qz Bottom out  1.16-10°  9.70-10* 7.77-10* 4.41-10* 1.54-10* 3.88.103

IN 3.11-10°  2.13-10° 1.75-10° 1.22.10° 5.95-10* 1.92.10* 3.88.10°
ouT 3.11-10°  2.13-10° 1.75-10° 1.22.10° 5.95-10* 1.92.10* 3.88.10°
Total IN 194500.49

Total OUT 194224.69

Total Error 0.14 [%]
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5.2 Model 2

Model 2 combines recharge concept 2, evaporation concept 2 and the aquifer concept 2
(Chapters 4.4.2 and 4.5.2) with the hydrogeological units based on the hydrogeological
map (DWA & GSN, 2001) (Chapter 3.5.3).

5.2.1 Aquifer parameters

Minimum approach:

Best model performances for the minimum approach were achieved with near surface
hydraulic conductivities of 7.78-107% m/d for rock bodies with low to limited ground-
water potential, 1.3-1073 m/d for rock bodies with low to moderate, 8.64-1072 m/d for
fractured aquifers with moderate, 1.73-10~2 m/d for fractured aquifers with high and at
last 28 m/d for the porous aquifers with high groundwater potential. In Table 5.5 the

hydraulic parameters and their exponential decrease from layer 1 to 7 are listed.

TABLE 5.5: Hydraulic parameters of the minimum approach (kf-values in m/d)

Layer low/limited low/moderate moderate/fractured high/fractured high/porous

1 7.78-10~4 1.3-1072 8.64-103 1.73-1072 28
2 6.56-10—4 1.09-1073 7.29.1073 1.46-1072

3 5.65-10~% 9.41.10~4 6.27-1073 1.25-10~2

4 4.27.1074 7.11-10~% 4.74.1073 9.48-1073

5 2.34-10~4 3.90-10* 2.60-103 5.21-1073

6 9.5-10~° 1.59-1074 1.06-1073 2.12:1073

7 2.9.10° 4.8107° 3.19-1074 6.37-1074

ey f 0.05 0.08 0.1 0.12 0.18

Maximum approach:
For the maximum approach only the hydraulic conductivity of the largest hydrogelogical
unit, namely rock bodies with low to moderate potential changed to 4.32-1072 m/d. In

Table 5.6 the hydraulic conductivities and their exponential decrease are listed.
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TABLE 5.6: Hydraulic parameters for the maximum approach (kf-values in m/d)

Layer low/limited low/moderate moderate/fractured high/fractured high/porous

1 7.78-10~% 4.32:1073 8.64-10~3 1.73-1072 28
2 6.56-10~% 3.64-1073 7.29-1073 1.46-10~2

3 5.65-10~* 3.14-1073 6.27-1073 1.25-10~2

4 4.27-10~* 2.37-1073 4.74-1073 9.48-1073

5 2.34-10~4 1.30-1073 2.60-10~3 5.21-103

6 9.5-107° 5.3-10~4 1.06-1073 2.12-1073

7 2.9-107° 1.6-107% 3.19-10~% 6.37-10~%

Neff 0.05 0.08 0.1 0.12 0.18

5.2.2 Model performance

In Figure 5.5 observed versus simulated groundwater levels for the minimum and the

maximum approach are plotted. Figure 5.6 shows residuals corresponding to observed

water levels and Figure 5.7 the location of positive and negative residuals within layer

1. Calibration statistics are listed in Table 5.7.

TABLE 5.7: Calibration statistics of model 2

min. approach max. approach

Residual Mean

Res. Std. Dev.

Min. Residual

Max. Residual

Range in Target Values
MAE

RMS

R2

-14.44 m
27.87 m
-81.17 m
171.87 m
1885 m
23.52 m
31.37 m
0.990

-13.93 m
24.73 m
-72.54 m
168.29 m
1885 m
22.12 m
28.37 m
0.992
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Minimum approach:

Best model performance, achieved with hydraulic parameters listed in Table 5.5, resulted
in a RMS value of 31.37 m and a MAE value of 23.52 m. The scatter plot in Figure
5.5 a is illustrating a better fit of observed and simulated groundwater levels compared
to the minimum approach of model 1. The majority of positive residuals (observed
groundwater levels higher than the simulated ones) are situated within and in the south
of the Swakop River. The most negative residual with a value of -81.17 m is located
in layer 2 at the same position like in the minimum approach of Model 1 (red arrow).
The most positive residual is situated in the Windhoek aquifer northeast of Windhoek
in layer 1 and has a value of 171.87 m (black arrow in Figure 5.7 a). The residual mean

of this approach is -14.44 m and the residual standard deviation 27.87 m.

Maximum approach:

Since the maximum approach of model 2 resulted in the best model performance com-
pared to all concepts, it was used for further investigations and in the following it will
be described in detail.

The RMS and MAE values for the best model performance are 28.37 m and 22.12 m,
respectively (R?=0.992). Like in the other model approaches, the majority of simulated
groundwater levels are higher than the observed ones, especially in layer 2. The scatter
plot in Figure 5.5 illustrates better fits between observed an simulated heads in lower
elevations than in higher elevations. As shown in Figure 5.7 b, again, the most negative
residual is located approximately 25 km east of Otjimbingwe (red arrow). The largest
residual with a value of 168.29 m is located in the south within the schists of the Kuiseb
Formation (black arrow, Figure 5.7b), like in the maximum approach of model 1. The
residual mean is -13.93 m and the residual standard deviation 24.73 m (Table 5.7).

In Figure 5.8 the longitudinal section R4 (see position in Figure 5.17) illustrates the
groundwater level (blue) and the occurrence of dry cells (red). Particularly these dry
cells appear in mountains and at the outlet of the basin where no calibration targets are

located.

|||-_. .
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FIGURE 5.8: Dry cells and the groundwater contour line in the longitudinal section R4
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In Figure 5.9 geological maps (1:1 mio (DEA, 2002)) are shown, illustrating main rock
types, dykes and faults (derived from GSN (n.a.)) (Chapter 3.5.2). Residual classes
with ranges of 20 m are plotted within. 40 residuals, (4.1 % of all included targets) with
values from -72.54 m to -50 m given in Figure 5.9 a, are mainly distributed marginally
and along fault structures. Residuals ranging from -50 m to -30 m are 190 in number
(19.7 %) and shown in Figure 5.9 b. Many of them are also located nearby faults. Figure
5.9c represents 366 values (37.9 %) between -30 m and -10 m which are almost equally
disposed over the whole area and often in areas where faults are nested (e.g. Windhoek
aquifer). Negative residuals along the alluvial aquifers occur predominantly in the north
of Usakos and Karibib. In Figure 5.9 d, 273 values (28.3 %) between -10 m and 10 m
are illustrated, frequently situated along the river reaches. Further 35 positive residuals
(3.6 %) are given in Figure 5.9 e ranging from 10 m to 20 m. These are also located at
river reaches and mainly in the south-southeast. The positive residuals, 52 in number
(5.4 %) and plotted in Figures 5.9 f,g and h with values from 20 m to 168.29 m in total
are primaly located in the schists of the Khomas Highland. The most positive residual,
already adressed above is lying near the interface between the schists and granites in

the south-west of Otjimbingwe.



