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ABSTRACT

Lake Sibayi, a topographically closed fresh water lake in northern KwaZulu-Natal, South
Africa, and the coastal aquifers surrounding the lake, are important water resources for the local
community and the surrounding ecosystem. A significant decline in lake levels has been
experienced over the last decade, dropping from approximately 20 m above mean sea level
(amsl) in early 2000 to below 16 m amsl at present. It is believed that this decrease could be
attributed to an increase in water abstraction from the lake and surrounding groundwater, the
rapidly increasing commercial plantations within the catchment and recent droughts. The
effective management of this hydrological system needs a thorough understanding of the
interaction of the lake with the surrounding aquifer. In recent years, hydrogeological and
numerical groundwater flow modelling have become standard tools with which these

interactions are studied.

This thesis describes the process of conceptual model design through to the development and
calibration of steady-state and transient numerical groundwater flow model for the lake Sibayi
system. Through a series of field campaigns, on site measurements of depth to groundwater with
surface and groundwater sampling, for hydrochemical and environmental isotope analysis, were
undertaken. Hydrochemical parameters and environmental isotopes for the various water
sources within the Lake Sibayi hydrological system were determined following standard
procedures to study the relationship between these resources. A slight distinction between
shallow and deep aquifers appears to be present, where the shallow groundwaters are dominated
mainly by a Na-Cl hydrochemical facies, while the deeper boreholes are dominated mainly by a
Na-Ca-HCO;-Cl hydrochemical facies. Shallow groundwater samples have relatively low EC
values averaging 278 mS/m, while the deeper wells had average EC concentrations of 409
mS/m. Groundwater samples collected along the dune cordon, show a similar hydrochemical
and environmental isotope composition as that of the lake. Multivariate statistical analyses
including principal component factor analysis and hierarchical cluster analysis (HCA) were
undertaken on the hydrochemical data. The HCA grouped the water samples into two clusters,
which represented surface and groundwaters. Each of these two clusters were in turn divided
into two sub-clusters, representing the shallow and deep aquifers, and stream and lake samples,

respectively.

As part of the conceptual modelling, the long-term water balance of the lake has been quantified
by defining the various inflow and outflow components of the lake. All hydrological
information including precipitation, evaporation, surface water runoff, abstraction, as well as

geological, hydraulic, hydrogeochemical and environmental isotope information were used to
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conceptualise the hydrological system of the Lake Sibayi catchment. Local geologic,
groundwater head distribution, lake level, hydrochemical and environmental isotope data were
used to constrain the link between groundwater and the lake. In the western section of the
catchment, groundwater flows to the lake where groundwater head is above lake stage, whereas
along the eastern section, the presence of mixing between lake and groundwater hydrochemical
and isotopic compositions indicate that the lake recharges the aquifer. Stable isotope signals
further revealed the movement of lake water through and below the coastal dune cordon before

eventually discharging into the Indian Ocean.

Groundwater recharge to the catchment was estimated using the chloride mass balance (CMB)
method and the results compared with estimates based on published maps. The CMB recharge
estimate resulted in 126 mm/a (12 % MAP) against 95 mm/a (10% MAP), estimated using
published maps. The total evaporation and evapotranspiration from the lake and its catchment
were estimated at 1 495 mm/a and 1 090 mm/a, respectively. Estimated surface water runoff
from the catchment to the lake is about 1% of MAP. Calculated lake water outflow to the sea
through the dune cordon opposite the lake, along a 12 km seepage face, is 2.3 x 10’ m*/a. The
total amount of water abstracted from both surface and groundwater resources within the
catchment is about 4.5 x 10® m’/a. The water balance of Lake Sibayi shows that lake levels
fluctuate in response to varying amounts of groundwater and surface water inflow into the lake,

seepage loss through the coastal dune, abstraction, and evaporation from the lake.

Based on the conceptual hydrogeological model, a steady-state and transient numerical
groundwater flow model, were developed for the Lake Sibayi system using two independent
approaches, namely, the High-K method and Lake Package. Groundwater Modelling Systems
(GMS), which runs on the modular finite difference code, MODFLOW 2005 with its several
packages were used to characterise the three dimensional flow conditions around the lake. Two
layer models were used to simulate the lake stage and aquifer conditions over a forty three year
period from January 1970 to September 2014. The simulation period was broken down into 536
monthly stress periods with calibrated parameter values for each of the boundary conditions
over the simulation period. The calibrated steady-state model simulation results for the two
methods were comparable. While, transient model calibration results show that the Lake
Package was more suitable in simulating lake level fluctuations with low calibration errors. The
calibrated transient groundwater flow models were further used to evaluate the hydrological
response of the lake and the groundwater system to various stress scenarios, including changes
in evaporation, precipitation and land use. Once again, the High-K method was very sensitive to

changes in model input, simulating rapid changes to the system, while Lake Package
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simulations results were in line with known changes in the system. Therefore, the High-K
technique is most suitable for simple applications, while complex lake-aquifer interactions are

better simulated using the Lake Package.