Chapter 5. Results 59

L
i
|
i
1
|
|
i

i
I

|
|
I

— — —_— —_— — — — — —_— T—
Fesidualy Fanidualy

. smis _m n_wm el taim = s =
[ Lavas and sandstones, [ Compiaw. [ Sandstcres and Conglomenates [ Amghtcite [ Sandstones
[ | Limestones and sandsiones, [ Complex [ Daman grantes S schusts; —— Diykir

FI1GURE 5.9: Ranges of residuals, Model 2 - maximum approach



Chapter 5. Results

60

5.2.3 Mass balance

Flux [m'/d)

~1a+5 o

-2er+5 o

-3a+5
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of annual rainfall

N I
o

Rch=1%
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Err

Rch

FIGURE 5.10: Mass balance summaries of Model 2

In Table 5.8 and 5.9 the model summaries of mass balances for the minimum and max-

imum approach are listed, specifying in- and outputs for each layer.

illustrating the total fluxes of each approach.

Minimum approach:

Figure 5.10 is

Inputs of the minimum approach of Model 2 are a recharge amount of 1.009-10° m3/d

equal to 36.87 -10% m?/a and a small inflow from the sea of 7.658 m?/d (constant head).

Outputs are evaporation with a value of 1.011 m?/d and surface runoff of 25.6 m?/d.

So total input is 10.09 -10* m? and total output 10.12-10* m?, resulting in a total error
of -0.297 % (Figure 5.10, Table 5.8).

TABLE 5.8: Mass balance summary Model 2 - minimum approach(fluxes in m?/d)

Layer 1 2 3 4 5 6 7
Recharge in 1.009-10°

Recharge out 2.56-10*

ET out 1.011-10°

Const. head 7.658

Qz Top in 4.49-10*  3.67-10* 2.86-10* 1.55-10* 5.14-10° 1.24-10%
Qz Top out 4.49-10*  3.67-10* 2.86-10* 1.55-10* 5.14-10° 1.24-10%
Qz Bottom in 4.49-10*  3.67-10* 2.86-10* 1.55-10* 5.14-10> 1.24.10°

Qz Bottom out  4.49-10*  3.67-10* 2.86-10* 1.55-10* 5.14.10% 1.24.103

IN 1.46-10° 8.16:10* 6.54-10* 4.42.10* 2.07-10® 6.38-10% 1.24-103
ouT 1.46-10°  8.16-10* 6.54-10* 4.42-10* 2.07-10* 6.38-10% 1.24-103
Total IN 100868.08

Total OUT 101168.42

Total Error

-0.207 [%]
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Maximum approach:

Within the maximum approach recharge is 2.017-10° m?/d equal to 73.62:10° m?3/a,

whereof 28.3 m?/d are removed as surface runoff. The evaporation rate with a value of
2.023-10° m3/d is slightly higher than the recharge rate. 7.656 m?/d are flowing from
the sea into the model domain (const. head cells). A total input of 20.17-10* m3/d and
a total output of 20.22-10* m3/d produce a total water balance error of -0.25 %.

TABLE 5.9: Mass balance summary of Model 2 - maximum approach (fluxes in m?3/d)

Layer 1 2 3 4 5 6 7
Recharge in 2.02-10°

Recharge out 2.83-10!

ET out 2.02-10°

Const. head 7.66

Qz Top in 1.01-10° 8.29-10* 6.49-10* 3.48.10* 1.15-10* 2.81-103
Qz Top out 1.01-10° 8.29-10* 6.49-10* 3.4810* 1.15-10* 2.81.103
Qz Bottom in 1.01-10°  8.29-10* 6.49-10* 3.48-10* 1.15-10* 2.81-10°

Qz Bottom out  1.01-10°  8.29-10* 6.49-10* 3.48.10* 1.15-10* 2.81-103

IN 3.03-10°  1.84-10° 1.4810° 9.96-10* 4.62-10* 1.43.10* 2.81.103
ouT 3.03-10°  1.84-10° 1.4810° 9.96-10* 4.62-10* 1.43-10* 2.81.103
Total IN 201674.37

Total OUT 202178.06

Total Error

-0.25 [%)
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5.3 Model 3

This model combines recharge and evaporation concept 3 (Chapters 4.4.3 and 4.5.3) and
the aquifer concept 2. Model 3 was developed, because flow paths of Model 2 indicated
local to intermediate groundwater flow systems (Chapter 5.4). To account for this, the
attempt was made to distinguish between recharge and discharge areas by the use of the
topographic index. During calibration a boundary index was adjusted. Below results
with a topographic boundary index of 12 are described, i.e. all indices lower than 12
represented recharge areas and indices higher than 12 discharge areas where evaporation

zones were assigned.

5.3.1 Aquifer parameter

For the minimum and maximum approach the same hydraulic parameters were used,
like in the minimum and maximum approach of Model 2 (Chapter 5.2.1) and therefore

not explicitly listed here.

5.3.2 Model performance

In Figure 5.11 observed versus simulated groundwater levels for the minimum and the
maximum approach are plotted. Figure 5.12 is showing residuals corresponding to ob-
served water levels and Figure 5.13 the location of positive and negative residuals within

layer 1. Calibration statistics are listed in Table 5.10.

TABLE 5.10: Calibration statistics of model 3

min. approach max. approach

Residual Mean -7.30 m -10.36 m
Res. Std. Dev. 33.29 m 26.99 m
Min. Residual -71.78 m -70.07 m
Max. Residual 213.24 m 170.13 m
Range in Target Values 1885 m 1885 m
MAE 23.64 m 21.72 m
RMS 34.06 m 28.89 m

R2 0.985 0.992
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Minimum approach:

The scatter plot in Figure 5.11 indicates the

largest residuals in low and high elevations,

whereas in moderate elevations the best fits are achieved. The most negative residual

with a value of -71.78 m (red arrow) and the most positive residual (black arrow) with a

value of 213.24 m are located similarly as in the minimum approach of Model 2 (Figure

5.13). The residual mean is -7.3 m and the

residual standard deviation 33.29 m. MAE

and RMS values are 23.4 m and 34.06 m, respectively with a coefficient of determination

of R2=0.985.
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Maximum approach:

While showing best fits in low elevations, the largest scattering in Figures 5.11 and 5.12
occurs in higher elevations. The most positive (170.13 m, black arrow) and negative (-
70.07 m, red arrow) residuals are located at the same place as in the maximum approach
of Model 2 (Figure 5.13). The residual mean is -10.36 m and the residual standard de-
viation 26.99 m. The MAE has a value of 21.72 m, the RMS a value of 28.89 m and R?
is 0.990.

Minimum approach Maximum approach

s tive residuals
[ ';gslaﬂﬂ residuals

FIGURE 5.13: Residual circles - Model 3
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5.3.3 Mass balance

As shown in Figure 5.14 in the minimum as well as in the maximum approach, evap-
oration did not compensate for the input amount and a large surface runoff occurred.
In Table 5.11 and 5.12 the model summaries of mass balances for the minimum and

maximum approach are listed, specifying in- and outputs for each layer.

1845
Rch = 0.5 % Rch = 1%
Bavd - of annual rainfall of annual rainfall

desd

Fhux [m'/d]
W
o
i

Reh ET Err Rch ET Em

FI1GURE 5.14: Model summary of mass balance Model 3

Minimum approach:

As shown in Table 5.11 the recharge rate is 2.66-10* m?3/d equal to 9.71-10° m?/a.
Outputs are evaporation and surface runoff with rates of 2.08-10* m3/d and 5790 m3/d,
respectively. 7.65 m3/d are flowing in from the sea (const. head cells). Combined, total
inputs are 26564.97 m3/d and total outputs 26611.96 m?3/d, resulting in a total water
balance error of -0.177 %.