Key words/Phrases: Conceptual modelling, High-K method, Lake Package, Lake Sibayi,
MODFLOW, Numerical steady-state and transient groundwater flow

modelling, Surface water - Groundwater interactions, South Africa
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CHAPTER ONE: INTRODUCTION

1.1. Background to the research

South Africa is a semi-arid country, where water resources are limited. The utilization of this limited
water resources in a sustainable and wise manner is, therefore, essential for the future of the country
(Davies, Lynn and Partners, 1992). Water in South Africa is recognized as a fundamental element in
the fight against poverty, the cornerstone of its prosperity, and its shortage can be a limiting factor to
growth (Basson et al., 1997). Thus, development and management of surface and groundwater
resources is essential, particularly with respect to rural water supply, helping the previously
disadvantaged communities through enabling economic development and poverty alleviation

(Mkhwanazi, 2010; Kelbe and Germishuyse, 2010).

The National Water Act (Act 36 of 1998) recognises that water resources cannot be managed in
isolation and that development and use of all surface water, groundwater and unconventional water
resources are undertaken in a way that is sensitive to the environment. A greater understanding of the
water resources and the processes that sustain them, hydraulically and ecologically, is therefore

necessary.

The country is currently grappling with a devastating drought. The iSimangaliso Wetland Park in
particular located in in the Maputaland region in north-eastern South Africa is being severely affected
by the worst drought in 65 years (iSimangaliso, 2015), placing even further stress on the already

limited resources.

The Maputaland region is characterized by a number of ecologically important coastal lakes. These
coastal lakes, such as Lake Sibayi, are important hydrological features which have great scientific and
economic value. Lake Sibayi, the largest inland freshwater lake in South Africa, is exploited for urban
and rural water supply. Lake Sibayi and its catchment are intrinsically linked to the primary aquifer
and provide a vital source of fresh water, which the ecology and local community depend on. It is
therefore vital that all input and output parameters pertaining to the lake and its catchment are
understood to allow for effective planning, development and management of the water resources of

the area.

Historically, the inflow and outflow components of the Lake Sibayi system have been in dynamic
equilibrium. Surface runoff, groundwater recharge and precipitation on the lake have, on an annual
basis, equated to evaporation from the lake and groundwater outflow to the sea, resulting in relatively
constant lake levels. Recently, groundwater abstraction from within the lake catchment and

abstraction from the lake itself for local community water supply have commenced. This artificial



abstraction from the lake and groundwater that used to recharge the lake, compounded by the effects

of the current drought, could have a significant impact on the lake level.

The current fresh water nature of the lake is due to a sustained flow of freshwater from the lake
through the neighbouring coastal dune cordon into the ocean (Meyer et al., 2001). However, should
lake levels drop to mean sea level or lower, the rate of the flow through the dune cordon might not be
sufficient to prevent the intrusion of saline water. Once the aquifer, and eventually the lake, is affected

by salt water; it would alter the water quality thereby destroying the freshwater ecosystem.

Consequently, in order to prevent loss of one of South Africa's largest primary aquifers and potential
salinization of the lake, it is vital that all components pertaining to the water balance of the Lake

Sibayi system be understood, quantified and the interaction of lake-groundwater understood.

In recent years, groundwater modelling has become common practice when dealing with groundwater
and surface water interactions (Anderson and Woessner, 1992; Wang and Anderson, 1995). Several
computer programmes have been developed to integrate groundwater with surface water in order to
quantify the interaction between them. The USGS three-dimensional finite-difference modular
ground-water flow model (MODFLOW) (Harbaugh et al., 2000, Harbaugh, 2005) has become one of
the more popular and industry standard modelling tools to simulate such interactions. MODFLOW
has several separate subroutines, or packages, to handle the numerous types of hydrological
conditions. These represent certain hydrological processes including rivers, drains, evapotranspiration,
wells, and lakes among others. Effective utilization of such models requires development of accurate

conceptual hydrogeological models, and the availability of high-resolution time series data.

In order to make accurate predictions of the lake-groundwater interactions within the Lake Sibayi
catchment, it was found necessary to develop a detailed numerical groundwater flow model based on
an improved understanding of the hydrogeology of the area. This is achieved by integrating the
information on geology, groundwater flow, hydrochemistry, environmental isotopes and aquifer
boundaries which would help to construct the robust conceptual hydrogeological model. This high
resolution conceptual hydrogeological model will be used as an input to develop the envisaged three-
dimensional numerical model of the lake-groundwater interaction within the catchment. This
numerical model would allow for accurate prediction of the flow system and provide realistic view of
the lake-aquifer setting. The model would contribute to a detailed understanding of the lake-aquifer
system, allowing for better groundwater resource planning and management, including monitoring
and assessment of the scarce resources. The numerical model is pivotal in understanding the various

processes and interactions of the hydrological elements.



1.2. Research aims and objectives

The principal aim of the research project is to establish the flow dynamics of the hydrogeological
systems of the Lake Sibayi catchment. This would entail collection of all pertinent information

relating to the surface water and groundwater interactions. The specific objectives of the research are:

e Characterise groundwater occurrence, movement and hydrochemistry: hydrochemical
evolution patterns and its implication on circulation, flow, transfer and quality of groundwater
within the Lake Sibayi catchment.

¢ Quantify the present day water balance of Lake Sibayi and its catchment.

e Quantify the effect of anthropogenic water abstraction from the lake and groundwater in the
catchment and the effect it would have on the groundwater hydraulic gradient around the lake.

e Development of a conceptual hydrogeological model of groundwater and surface water
interaction within the Lake Sibayi catchment which would serve as an input to a numerical
model.

e To develop a three-dimensional groundwater flow model simulating the lake-aquifer
interactions around Lake Sibayi and its catchment.

e Development of monitoring and management recommendations for the lake and its catchment

water resources.

1.3. Thesis structure

The thesis is divided into eight chapters. The content of each chapter is summarized as follows:

Chapter one introduces the study, outlining the background and rationale, and the aims and
objectives of the current research.

Chapter two presents a description of the study area in terms of the location, climate,
drainage, hydrometeorology, physiography, land use and vegetation, coastal
evolution, geology and hydrogeology.

Chapter three provides a literature review, outlining the processes involved in analysing the
geological, hydrological, hydrogeological, hydrochemical and environmental
isotope data. The approaches and methodologies related to the water balance
estimation are reviewed. This chapter also offers background to the processes
involved in both conceptual and numerical modelling and modelling of surface
water-groundwater interactions in a coastal setting

Chapter four outlines the research approaches, methodology and the material used in the
study to collect, analyse, and present the various data. The processes involved in
conceptual and numerical model construction, data reduction and model input

preprocessing for conceptual and numerical modelling are discussed.



Chapter five deals with the hydrogeological, hydrochemical and environmental isotope
characteristics of the Lake Sibayi system.

Chapter six deals with the conceptual modelling of groundwater—surface water interactions in
the Lake Sibayi catchment. Results of surface and subsurface geological
information, groundwater head, hydrochemical and environmental isotope data
analysis and interpretation of the conceptual model of aquifer— lake interaction are
reported as well as the recharge estimation techniques, as well as the various water
balance components for the lake.

Chapter seven presents the results of the three-dimensional numerical groundwater modelling
of the Lake Sibayi system. All aspects pertinent to the numerical groundwater flow
model around the lake are discussed. It includes the results of various scenario
analyses to determine the effects of land use and climate change on the catchment.

Chapter eight highlights the main conclusions drawn from the research and indicates some

recommendations based on the research results.



CHAPTER TWO: DESCRIPTION OF THE STUDY AREA

2.1. Location

Lake Sibayi is a coastal freshwater lake situated on the seaward margin of the Maputaland Coastal
Plain along the northern KwaZulu-Natal coastline (Figure 2.1). The lake is situated approximately 180
km north of Richards Bay and 60 km from the Mozambique border, occupying a position between
27°15" S to 27°25" S and 32°33" E to 32°43' E. The Lake Sibayi catchment falls within the
uMhlabuyalingana Local Municipality in the Umkhanyakude District Municipality situated in the
north-eastern part of the KwaZulu-Natal Province. The neighbouring rural towns of Mbazwana and
Mseleni are located around the periphery of the lake. The lake has an average surface area of 73 km?,
with a maximum depth of 41 m making it the largest inland freshwater lake in South Africa (Meyer et
al., 2001). The surface of the lake is located at approximately 20 m above mean sea level (amsl), with

the bottom of the lake located at approximately 23 m below mean sea level (bmsl).

Recent satellite imagery (Google Earth, 2014) indicates that the surface area of the lake has been
significantly reduced in recent years and currently has an average surface area of 56 km” with an
updated total catchment area of approximately 521 km? (465 km” excluding the lake). The lake and its
catchment fall within the W70A quaternary catchment and W3E rain zone (Middleton and Bailey,
2009; Midgley et al., 1994) and within the Usutu-Mhlathuze Water Management Area (WMA 6).
Lake Sibayi forms part of the iSimangaliso Wetland Park which has been given UNESCO World
Heritage Site status and it is classified as one of the RAMSAR Convention Wetlands of International
Importance (RAMSAR Site #528) (Obura ef al., 2012). Furthermore, the lake and rivers feeding the
lake are classified as one of the National Freshwater Ecosystem Priority Areas (NFEPA) of South
Africa (Nel et al., 2011). The lake is of great ecological importance to the local community and is
home to a large variety of fauna and flora. The lake is therefore a vital source of fresh water for the
ecology and local community, and is often the only source of water for certain animals during periods

of drought.
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Figure 2.1. Location map showing Lake Sibayi and other coastal lakes of the Maputaland coastal

plain.