TABLE 5.11: Mass balance summary Model 3 - minimum approach

Layer 1.00 2 3 4 5 6 7
Recharge in 2.66-10%

Recharge out 5.79-103

ET out 2.08-10%

Const. head 7.65

Qz Top in 2.52.10*  2.19-10* 1.81-10* 1.07-10* 3.69-10° 9.09-102
Qz Top out 2.52-10* 2.19-10* 1.81-10* 1.07-10* 3.69-10° 9.09-102

Qz Bottom in 2.52-10*  2.19-10* 1.81-10* 1.07-10* 3.69-10° 9.09-102
Qz Bottom out  2.52-10*  2.19-10* 1.81-10* 1.07-10* 3.69-10® 9.09-102

IN 5.1810%  4.71-10* 4.00-10* 2.87-10* 1.43-10* 4.60-10° 9.09-102
ouT 5.18.10*  4.71-10* 4.00-10* 2.87-10* 1.43-10* 4.60-10% 9.09-102
Total IN 26564.97
Total OUT 26611.96

Total Error -0.177 [%)]
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Maximum approach:

Mass balance of the maximum approach shows a similar picture compared to the mass
balance of the minimum approach. Recharge flux is 7.97-10* m?/d equal to 29.09 -10*
m®/a. Evaporation takes place with a rate of 2.08-10* m®/d. The recharge rate that
did not enter the model domain is 1.58-10* m3/d. Furthermore 7.65 m3/d are flowing
in from the Atlantic Ocean (Table 5.12).

TABLE 5.12: Mass balance summary Model 3 - maximum approach

Layer 1 2 3 4 5 6 7
Recharge in 7.97-10%

Recharge out 1.58-10%

ET out 6.38-10%

Const. head 7.65

Qz Top in 7.55-10* 6.54-10* 5.34-10* 3.06:10* 1.05-10* 2.61-103
Qz Top out 7.55-10*  6.54-10* 5.34-10* 3.06-10* 1.05-10* 2.61-10°

Qz Bottom in  7.55-10*  6.54-10* 5.34-10* 3.06-10* 1.05-10* 2.61-10°
Qz Bottom out  7.55-10*  6.54-10* 5.34-10* 3.06-10* 1.05-10* 2.61-103

IN 1.55-10°  1.41-10° 1.19-10° 8.40-10* 4.11.10* 1.31-10* 2.61-103
ouT 1.55-10°  1.41-10° 1.19-10° 8.40-10* 4.11-10* 1.31-10* 2.61-103
Total IN 79667.09
Total OUT 79649.53

Total Error 0.02 [%)]
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5.4 Groundwater flow system

The maximum approach of Model 2 was used to analyze the groundwater flow paths. In
Figure 5.17 the positions of cross and longitudinal sections as well as river compartments
are shown.

Figure 5.15 illustrates groundwater contour lines (green) and velocity vectors within layer
2 (top elevation 25 m b.g.l.) (note that velocity vectors are in logarithmic scale and ex-
aggerated). Red and blue arrows indicate downward and upward fluxes, respectively.
Areas of divergence of these vectors are recharge areas and areas of convergence are dis-
charge areas (Ophori, 2007). In general, convergence occurs in the river valleys (denoted
as black lines) and divergence on hills and higher elevations (some of them marked with
a R in Figure 5.15). Conspicuous are upward vectors and a common convergence near
the outlet. The shape of the equipotentials along the major river reaches changes signifi-
cantly from higher to lower elevations. While being almost straight, especially along the
Khan River in the north of Wilhelmstal they get sharper in the downstream direction.
Another conspicuity are the groundwater mounds located on a line from Wilhelmstal to

the south west and the associated divergence of velocity vectors.

In Figure 5.16 velocity vectors in layer 1 are plotted on the hydrogeological map (DWA
€ GSN, 2001). Groundwater flow directions, denoted as purple arrows in the hydroge-
ological map, fit in general to the simulated flow directions. Also some of the springs,
signed as purple and orange circles, can be linked to converging velocity vectors, e.g.
thermal spring in the south-west of Okahandjia (S1), the springs downstream of Swakop-
poort Dam (S2), the spring located near the Umbujosare stream (S3), the submonatane
spring at the Witwaters Mountains in the south west (S4) (Figure 5.16).

Four longitudinal sections and four cross sections are given in Figure 5.19 and Figure
5.18 (see positions in Figure 5.17). In general troughs and river valleys in the longi-
tudinal and in the cross sections display areas where upwelling of groundwater occurs.
Exemptions are observed in the longitudinal section R3 (Figure 5.19), where velocity
vectors in the Windhoek Graben display decurrent fluxes. Furthermore, the longitudi-
nal section R4, which is going through the outlet, is indicating an upward movement of

groundwater at the saltwater-freshwater interface.
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FIGURE 5.15: Simulated flow pattern in the horizontal plane of layer 2
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2001)



Chapter 5. Results 70

Aniid B AR AR T
Legend 0125265 S0 75 100
[ Compartments - — T
— Section

C1 ﬁ*! c2 [,
] 14y
i 'Irm' i W
i Hiiw?f i fifl @jgi £
ﬁ I o AT tr4a'Y v Hf;
PR AL LI P | ARG 3 1S
il ] 1 Vs v i
L S L & at '5&3‘,4 ok o “’4“H
o r'w" bt g ukkrl._..h Ji‘i' ”-‘Ml
Lol R VY T . 0 "‘I'LH-#" ) 1'
i, r..'i' Vg 3 . ~ _..-i“' 410
b by S
t v
South
c3
!
1
i 4 3 ﬁ#
r: Xz T "If.r ﬁ |
g 1 ¢ :- it
"“‘f.‘ ¢ "“"aﬁr IH‘I I"'
ik 1\&‘ H‘r"f"“""'-‘*f
u‘qL\ i
R

FIGURE 5.18: Simulated flow patterns in cross sections (position in Figure 5.17)



Chapter 5. Results

71

R1 et
f.!tf‘ wumm‘f‘v.-“ﬂm;e L

Win{“tﬂ" blognetie iﬂ‘ﬂﬂh;ﬁﬂ ﬁr‘
1t

[}
““ ””* “"1"' AT A Hi‘tﬁr“
*‘l | TR BAET i

‘hrnlnﬂ"* !

"gﬂ'ﬂr

Iy
Hite un“' oy

hi ikl
1‘1 ;r‘!‘*“*w#

P o r 0]

FIGURE 5.19: Simulated flow pattern in the vertical east-west section (see position in

Figure 5.17)




Chapter 5. Results 72

Particle tracking analysis:

A particle tracking analysis was performed near the outlet of the basin in the zone of
saline groundwater (location illustrated in the hydrogeological map, Figure 3.9) using
the MODPATH module (Pollock, 1994) within Groundwater Vistas (Rumbaugh & Rum-
baugh, 2007).

Particle circles were placed in layer 1, 2, 3, 5, and 7 at different locations and reverse
computation was conducted. In Figure 5.20 the pathways are illustrated and medial
travel times listed. The majority of the flow pathways produced by particle tracking
analysis with starting locations in layer 1, depict short distances between entrances and
exits (=~ 1-5 km). Many of them are rather shallow and reach down to layer 3 and 4
(max. 100 - 200m). But also longer pathways were computed with an origin of approx-
imately 30 km eastward from their exits, reaching down to layers 5 and 6. Particles
placed very close to the outlet, north of the Swakop river, infiltrated in north easterly
direction at the border of the basin and have horizontal distances between entrances and
exits of about 20 km. The medial travel time computed for the particles placed in layer
1 is 36299 a.

Particles applied to layer 2 show a similar picture. Short distances between entrances
and exits of about 1-3 km prevail and a few flow pathways occur with horizontal length
of 10-13 km. Medial travel time from their entrance to their appearance in layer 2 is
9555 a.

Particle tracking analysis with particles put in layer 3 have a medial travel time of 46749
a, following from distances between origin and occurrence in layer 3 of about 10 km near
the outlet and larger ones of approximately 30 km with entrances in higher elevations.
The origins of particles placed close to the outlet in layer 5 and 7 are equally located
like those produced by particles placed in layer 1 and are located at the basin border
north of the convergence of the Swakop and Khan Rivers.

Furthermore the ridge (Chuos Mountains) between the rivers as well as the area between
the Langer Heinrich and the Witwaters Mountains (starting layer 5) indicate recharge
areas for these particles. Medial travel time calculated for particles placed in layer 5 is
366915 a.
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FIGURE 5.20: Pathways produced by particle tracking analysis in the zone of saline
groundwater
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A particle tracking analysis was also applied to produce flow paths at the thermal springs
located between the Swakoppoort Dam and the Von Bach Dam. Six particles were set
at the surrounding cells and flow pathways were computed reversely (Figure 5.21). The
spring in the vicinity of the Swakoppoort Dam is dominated by short pathways and
travel times, however, one cell of the thermal spring in the southwest of the Von Bach
Dam illustrates deeper and longer groundwater path ways. Three particle circles (each
with 10 particles) were set to this cell (row: 86, column: 234) and medial travel time
calculated, resulting in a value of 644115 a and pathways reaching down to the bottom
of layer 6 (650 m b.g.l.).

Okahandja

Von Bach

Swakoppoort

FiGure 5.21: Flow paths to thermal springs
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5.5 River compartments

Six river compartments (three in the Swakop and three in the Khan River) were selected
and investigated. The positions are shown in Figure 5.17. Mass balances were computed
and particle tracking analyses were conducted to trace the flow pathways, horizontal
distances and travel times. Particles were set to the bottom of layer 1 in the alluvial
aquifers and tracked reverse from their exit to their entrance locations.

Mass balances are listed in Table 5.14 (note, only vertical fluxes are listed) and illustrated
in Figure 5.22.

Determining the influence of basement water fluxes on the alluvial aquifers was achieved
by the application of four indicators (I) described in Chapter 2.5. Values are listed in
Table 5.13 and Figure 5.23 depicts the indicators in comparison.

TABLE 5.13: Flux - indicators for the selected river compartments

Indicator RUL VAL North SW-LHU LHU Otjimb.

I1: Total In - Rch/Total In ~ 0.79  0.95  0.93 0.88 0.97 0.82

12: Bottom In/ Total In 0.68 0.54 0.08 0.77 0.71 0.67

I3: Bottom in/Total In-Rch  0.88 0.56  0.09 0.88 0.73 0.82

I4: ET/Total In 0.65 0.98 0 0.87 0.97 0.70
Khan River:

In the RUL compartment (26 km?) direct recharge inflow is 15.3 m3/d and evaporation
outflow is 44.6 m3/d. Bottom inflow represents the largest flux occurring, with an
amount of 47.3 m3/d. 20.96 m3/d are percolating into layer 2 (bottom out), resulting
in total in- and outputs of around 69.1 and 69.3 m3/d. As shown in Figure 5.22 smaller
horizontal inputs enter the compartment mainly from the north and the east, while
water is mainly draining to the east and west. The ratio of basement fluxes to all
inflows (Indicator I1) is 0.79. The fraction of vertical inflow from the basement to total
inflow (12) is 0.68; I3 (the ratio of vertical inflow from the basement to total basement
inflow) has a value of 0.88 and I4 (the measure for evaporation influence) has value of
0.65 (Table 5.13).

The VAL compartment, with an area of 9 km?, is characterized by a large horizontal
input from the north as well as a large evaporation rate of 278.31 m?/d. Bottom inflow
occurs with a rate of 151.72 m3/d and bottom outflow with 4.45 m3/d, while direct
recharge inflow is 13.3 m?3/d. Furthermore small influxes come from all horizontal di-
rections, while output besides evaporation occurs through the bottom. Indicator values
listed in Table 5.13 are: I1: 0.95; 12: 0.54; I3: 0.56 and 14: 0.98.

The compartment located in the north of Wilhelmstal and denoted North (10 km?), gets
inputs through direct recharge (77,06 m®/d) and the bottom (100 m3/d).
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The largest input is coming from the north (=~ 1000 m?/d). Evaporation does not take
places. Indicator values listed in Table 5.13 are: I1: 0.93; I2: 0.08; I3: 0.09 and I4: 0.

RUL SW of LHU
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Fi1cURE 5.23: Indicators by comparison

Swakop River:

The mass balance of the compartment lying in the southwest of the LHU compartment
(SW in Figure 5.17), with an area of 22 km?, is made up by a direct recharge inflow of
14.4 m3/d, by an evaporation rate of 101.14 m?3/d, by a bottom inflow of 89.82 m?/d and
a bottom outflow of 14.87 m?/d. The largest horizontal inflow comes from the north, the
largest horizontal output flux takes place in southern direction. Indicator values listed
in Table 5.13 are: 11: 0.88; 12: 0.77; 13: 0.88 and 14: 0.87.

The mass balance of the LHU compartment (31 km?) is characterized by a large evapo-
ration amount of 997.2 m®/d, by a bottom outflow of 4.65 m?/d, by a recharge amount
of 28.28 m3/d and by a bottom inflow of 727.05 m?/d. Outlined here are horizontal
fluxes from all directions presenting small sources. Indicator 1 has a value of 0.97. 12 is
0.71, I3 is 0.73 and 14 has value of 0.97 (Table 5.13).

The Otjimbingwe compartment (26 km?) gets vertical inputs through direct recharge
and bottom inflow with rates of 106.78 m?/d and 390 m?/d, respectively. Horizontal
inputs stem mainly from the north and horizontal outflow takes place to the south and
mainly to the west. Evaporation was computed as 406.02 m?®/d and bottom outflow as
30.2 m3/d. Indicator values listed in Table 5.13 are: I1: 0.82; 12: 0.67; I3: 0.82 and I4:
0.70.
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TABLE 5.14: Mass balances of the river compartments (all fluxes in m3/d)

Khan Swakop

RUL VAL North SW of LHU LHU Otjimbingwe
Area [km?] 26 9 10 22 31 26
Recharge inflow 15.3 13.3 77.06 14.4 28.28 106.78
ET outflow 44.60 278.31  0.00 101.14 997.2 406.02
Qz Bottom inflow  47.30 151.72 100 89.82 727.05 390
Qz Bottom outflow  19.1 4.45 0.00 14.87 4.65 30.2
Total IN 69.1  282.77 1246.1 116.37 1025.03 584.28
Total OUT 69.3  282.87 1246.1 116.25 1025.19 584.35

Particle tracking analyses:

Khan River:

As aforementioned, the MODPATH module (Pollock, 1994) was used and reverse track-
ing applied.

The particle tracking analysis in the RUL compartment, located in hard rock bodies with
low to limited groundwater potential (Figure 5.17 and 4.15) produced medial travel times
of 84796 a (95th percentile of 722202 a) with an average horizontal distance of 5411 m
between entrance and exit of the particles (Table 5.15). As illustrated in Figure 5.24
flow paths go as deep as layer 5 (max. 400 m b.g.l., orange line) in general, only the
largest flow path occurs in layer 7. Furthermore recharge areas are mainly located in
the north of this compartment and distributed along the river reach.

A similar picture was produced in the VAL compartment, also located in the conceptual
aquifer zone with low to limited groundwater potential. With an average horizontal
distance of 6428 m between entrances and exits of the particles and a medial travel time
of 66149 a and a 95th percentile of 332759 a, the deepest layer particles mainly travel
through is layer 5.