2.2. Climate and Hydrometeorology

Climate has a strong influence on the water resources of a region. The surface and groundwater
regime in the Maputaland coastal region is a direct response to local climatic conditions. The system
is recharged through precipitation while evaporation causes depletion of surface and subsurface
moisture. Hydrological processes such as surface runoff and the groundwater recharge rate are
strongly influenced by the type of rainfall and its frequency. A thorough understanding of local

weather conditions is therefore imperative for hydrological studies.

The region is characterised by a humid and wet subtropical climate with warm summer temperatures,
dominated by the southern subtropical high-pressure belt (Boucher, 1975; Hunter, 1988; Money,
1988). Rainfall in the area is derived from both tropical and middle latitude weather systems

(Garstang et al., 1987). The tropical influence results in easterly waves which advect warm moist air



from the Indian Ocean in association with equatorial troughs and the Inter-Tropical Convergence
Zone (ITCZ). Low-level convergence in the presence of unstable atmosphere produces frequent
cumulus convective rainfall during the summer months (Kelbe et al., 2001). Extreme rainfall events
are brought about when occasional tropical cyclones over the Indian Ocean make landfall.
Widespread frontal precipitation, producing heavy localised rainfall, result from westerly waves
originating in the temperate middle latitude (Kelbe et al., 2001). During the mid-1980s, the KwaZulu-
Natal coast experienced two major flood events: Cyclone Domonia and Imboa, which made landfall
during January and February 1984 respectively (Van Heerden and Swart, 1986, Kelbe et al., 2001),
and the September 1987 cut-off low pressure flood event (Wright, 1995). This resulted in increased
lake levels over the corresponding time periods. Since the early 2000s, lake levels have started

decreasing at a rapid rate.

A decade of regional drought was experienced from 2001 to 2012 resulting in below average rainfall
recorded in the St Lucia area (Taylor, 2013). WRC (2016) compares the current 2015/2016 drought
with the 1991-1992 drought which was regarded as the worst drought of the 20™ century in southern
Africa. The 1991-1992 droughts were brought about by a powerful El Nifio event which was
associated with below normal rainfall (WRC, 2016).

Due to a lack of comprehensive measurements from single stations, the use of multiple stations had to
be employed to derive the required meteorological information for the study area. The Hlabisa
Mbazwana Meteorological Station was used for precipitation readings; the Mbazwana Airfield
Meteorological Station (established in 1997) was used for temperature, humidity and wind-speed data,
while the Makatini Research Centre was used for sunshine duration (SAWS, 2015). All of these
stations are located in the immediate vicinity of the research catchment with a summary of the data

presented in Table 2.1 with a comprehensive set of measurements presented in Appendices A to D.

Table 2.1. Mean monthly meteorological data obtained from 1997 to 2014 at the Hlabisa Mbazwana,
Mbazwana Airfield Meteorological Station and Makatini Research Centre (SAWS, 2015).

Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep | Oct | Nov | Dec

Precipitation (mm) | 139 150 97 73 34 41 25 26 62 80 126 94

Evaporation (mm) | 179 | 154 | 148 | 111 85 60 68 96 121 142 | 158 | 177

Temperature (°C) | 25.8 | 26.1 | 254 | 23.1 | 20.8 | 19.0 | 184 | 20.0 | 21.2 | 22.2 | 239 | 25.1

Humidity (%) 82.8 | 84.6 | 87.3 | 88.8 | 89.1 | 90.5 | 90.5 | 86.4 | 82.4 | 81.3 | 80.4 | 80.5

Sunshine (h/d) 6.4 7.0 7.1 7.0 7.3 6.7 7.2 7.7 6.6 5.5 5.7 59

Wind speed (m/s) 2.6 2.0 1.7 1.7 1.5 1.5 1.8 2.1 2.6 2.8 2.9 2.7

A strong season precipitation pattern is observed in the region (Figure 2.2) with most of rainfall
occurring during the summer months (with over 40% falling in the 3-month period from January to

March) with occasional cyclone activity. In general, the winter period experiences around 25% of the



summer rainfall. Potential evaporation rates for the Lake Sibayi area are high, peaking during the
summer months. The rainfall distribution map (Figure 2.3), constructed based on data obtained from
SAWS (2015), indicates an increase in precipitation in an easterly direction over the catchment.
Precipitation in the region is generally found to increase from approximately 700 mm/a along the
western margin of the catchment to approximately 1 000 mm/a along the coast. These latest rainfall
data show a slight reduction in precipitation in the area when compared to those reported by Pitman
and Hutchison (1975) which ranged from 700 mm/a in the southwest of the catchment to 1 200 mm/a
in the east. These data are indicative of a gradual decrease in rainfall across the area. According to
WR2005 (Middleton and Bailey, 2009), annual pan evaporation data ranged between 1 400 mm/a and
1 500 mm/a for the S class pans and between 1 800 mm/a and 2 000 mm/a for the A class pans. This
is in agreement with the published evaporation maps of the region by Schulze et al. (1997).
Temperatures also showed seasonal variation, however, more subdued than rainfall. Temperatures
peaked in the summer months with the highest mean monthly temperature experienced in February

(26.1°C), while the lowest temperatures were experienced in July (18.4°C).
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Figure 2.2. 15 year average meteorological variables from the Mbazwana Airfield Station (data

sourced from SAWS, 2015).
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Figure 2.3. Rainfall distribution over the Lake Sibayi catchment (mm/a) from 1990 to 2013 (SAWS,
2015).

North to north-easterly winds prevail during the summer months while winter experiences both
northerly and southerly winds (Wright, 1999). The southerly winds have greater velocities but tend to
blow less frequently than the northerly winds (Wright and Mason, 1993). The mean wind speed
measured at the station was 2.22 m s” while maximum gust speeds of up to 23.7 m s™ were measured
at the Mabibi School, adjacent to Lake Sibayi. Dominant wind directions are NE and SW (Diab and
Sokolic, 1996).

2.3. Physiography and Drainage

The topography of the Maputaland coastal plain region made up of ancient to young sandy dunes
which have relatively elevated topography and low-lying plains to the east and a series of rugged
terraces deeply incised by river valleys in the central and western parts. Most of the region is covered
by the recent, infertile, wind distributed (acolian) sands. This resulted in the formation of a series of
north-south trending dune ridges orientated parallel to the present coastline (Goodman, 1990) (Figure

2.4).
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Figure 2.4. Topographic surface of the area surrounding Lake Sibayi with significant regional features

The sandy substrate of the catchment coupled with a relatively flat topography and shallow water
table result in a close relationship between surface waters of the lake and the groundwater. This
relationship is evident as the lake forms a surface expression of the groundwater (Meyer et al., 2001).
The lake is essentially underlain by unconsolidated to semi-consolidated fine sands that blanket most
of the Maputaland coastal plain. These highly permeable sediments, which are mainly Cretaceous to
Quaternary in age, abut landward against late Karoo volcanics of the Lebombo Mountain Range
(Hobday, 1979) and promote rapid recharge to the shallow aquifer (Kelbe and Germishuyse, 2010).
Relatively thin, discontinuous, shallow marine and beach deposits of Tertiary age unconformably
overlie the Cretaceous sediments, while Quaternary age sediments of a variety of depositional
environments form the cover sediments for most of the coastal plain (Hobday, 1979). These highly
permeable sediments promote rapid recharge to the aquifers and strong interactions with wetlands in

the region (Mkhwanazi, 2010).

The lake is cut off from the sea by a series of high north - south trending forested sand dunes, thereby
having no connection to the sea. The dune ridge attains a maximum height of 172 m in the vicinity of
Ntambama, opposite the lake. During its evolution, the Lake Sibayi system was separated from the
sea by the dunes, allowing it to evolve from a saline lagoon to a freshwater system (Roberts et al.,

2006).
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Lake Sibayi and its associated rivers and wetlands are predominantly groundwater driven as the sandy
substrate within the plain limits the amount of surface runoff (Pitman and Hutchinson, 1975; Kelbe
and Germishuyse, 2010). The water levels within Lake Sibayi constantly fluctuate in response to
varying amounts of groundwater and surface water discharge into the lake, seepage loss through the
coastal dunes, abstraction, and evaporation from the lake surface (Maud, 1980; Miller, 2001). Water
levels in Lake Sibayi are highly sensitive to local weather conditions and show direct responses to

local rainfall conditions and seasonal cycles (Pitman and Hutchinson, 1975).

The only significant surface drainage feature for the Lake Sibayi catchment is the Mseleni River
feeding the western arm of the lake. The non-perennial KuMzingwane and Velindlovu streams feed
into the northern arm of the lake, while the Umtibalu and Iswati streams and the Umsilalane stream

feed the southern and northern portion of the western arm, respectively (Figure 2.3).

2.4. Vegetation and land cover

The catchment of Lake Sibayi falls into the Coastal Lake Zone proposed by Mountain (1990). This
area is characterised by a chain of barrier lakes, lagoons and swamps, situated behind high vegetated
dunes. The vegetation within the catchment consists predominantly of grassland (natural and
degraded) flanked by forests along the coastal dune cordon, dense bush along the western extremes
and exotic plantations to the north and south of the lake (Figure 2.5). Only a very small percentage,
nearly 2%, of the catchment is occupied by rural urban or built-up areas (Ezemvelo KZN Wildlife,
2011). The lake and large portions of the eastern coast forms part of the iSimangaliso Wetland Park

conservation area.