In contrast particle analysis in the compartment north of Wilhelmstal produced shorter
medial travel times (12897 a; 95th percentile: 24226 a) and horizontal distances between
recharge and discharge (3751 m). Also the majority of flow paths do not go as deep as
layer 4 (max. 200m b.g.l.), only the longest flow paths initiated in the north east appear
in layer 5,6 and 7.

Swakop River:

Also situated in the aquifer zone with low to limited groundwater potential, the com-
partment in the southwest of the LHU compartment (SW) (not shown in Figure 5.24)
receives water mainly from the north, by flow paths with medial travel times of 55384
a (95th percentile: 722202 a). The average horizontal distance between recharge and
discharge is 4079 m.
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Flow paths go as deep as layer 6 (max. 650 m b.g.l.), nevertheless the majority up to
layer 5.

In the LHU compartment flow paths are characterized by medial travel times of 51669 a
and a large average distance between entrances and exits of particles of 13420 m. Con-
spicuous are the origins of large and deep flow paths in the north of the river, located
in adjacencies and diverging toward the river. Flow paths located in the southwest of
the river are in general deeper and longer than those in the north. Their origin can be
divided into a southern and a south western area.

The particle tracking analysis in the Otjimbingwe compartment produced medial travel
times of 17798 a (95th percentile: 631781 a) with an average horizontal distance of 5030
m between entrance and exit of the particles. Furthermore, flow paths are mainly lo-
cated in the north and are rather shallow and shorter compared to those two occurring

in the south with origins in the schists of the Khomas Highland.
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FI1GURE 5.24: Particle tracks illustrating flow systems
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TABLE 5.15: Travel times and average horizontal distances between entrances and exits
of particles

RUL VAL North SW LHU Otjim.

Av. horiz. dist. 5411 m 6428 m 3751 m 4079 m 13420 m 5030 m
Med. Travel Time 84795.6a 66149.3 a 12897 a  55383.8 a 51668.8 a 17797.9 a
95th Percentile 722202 a 3327589 a 24225.6 a 722202 a 1.2 Ma 631780.8 a




Chapter 6

Discussion

Since Model 2 was adopted for investigations, in the following the results of Model 1
and Model 3 will be summarized briefly and a detailed discussion will be undertaken for
Model 2.

6.1 Model 1

Model 1 (Chapter 5.1), developed to get an initial insight in magnitudes of average basin
wide hydraulic parameters, neglected recharge distribution and discretization based on
hydrogeological properties. However, recharge rates of the minimum and maximum ap-
proach with rates of 35-10 m®/a (1.19 mm/a) and 71.18-105 m3/a (2,43 mm/a) are
marginally smaller than those obtained with recharge concept 2 (Chapter 4.4.2). Basin
wide hydraulic conductivities within both approaches (8.25-10~% m/d and 8.47-10~3
m/d) of Model 1 fall into the range of reported literature values and can be classified as
slightly permeable (Balke, 2000).

The most negative residual of the minimum approach occurs at the same location as
with the other models and seems to be associated with the interface between the in-
truded Donkerhoek granite and the schists of the Kuiseb Formation. The location of
the most negative residual of the maximum approach located south of Windhoek within
sandstones of the Rehoboth Group (Figure 5.3) was not confirmed by the other models
due to the implementation of the fractured aquifer zone (fractured aquifer with high
potential). The most positive residuals of both approaches are congruent and can be at-
tributed to a very low permeability of the bedrock at this location. Nevertheless Model
1 produces comparable performances to the other models according to the RMS of 27.9
m and 34.99 m and the MAE of 22.25 m and 25.05 m for the minimum and maximum

approach, respectively. The calculated water balance errors within this model are 0.18
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% and 0.14 % for the minimum and maximum approach, respectivley. Since this simple
model was built up without considering any hydrogeological discretization, it was not
used for investigation, although it resulted in a minor water balance error and similar

calibration statistics than Model 2.

6.2 Model 3

The implementation of the Topographic Index in Model 3 was based on the fact, that
flow paths computed with Model 2 indicated local to intermediate flow systems. Fur-
thermore, deactivating SURFACT s recharge package RSF4 (HydrogeologicInc., 2007)
and using the RCH1 package of MODFLOW (McDonald & Harbaugh, 1988), ponding
of water predominantly occurred in troughs and river valleys. This was interpreted as
another indicator for a preponderance of local and/or intermediate groundwater flow
systems.

By using the recharge and evaporation concept 3 (see Chapters 4.4.3 and 4.5.3) ap-
proximately 20% of the applied recharge amount (5.79-10> m?/d in the minimum and
1.58-10* m3/d in the maximum approch) did not enter the model domain and were
interpreted as surface runoff (Table 5.11 and 5.12). Thus, the net recharge amounts
infiltrated into the model domain are 7.6-10° m3/a (0.25 mm/a) in the minimum and
23.32:10% m3/a (0.79 mm/a) in the maximum approach. These amounts are the lowest
recharge rates estimated in this study. However, the later value seems to be plausi-
ble, since it lies within the range of estimated values reported in literature (Mainardy,
1999). Calibration statistics listed in Table 5.10 show similar results to the calibration
statistics of Model 2 (Table 5.7) with a MAE of 23.64 m for the minimum and 21.72 m
for the maximum and a RMS of 34.06 m and 28.89 m for the maximum and minimum
approach respectively. This points towards a higher senitivity of the model on hydraulic
parameters than on climatic ones. Thus, the implementation of the concepts based on
the Topographic Index seems to be a encouraging approach for the inverse estimation of
recharge rates and zones in investigation areas with better known hydraulic parameters
(e.g. Zhang et al. (2007) implemented evaporation rates in discharge zones with no zero
recharge and adjusted the rate during calibration). Against that, calibration in this the-
sis was done by tuning hydraulic conductivity based on fixed recharge rates according

to a correlation of rainfall and elevation.
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6.3 Model 2

6.3.1 Mass balance

Model 2 with a recharge distribution according to elevation (recharge concept 2, Chap-
ter 4.4.2) applied basin wide recharge amounts of 36.87-10° m3/a and 73.62-10° m?/a
equal to 1.25 mm/a and 2.25 mm/a within the minimum (0.5 % of annual rainfall) and
maximum (1 % of annual rainfall) approach, respectively. Mainardy (1999) gives values
for potential groundwater recharge rates estimated with ProcessingMODFLOW in car-
bonate rocks (665.4 km?) near Okahandja of 0.3 to 6.4 mm/a, in quartzites (385.7 km?)
at Windhoek of 0.6 to 3.2 mm/a, in pegmatites at Windhoek (4.64 km?) of 0.3 to 16
mm/a and in carbonate rocks (55.1 km?) at Windhoek of 0.6 to 3.2 mm/a. Thus the
implemented recharge rates obtained with recharge concept 2 are within the reported
values range. Within both approaches evaporation compensates the applied recharge
amount completely (Chapter 5.2.3). This arises from the fact that no groundwater dis-
charge out of the basin can occur, except through a narrow bottleneck assigned at the
outlet in layer 1 (Chapter 4.2), where upwelling of groundwater is forced by density
varieties at the saltwater-freshwater interface, which is presented by a no-flow boundary
(Dingman, 2008; Gossel et al., 2004).

The use of the evaporation concept 2 (Chapter 4.5.2) seems to be reasonable due to low
calculated water balance errors of -0.297 % for the minimum and -0.32 % for the maxi-
mum approach (Chapter 5.2.3). Nevertheless, this simple concept is based on a constant
relative humidity within the basin and neglects further regional influecing factors (e.g.
coastal versus mountainous terrain). Therefore, the regionalization and implementation
of climate data surveyed within the basin, instead of the coarse regionalization based on
the Atlas of Namibia (DEA, 2002), would provide further improvement in the estimation

of evaporation rates.

6.3.2 Aquifer parameters

The model calibration with hydraulic conductivity, was started with literature values
(Tables 4.4 and 4.5) which were consecutively modified. Moreover, they represent av-
eraged magnitudes (EPM approach), covering large areas and fitted to a fixed recharge
rate and distribution. The description of the decrease in hydraulic conductivity devel-
oped by Saar & Magna (2004) (Equation 2.6) was adopted, without changing the decay
coefficient (0=250 m), due to lack of information about the decrease in the study area.
Thus, the hydraulic conductivity in the Swakop River basin decreased by 4% from layer
1 to 7 (down to 1000 m bgl) (Tables 5.5 and 5.6).
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6.3.3 Model performance

The model performances of the maximum and minimum approaches resulted in similar
calibration statistics (Table 5.7) with slightly better performances within the maximum
approach with a RMS of 28.37 m and a MAE of 22.12 m.

The occurrence of the great number of dry cells toward the outlet of the basin in layers
1 and 2 (Figure 5.8), is profound to construe, because of lack of observed basement
groundwater levels in this area. Reasons may be that recharge was not applied until
the altitudinal belt of 400 m a.s.l. (Chapter 4.4.2) and the appearance of the highest
evaporation rates in 500 m a.s.l.. Nevertheless the assumption, that there is a absence of
recharge, does not have to be inaccurate. The analysis of stable isotopes (}80 and 2H) in
groundwater samples along the alluvial aquifer conducted by Marz (2009) represented
no detectable altitude effect. This indicated a high longitudinal connectivity of floods
between the upper and the lower catchment and therefore large amounts of indirect
recharge caused by large floods generated in higher elevations. The dry cells occur
mainly in the mountainous area of the moon landscape into which the rivers are deeply
incised. So dry cells located in highest points are explicable by deep groundwater levels
in hard rock mountains.

Most of the calculated residuals are negative which implies higher simulated groundwater
heads than observed ones. The majority of negative residuals range from -72.54 m to -50
m (4.1 % of all residuals) and from -50 m to -30 m (Figures 5.9 a,b), can be associated
with fault structures. In general areas where those structures are nested have higher
hydraulic conductivities, a fact which was not considered in the model, because of the
difficulty to implement small scale properties into a coarse grid size (( Wolf et al., 2008))
and lack of data. The most negative residual with a value of -72.54 m, situated in the
southeast of Otjimbingwe, possibly arises from its location at the interface between the
Donkerhoek Batholith and schists of the Kuiseb Formation and a associated zone of
higher hydraulic conductivity.

Residuals ranging from -30 m to -10 m and from -10 m to 10 m (Figure 5.9 ¢ and
d) represent the largest classes with 37.9 % and 28.3 %, respectivley. This is also
reflected in the values of the MAE (22.12 m) and the residual mean (-13.93 m). Many of
these residuals can also be put down to zones were faults are situated. The wide range
of residual values located along the alluvial aquifers (Figures 5.9 ¢, d and e) indicate
the versatile properties in individual river compartments (CSIR, 1997; Marz, 2009).
Simulated groundwater levels lower than the observed ones, illustrated in Figures 5.9
e, f, g, and h, predominantly occur in the schists of the Kuiseb Formation. This may
be attributed to the complex geological structures, with versatile hydraulic properties,

since large negative residuals are situated in the vicinities as well. In general borehole
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success rates and yields in the mica schists of the Khomas Highland decrease towards

the Namib (Mdiller, 2001).

6.3.4 The groundwater flow system

The groundwater flow pattern is investigated in detail in order to determine recharge
and discharge areas, to characterize the scales of prevailing ground water flow systems,
to identify potential vertical and/or lateral fluxes into the alluvial aquifers as well as
regional distinctions along the river reaches.

The simulated flow pattern seems to be mainly controlled by topography.

Calculated ground water flow directions agree in general with the ones plotted in the
hydrogeological map (purple arrows in Figure 5.15, drawn in where sufficiently known
(Christelis & Struckmeier, 2001)) and also some spring locations can be linked to con-
vergences of velocity vectors implicating upwelling groundwater or discharge zones. It
is important to note that in Figure 5.16 scales may differ slightly, due to scanning of
the hydrogeological map, georeferencing and calculation of the watershed borders within
ArcMap 9.3 based on the digital elevation model derived from SRTM data.

The equipotentials in Figure 5.15 show a line of potentiometric mounds that trend
from the northeast of Wilhelmstal to the southwest of the basin along the strike of the
Otjipatera and Chous Mountains. These mounds depict the groundwater divide where
groundwater flow diverges to the subbasins of the Khan and the Swakop River. It is
notable, that groundwater contributing to the southern part of the basin (Swakop sub-
basin) is forced through a narrow bottleneck at the southwestern basin border, located
approximately 30 km in the west of the confluence of the rivers.

As shown by the velocity vectors in the cross- and longitudinal sections (Figures 5.18
and 5.19) the large scale groundwater flow of the two subbasins reflect a complex con-
glomerate of local and intermediate flow systems. In general, discharge areas can be
associated with river valleys and troughs, but also with scarps and terraces if there is
an upward break in the slope of the water level near the base of these. Recharge areas
are situated at hills, mountains and ridges and in general at the boundary areas of the
basin. The sections given in Figure 5.19 also depict the domination of local and interme-
diate flow systems. Recharge areas are alternating with their adjoining discharge areas
on a local to medium scale. Further, no evidence for a regional flow system is visible,
since no connected flow line between the lower points of the basin and higher elevations
exist. This statement is also confirmed by the particle tracking analysis conducted near
the outlet of the basin (Figure 5.20). In the three upper most layers shorter pathways
preponderate with medial travel times between 9,555 a and 46,749 a. Particles placed in

layers 5 and 7 had largest average horizontal distances of approximately 40 km between
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entrances and occurrence in the layers. For the detection of a regional flow system,
which in general characterizes coastal terrain groundwater flow systems ((Anderman &
Hill, 2003)), the vertical extend of the model appears to be too shallow. But the Great
Escarpment in the catchment is not as pronounced as elsewhere in Namibia, mainly due
to erosion caused by drainage of Swakop- and Khan River also Damaran rocks present
here weather more readily than rocks forming the Great Escarpment elsewhere (Schnei-
der et al., 2008), whereon shallower flow path could be attributed.

The model was not able to reproduce distinct deep flow pathways to the thermal springs
(Gross-Barmen) located between the two surface water dams (Figure 5.21), which would
have explained their origin. Particle analysis produced only short and shallow flow path-
ways to the spring located near the Swakoppoort Dam and thus could not account for
high water temperatures, only one flow line at the thermal spring further west reached
down to 650 m b.g.l.. The subsequent analysis within this cell resulted in a medial travel
time of 644,151 a. By assuming a temperature gradient of 3 °C/100m and a general
groundwater temperature of 20°C, the thermal water would have a temperature of 39.5
°C. It is debatable, if the model is able to explain the location of this spring exactly,
since most flow pathways were short and not substantially deep.

The model results in the lower parts of the basin imply, that the zone of saline groundwa-
ter is caused by upwelling of groundwater and subsequent evaporation. Firstly, the lon-
gitudinal sections (e.g. Figure 5.19 R4) indicate upwelling of groundwater, no recharge
areas and rather through flow or midline areas near the outlet in the upper most lay-
ers. In addition, Figure 5.15 shows an upward movement of groundwater (blue arrows
between the rivers), induced by the convergence of the basin borders. This upward move-
ment occurs rather in the northern part (Khan subbasin) where the saline zone (Figure
3.9) is located, while the southern part (Swakop subbasin) in this area is dominated by
red arrows, indicating a downward movement. The highest evaporation rates appear
around the altitudinal belt of 500 m a.s.l. (Chapter 4.5.2), leading to the occurrence of

the saline zone.
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6.3.5 River compartments

In Chapter 5.5 six selected river compartments were investigated (see positions in Figure
5.17). Mass balances were computed and flow pathways were produced with reverse

particle tracking analyses.