The area surrounding Lake Sibayi is covered extensively by plantations; the most prominent of these
are the Mbazwana and Manzengwenya plantations situated on the southern and northern side of the
catchment, respectively. A large scale cashew nut plantation is situated northwest of the lake while
numerous small scale plantations are scattered throughout the catchment. These plantations occupy
approximately 221 km? (Ezemvelo KZN Wildlife, 2011) with approximately 88 km® situated within
the lake’s catchment. The exotic plantations consist mainly of Eucalyptus grandis, Eucalyptus
camaldulensis (51%) and Pinus elliottii (34%), while the remaining 15% of the plantation is clear-
felled (Ezemvelo KZN Wildlife, 2011). Evapotranspiration rates by the plantations are higher than
that of the natural vegetation (Albaugh et al., 2013) and therefore any expansion of the plantation
would increase the loss of water from the catchment. Plantations utilise soil water, preventing aquifer
recharge or by extracting water directly from below the root zone and capillary fringe, resulting in a
lowered groundwater table (Kienzle and Schulze, 1992; Scott, 1993). The evapotranspiration rate for

commercial forestry, usually pine and eucalyptus plantations, has been calculated by numerous
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authors. The evapotranspiration rate was found to range from 1000 mm/a (Sunder, 1993) to over 2500

mm/a (Albaugh et al., 2013).
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Figure 2.5. Land use distribution within the Lake Sibayi catchment (Ezemvelo KZN Wildlife, 2011).

2.5. Population and water use

The uMhlabuyalingana Local Municipality has seen population growth rates of approximately 11%
over the period 1996 to 2001 (2.2 % pa) and approximately 10 % from 2001 to 2011 (1 % pa)
(Statistics South Africa, 2012) (Figure 2.6).

The proportion of the population with access to piped water, either private or communal, has

increased from 2 % to 12 % during the period 1996 to 2011, while the proportion of the population

without access piped water has decreased from 13 % to 9% during the same period. The distribution

of water sources in the municipality primarily originate from regional/local municipal water schemes

(41%), followed by boreholes (30%), and rivers and streams (13%), while the remainder is made up

of a combination of springs, rain water tanks, water tankers and others (Statistics South Africa, 2012).
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Figure 2.6. Population growth for the uMhlabuyalingana Local Municipality (1996 to 2011) showing
percentage of population with access to piped water and those without any access to

piped water (Statistics South Africa, 2012).

In recent years, significant development has occurred around the lake, which has been brought about
primarily through human settlement and land use change (Bruton et al., 1980; Combrink et al., 2011).
These new developments are located within the lake’s catchment, which does not fall within the
conservation area, making conservation and management of the lake challenging. Catchment activities
include commercial forestry, subsistence agriculture, and rural development, particularly near the
town of Mseleni. The increase in water demand has prompted the then Department of Water Affairs
and Forestry to undertake a reserve determination of Lake Sibayi for additional lake abstraction

(Meyer and Godfrey, 2003).

2.6. Lake Morphology and Bathymetry

Lake Sibayi can be divided into five morphological regions, the Main Basin, Northern Arm, Western
Arm, South-Western Bay and Southern Basin (Figure 2.5). The Main basin is the largest of these,
comprising almost 60% of the area of the lake and containing the deepest water. The roughly oval
shaped Main Basin is characterized by straight or gently curving shorelines, punctuated by sand
bodies or dune ridges (Miller, 2001). Two smaller regions in the south, the South-Western Bay and
Southern Basin account for about 9% of the lake area. The Northern and Western Arms of the lake are
extremely dendritic and make up about 12 to 20% of the lake area. These two regions have however
several non-perennial streams of varying sizes draining into them (Hill, 1979; Miller, 2001). The
Northern and Western Arm as well as the South-Western Bay seem to be continuous with the
bathymetric profile running across the floor of the Main Basin. The Southern Basin however shows

no continuation and is nearly isolated from the Main Basin (Hill, 1979).
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The morphology of Lake Sibayi is a result of Neogene and Pleistocene low sea-level still stands that
allowed for the development of incised channels into the underlying Cretaceous and Palaeocene
sedimentary sequences (Wright et al., 2000). The dendritic nature of the Western and Northern Arms,
combined with the fact that large portions of the lake is situated below sea-level, indicate that Lake
Sibayi represents a series of drowned river valleys that were cut when sea level was significantly
lower (Ramsay, 1991; Miller, 2001). Rapidly dropping sea levels experienced after the Last
Interglacial high stand (125,000 BC) led to incision of fluvial channels down to 10 m below sea level,
forming a broad shallow depression in the vicinity of Lake Sibayi. Stabilisation of sea levels led to the
re-establishment of the coastal dune barrier and the development of lagoonal conditions behind it
(Wright et al., 2000; Wright, 2002). Regressive marine conditions experienced during the period
leading up to the Last Glacial Maximum (18,000 BP), when sea level was about 125 m lower than
present (Green and Uken, 2005), caused increased hydraulic head between the lake and dropping sea
level. This resulted in breaching of the coastal dune barrier and subsequent scour of a NW-SE
orientated channel down to depth of more than 40 m bmsl. This scour is still reflected in the
bathymetry of Lake Sibayi (Wright er al., 2000; Miller, 2001; Wright, 2002). Infilling by marine
wash-over deposits during the Holocene transgression (7000-5000 BP) isolated the lake from the sea
by the re-establishment of the coastal dune barrier, resulting in the impoundment of lake water.
Following the re-establishment of the dune barrier, the lake has evolved into a completely freshwater

system with lake levels having risen to 20 m amsl (Wright et al., 2000; Miller, 2001).