Khan River:

In the RUL compartment the ratio of basement water to total inputs was 80% (indicator
I1), from which 88% were contributed through inflow from the bottom of the alluvial
aquifer (equal to 68% of total inputs). 19.1 m3/d were percolating into layer 2, which
represents the highest outflow occurring in compartments investigated along the Khan
River. 65% of total inputs were removed through evaporation. As shown in Figure 5.24
particle traces (put on the bottom) indicate major flow pathways from northern direc-
tions. Also the mass balance plot for RUL (Figure 5.22) depicts the highest amounts
for lateral inputs from the north and east (note that lateral fluxes include alluvium to
compartment fluxes as well). High vertical inflow from the basement appears to be at-
tributable to the convergence of the basin borders and as indicated by the blue arrows
in Figure 5.15 in a discharge zone.

Compared to the RUL compartment, the VAL compartment has greater influence of
evaporation, since it is located in the zone of the highest evaporation rates (around 500
m a.s.l.). 98% of all inputs were removed by evaporation. Direct recharge was a marginal
contribution to the other input fluxes, illustrated by the high ratio of basement water to
all inputs (I1 = 95%). Vertical inflow had a ratio of 56% to all basement water inflows
occurring (equal to 54% of all inputs). The mass balance plot for the VAL compart-
ment given in Figure 5.22 shows evened lateral fluxes from all directions (north include
alluvium to compartment flows) like illustrated through particle traces (Figure 5.24),
which are also characterized by larger average horizontal distances between entrances
and exits of the particles (6428 m) than those from the RUL compartment (5411 m).
The compartment denoted North, located about 150 km upstream of the VAL compart-
ment depicts a completely diverse picture. While basement input fluxes with a ratio of
93% to total inputs (I1) are similar to those from the VAL compartment. These arise
predominatley from lateral inflows, since the fraction of vertical inflows to all basement
water fluxes appearing is only 9%. As shown in Figure 5.22 lateral inputs are mainly
determined by inflow from the alluvial aquifer into the compartment from the east. This
point towards a location of the compartment rather within a recharge zone or a through
flow area, than within a discharge zone. This seems to be confirmed by the shapes of
the equipotentials (Figures 5.15) and the sooner parallel strike of velocity vectors in this
area (Figures 5.15 and 5.16). Noticeable no compensation through evaporation took

place.



Chapter 6. Discussion 88

The bar chart (Figure 5.23) clarifies the reactions of the compartments along the Khan
River in the upstream direction. The strongest influence of vertical inflow (I3) is at-
tributed to the RUL compartment, possibly caused by strong upwelling of groundwater
induced by the location in a discharge area and the convergence of the basin borders.
Further upstream the influence of vertical inflow decreases, also likely due to the open-
ing of the Khan subbasin and the flattening of the area (for illustration, see map of the
topographic index Figure 4.7). Readily identifiable is also the characteristic distribution
of the evaporation zones implemented, and the absence of evaporation in the North
compartment. Nevertheless this absence appears to be unrealistic since vegetation is
predominantly located along the river reaches and especially occurs in the more humid
eastern part of the catchment. Since evapotranspiration was not considered explicitly,
this absence results possibly from the implemented evaporation extinction depth of 2 m
(Chapter 4.5). Thus a further development of the model should account for vegetation

distributions within the basin.

Swakop River:

The compartment in the southwest of the LHU compartment (SW-LHU) displays a
similar picture to the RUL compartment in the Khan River (Figure 5.22). It seems
to be mainly influenced by vertical inflow from the basement with a ratio of 88% to
total basement water inputs (I3), what could also be caused by the converging shape of
the basin. Since the compartment is located slightly higher, evaporation takes stronger
effect (I4 = 77%). Like in the RUL compartment, vertical outflow occurs as well, with
a small amount compared to vertical inflows. The highest lateral inflow from northern
direction is caused by fluxes from the alluvial aquifer into the compartment as well as
lateral fluxes from the basement into the compartment. The majority of produced par-
ticle traces have their entrances in the north. Nevertheless, small lateral inflows from
the east and south are also existing.

The LHU compartment is influenced by vertical inflow with a ratio of 71% to total base-
ment water inflows. Flow pathways originate mainly in northern direction at the Chuos
Mountains where also the groundwater divide of the Swakop and Khan River is located.
Longer and deeper flow pathways enter the alluvial aquifer from southern direction and
have their origin in the Witwaters Mountains (position in Figure 3.2). Inflows from the
north can also be attributed to fluxes from the alluvium into the compartment. Also
small lateral inputs from the other cardinal points proceed. Indicator 14 shows a high
influence of evaporation (97% of all fluxes occurring) and can again be attributed to
the location within a discharge zone as well as to the position in the zone of highest
evaporation rates.

As aforementioned in the discussion of the Khan river compartments, the influence of
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evaporation decreases (I4 = 70%) in compartments located in elevations around. This is
also recognizable in the Otjimbingwe compartment. The vertical inflow from the base-
ment is higher than in the LHU compartement with a fraction of vertical inflow to total
basement water inflow of 82% which is remarkable. Figure 4.7 illustrating the distribu-
tion of the topographic index within the basin depicts the location of the compartent
surrounded by areas with minor indices (discharge zones). Moreover equipotentials and
velocity vectors characterize the area as a prefered discharge zone with which high ver-
tical inflows can be attributed.

A critical aspect investigating the river compartments is that the alluvial aquifers may
not be displayed adequately due to the coarse model discretization. This leads to uni-
form hydraulic parameterization and the negligence of characteristic aquifer geometries.
As shown in the bar chart (Figure 5.23) the reactions within the compartments are
determined by local as well as regional properties. On the one hand the surrounding to-
pography affects the compartment on the local scale while on the other hand large scale
climatic conditions and topological aspects, i.e. the location within the basin according

to convergence or divergence of the basin borders also characterize the compartment.






Chapter 7

Conclusion

The aim of the thesis was to develop an initial understanding of the groundwater flow
system, to determine recharge and discharge areas as well as possible direct recharge

rates, consistent with the basin geology.

Firstly, a simple conceptual model (Model 1) was developed and adopted. In the course
of this study, the initial model was modified increasing complexity by including further
basin characteristics (Model 2 and 3). The best results were obtained with Model 2 with
a mean absolute error of 22.12 m and a root mean square error of 28.37 m (R? = 0.992).
Most of the large residuals (observed minus simulated groundwater levels) could be linked
to geological structures and amongst these mainly to highly fractured areas. Using this
model, the groundwater flow pattern was investigated in detail. On the regional scale
results show that groundwater is mainly recharged at the basin margins as well as along
a line of potentiometric mounds that trend from the northeast of Wilhelmstal alongside
the ridges of the Otjipatera and Chous Mountains to the southwest. From these mounds
groundwater diverges to the northeast and southwest into the subbasins of the Khan
and Swakop Rivers, respectively. This large scale flow pattern consists of a complex
conglomerate of local and intermediate flow systems where recharge areas alternate
with their adjacent discharge areas which are preferably located in troughs and river
valleys. In contrast, no deep, regional groundwater flow system was identified since no
connected flow lines between the lower points and higher elevations in the basin exist.
This was confirmed by particle tracking analyses conducted at different locations in the
basin. Model results further indicate that the zone of saline in the lower basin are caused
by upwelling of groundwater and subsequent evaporation. Mass balance computations
and particle tracking analyses in six selected river compartments insinuated different
intensities of basement water influences depending on climatic and topographic basin

characteristics. This was most clearly shown in the compartments of the Khan River
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where basement fluxes into the alluvial aquifer of the Khan River increased towards the

confluence.