Bathymetric readings taken by Miller (2001) were obtained from the Council for Geoscience. The raw
data was contoured and blanked using modern satellite images obtained from NASA (2006) to
produce the updated bathymetric map (Figure 2.7). The relevant measurements were referenced
against a height of 19.82 m amsl correlating to lake levels during May 1992 when the survey was

conducted.

The lake has undergone little sedimentation since its formation, as the narrow steep-sided valleys are
still preserved as can be seen in the bathymetric map of the lake (Figure 2.7). This could be as a result
of the relatively low amount of surface inflow and the fact that its small catchment is sandy and flat.
During high lake levels, erosional forces increase the supply of sand to the eastern shore. The current
drought conditions and associated low lake levels have accentuated the two sand spits in the vicinity
where the Southern Basin joins the Main Basin. As these spits continue to grow, segmentation of the
lake becomes more prominent where the Southern Basin might eventually become completely

isolated from the rest of the lake (iSimangaliso, 2015).

The storage capacity of Lake Sibayi was derived from the above-mentioned bathymetric survey data

of Miller (2001). Based on the bathymetric surface compiled, the capacity of the lake, at the time of
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the survey (lake level of 19.82 m amsl), was approximately 816 x 10° m® corresponding to an area of
73 km’.

The depth-area and depth-volume relationships were constructed using the bathymetric data compiled
by Miller (2001) and are presented in Figures 2.8 and Table 2.2. The results show that both area and
volume decrease drastically down to depths of approximately 24 m; this can be attributed to the
predominantly shallow nature of the lake. After depths of approximately 24 m, area and volume

decrease at a much slower rate, due to limited areas of greater depth (Miller, 2001).
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Figure 2.7. Bathymetric map of Lake Sibayi (interpolated based on data from Miller, 2001).
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Figure 2.8. Depth — Area (a) and Depth — Volume (b) relationships for Lake Sibayi.

Table 2.2. Depth - area - volume relationships.

Depth (m) Volume (10°m’) Area (km?)
0 816 73
-4 569 52
-8 386 39

-12 252 29
-16 155 21
-20 86 14
-24 39 9
-28 14 4
-32 4 1
-36 1 0
-40 0 0

2.7. Geological Setting

The nature of the geological strata governs the basic physical features of the aquifers of the
Maputaland coastal plain, while the geological processes occurring during formation define the

physical and chemical characteristic of the aquifer (Mkhwanazi, 2010).

Lake Sibayi lies on the Maputaland coastal plain which stretches from the Umlalazi River in the
south, up the coast of Maputaland and northward through Mozambique. The entire Maputaland
coastal plain (Figure 2.9) was formed in recent geological time (post Cretaceous) through erosion and
deposition along the marine zone (Kelbe et al., 2001; Mkhwanazi, 2010). The Lake Sibayi system is
one of the few coastal water bodies along the South African coastline that has its palacotopography

partially preserved as a surface feature (Wright et al., 2000).
2.7.1.Lebombo Group

Regionally, the oldest rock exposures in the Maputaland area are the mafic picritic/olivine-rich
continental flood basalts of the Letaba Formation and the rhyodacites and rhyolites of the Jozini

Formation (Watkeys et al., 1993, Botha and Singh, 2012). These two units of the Jurassic age
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Lebombo Group, outcrop to the west of the coastal plain as the Lebombo Mountain range. The
Lebombo Group is the uppermost of the Karoo Supergroup (Wolmarans and Du Preez, 1986, Joubert
and Johnson, 1998). The volcanic suite is draped over a major crustal fracture and dips eastward

under the Cretaceous and Cenozoic sediments of the Maputaland coastal plain (Dingle et al., 1983).

2.7.2.Zululand Group

The Cretaceous age Zululand Group, comprising thick successions of marine sediments deposited
during the Mesozoic era, unconformably overlies the Lebombo Group volcanic rocks (Dingle et al.,
1983, Botha and Singh, 2012). The succession comprises the Makatini, Mzinene and St Lucia
Formations which are exposed in the eastern Lebombo foothills (Kennedy and Klinger, 1975, Shone,
2006). The Makatini Formation comprises small-pebble conglomerates, sandstones, siltstones and
limestones. The Mzinene Formation consists of glauconitic siltstones and cross-bedded sandstones
containing fossils and shell fragments. The composition of the overlying St Lucia Formation is similar
to the underlying Mzinene Formation but contains abundant plant and marine invertebrate fossils
(Dingle et al., 1983). Coastal upliftment and regressive conditions resulted in the erosion of the

marine strata to create a gently seaward dipping surface of 1 to 3 degrees (Worthington, 1978).