The numerical groundwater model of the Swakop River basin was able to picture the
groundwater flow pattern by a discretization of the basin’s geology according to the
Hydrogeological Map of Namibia (DWA & GSN, 2001) as well as using aquifer param-
eters given in literature (Matthefs € Ubell, 1983; Mainardy, 1999). The recharge rates
determined for the basin with the models range from 0.25 mm/a to 2.25 mm/a. These
results are within the range of reported rates in literature (Mainardy, 1999). It can be
concluded that the groundwater system of the Swakop River is dominated by a pattern
of local to intermediate flow systems rather than by a regional flow system. The amounts
of basement water flowing into the compartments of the alluvial aquifers should be re-
garded tentatively due to the coarse discretization of the model. However, it was shown
that for some compartments the influence of basement groundwater is significant and

should thus not be neglected in further investigations of single aquifer compartments.

Further developments of the model should account for evapotranspiration in areas of
denser vegetation as well as for a recharge distribution according to hydrogeological
units implemented. Moreover, highly fractured areas should be considered by introduc-
ing higher hydraulic conductivities in the direction of the fractures strikes. Also the
assignment of high productive well fields and the associated abstraction rates is possi-
ble, since withdrawals were neglected in this study. This model could be calibrated and
validated with the estimated travel times by radiocarbon dating (upper age-limit about
45,000 a) (Zhu €& Murphy, 2000; Michael & Voss, 2009). Telescopic mesh refinement
(HydrogeologicInc., 2007) depicts a possibility of creating more refined models within
subregions of this large scale model. Therefore the model could be used as a fundament
for small to medium scale modeling with greater resolution, contributing with bound

information to a sustainable management of the region s groundwater resources.



Appendix A

Tables

TABLE A.1: The effect of temperature on hydraulic conductivity

Depth [m] K [m?] T [°C] plkg/m3] nlkg/ms] T kf [m/d]  kfi[m/d]
0 1.03E-12 20 1000 1.01E-03 9.71E406 6.67E-01 8.64E-01
50 8.43E-13 21.5 1000 9.74E-04 1.01E+07 5.46E-01 7.34E-01
100 6.90E-13 23 1000 9.41E-04 1.04E+07 4.47E-01 6.22E-01
150 5.65E-13  24.5 1000 9.09E-04 1.08E+07 3.66E-01 5.27E-01
200 4.63E-13 26 1000 8.79E-04 1.12E+07 3.00E-01 4.46E-01
250 3.79E-13 27.5 1000 8.50E-04 1.15E+07 2.46E-01 3.78E-01
300 3.10E-13 29 1000 8.23E-04 1.19E+07 2.01E-01 3.20E-01
350 2.54E-13  30.5 1000 797E-04 1.23E4+07 1.65E-01 2.70E-01
400 2.08E-13 32 1000 7.72E-04 1.27E+07 1.35E-01 2.28E-01
450 1.70E-13 33.5 1000 749E-04 1.31E+07 1.10E-01 1.93E-01
500 1.39E-13 35 1000 7.26E-04 1.35E4+07 9.03E-02 1.63E-01
550 1.14E-13  36.5 1000 7.05E-04 1.39E4+07 7.40E-02 1.37E-01
600 9.34E-14 38 1000 6.85E-04 1.43E+07 6.05E-02 1.16E-01
650 7.65E-14  39.5 1000 6.65E-04 1.47E+07 4.96E-02 9.75E-02
700 6.26E-14 41 1000 6.47E-04 1.52E+07 4.06E-02 8.21E-02
750 5.13E-14 42.5 1000 6.29E-04 1.56E407 3.32E-02 6.91E-02
800 4.20E-14 44 1000 6.12E-04 1.60E+07 2.72E-02 5.82E-02
850 3.44E-14 45.5 1000 5.95E-04 1.65E+07 2.23E-02 4.90E-02
900 2.81E-14 47 1000 5.79E-04 1.69E+07 1.82E-02 4.12E-02
950 2.30E-14 48.5 1000 5.64E-04 1.74E+07 1.49E-02 3.46E-02

1000 1.89E-14 50 1000 5.50E-04 1.78E+07 1.22E-02 2.91E-02
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TABLE A.2: Recharge zones and rates of recharge concept 2

Av. elevation RCH = 0.5% of RCH=1% of
Zone [m amsl] Arealkm?] annual rainfall [m/d] annual rainfall [m/d]

1 50 78 0 0

2 150 158 0 0

3 250 236 0 0

4 350 272 0 0

5 450 537 2.38-1077 4.75-1077
6 550 582 6.49-10~7 1.30-106
7 650 719 1.06-1076 2.12:1076
8 750 1067 1.47-1076 2.94.1076
9 850 1305 1.88-1076 3.76-1076
10 950 1814 2.29-1076 4.58-1076
11 1050 2249 2.7-1076 5.41-1076
12 1150 2910 3.11.1076 6.23-1076
13 1250 3687 3.53.1076 7.05-1076
14 1350 3754 3.94.1076 7.87-1076
15 1450 3334 4.35-1076 8.69-1076
16 1550 2899 4.76-10~6 9.52-1076
17 1650 1435 5.17-1076 1.03-107°
18 1750 1159 5.58-1076 1.12-107°
19 1850 720 5.99-10~6 1.20-107°
20 1950 224 6.40-1076 1.28-107°
21 2050 59 6.81-1076 1.36:107°
22 2150 20 7.22.1076 1.44-107°
23 2250 1 7.64-1076 1.53-107°

total 29219 1.01-10° [m?/d] 2.02-10°[m3/d]

3.68-107[m3/a]

7.37-107[m3/a]
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TABLE A.3: Evaporation rates according to elevation. mean annual temperature and
relative humidity - concept 2

Zone Elevation [m amsl] T° C es [hPa] RH [%] e [hPa] es-e [hPa] ET [mm/d]
1 100 18 20.64 35 7.22 13.42 6.04
2 200 19 21.97 35 7.69 14.28 6.43
3 300 20 23.38 35 8.18 15.20 6.84
4 400 21 24.87 35 8.70 16.17 7.27
5 500 22 26.44 35 9.25 17.19 7.73
6 600 21.65 25.88 35 9.06 16.82 7.57
7 700 21.3 25.33 35 8.87 16.47 7.41
8 800 20.95 24.79 35 8.68 16.12 7.25
9 900 20.6 24.27 35 8.49 15.77 7.10
10 1000 20.25 23.75 35 8.31 15.44 6.95
11 1100 19.9 23.24 35 8.13 15.10 6.80
12 1200 19.55 22.74 35 7.96 14.78 6.65
13 1300 19.2 22.25 35 7.79 14.46 6.51
14 1400 18.85 21.77 35 7.62 14.15 6.37
15 1500 18.5 21.30 35 7.45 13.84 6.23
16 1600 18.15 20.84 35 7.29 13.54 6.09
17 1700 17.8 20.38 35 7.13 13.25 5.96
18 1800 17.45 19.94 35 6.98 12.96 5.83
19 1900 17.1 19.50 35 6.83 12.68 5.70
20 2000 16.75 19.07 35 6.68 12.40 5.58
21 2100 16.4 18.65 35 6.53 12.12 5.46
22 2200 16.05 18.24 35 6.38 11.86 5.34
23 2300 15.7 17.84 35 6.24 11.59 5.22
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