Transgressive and regressive alluvial processes have left significant palaco-channels in the St Lucia
Formation. Investigations by Miller (2001) indicated the presence of a subsurface paleo-channel,
acting as a preferential pathway of lake water to the sea, along the eastern shore of Lake Sibayi. The
channel has subsequently been filled with Holocene age sediments. Geophysical investigations
undertaken by Meyer et al. (2001) estimated that the paleo-channel has an average depth of 100 m

bmsl.

2.7.3.Maputaland Group

The Cenozoic deposits along the northern KwaZulu-Natal coastline are the youngest in the study
region and comprise the sediments of the Maputaland Group (Figure 2.10). These deposits
unconformably overlie the upper Cretaceous sediments, forming a thin veneer of sediments overlying
the coastal region (Botha, 1997; Maud and Botha, 2000). The deposits of this age include those of
littoral marine, estuarine, lacustrine and aeolian origin. These were deposited in response to a long
series of marine transgressions and regressions, induced by glacio-eustatic sea-level changes, and by
uplift and seaward marginal tilting of the subcontinent during the Neogene and Quaternary (Maud and

Botha, 2000).

The late Miocene Uloa Formation (Maud and Orr, 1975; Stapleton, 1977; Cooper and McCarthy,
1988; Watkeys et al., 1993; Lui, 1995, Roberts et al., 2006) comprises an intermittent sequence of

calcified coquina, conglomerates, sandstone and siltstone. The coquina, known locally as the “Pecten
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Bed”, attains a thickness of approximately 5 m (Dingle et al., 1983; Lui, 1995; Roberts et al, 2006).
The coquina is overlain by up to 20 m of aeolian cross-bedded calcarenites in places (Wright, et al,
2000) which was initially regarded as the Upper Uloa Formation (Frankel, 1966; Maud and Orr, 1975;
Cooper and McCarthy, 1988; Lui, 1995). A marked lithological break exists between the calcarenites
and the underlying coquina (Maud and Orr, 1975; Lui, 1995) it was therefore suggested by Botha

(1997) that this unit be given a separate formation status, namely the Umkwelane Formation.
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Figure 2.9. Geological map of the study area (Modified from Porat and Botha, 2008).

The early Pliocene Umkwelane Formation, comprises up to 25 m of cross-bedded aeolianites
(Stapleton, 1977), which commonly overlies the stratified shallow-marine calcarenite (5-8 m thick)
and interbedded gravel beds of the Uloa Formation (Maud and Orr, 1975; Lui, 1995, Roberts et al.,
2006). The argillaceous dune sands in the area, previously mapped as the Muzi Formation (Geological
Survey, 1985 a, b), are now considered to be the weathering product of Umkwelane Formation (Botha
et al., 2003; Botha and Porat, 2007; Porat and Botha, 2008; Botha and Singh, 2012). The top of the
Unkwelane Formation coincides with mean sea-level in the Richards Bay area with minor fluctuations

between -10 m and +5 m amsl (Worthington, 1978).

Deposits of these intermittent layers generally coincide with higher regions of the Cretaceous
siltstone, suggesting that they also underwent erosion during periods of transgression. The full extent

of this formation is uncertain due to the limited number of boreholes in the area.
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Figure 2.10. Schematic representation of the Maputaland Group lithostratigraphic units. Not to scale.

LIG-Last Interglacial (adapted from Porat and Botha, 2008).

The Early to Late Pleistocene age sediments of the Port Durnford Formation (“Lower Argillaceous
Member” described by Hobday and Orme, 1974 and SACS, 1980) rest unconformably on either
Cretaceous sediments or the Uloa and Umkwelane Formations. The sediments of the Port Durnford
Formation, resting unconformably on stratified sands in the type area, comprise a succession of
carbonaceous muds and sands. A basal bioturbated, cross-bedded sandstone with ferruginous mottles
is overlain by grey or black fossiliferous shallow marine sands and organic-rich lagoonal clays
(Hobday and Orme, 1974; Maud, 1993, Roberts et al., 2006). The unit is up to 10 m thick and is
overlain by a distinctive 1 - 1.5 m thick lignite horizon (Hobday and Orme, 1974; Maud, 1993).
Hobday and Orme (1974) consider the Lower Argillaceous Member to be a transgressive barrier-
lagoon complex which is related to the last interglacial high stand ca. 120 000 BP. Fossiliferous beach
rocks considered to be contemporaneous with the last interglacial high-stand are elevated ca. 3.5 m

amsl on the Nibela Peninsula at Lake St. Lucia (Wright et al., 2000).

The lignite bearing unit overlying fossiliferous strata of the Port Durnford Formation, as well as the
overlying white and orange mottled clayey sand, which Hobday and Orme (1974) considered the

“Upper Arenaceous Member”, is now considered to be the Kosi Bay Formation (Roberts et al., 2006).
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With similar sand deposits underlying younger dune sand, they cover over much of the coastal plain.
The predominantly non-calcareous, uncemented sediments of the Kosi Bay Formation, resting
unconformably on the Uloa, Umkwelane and Port Durnford Formations, comprise composite, multi-
phase dune-sand deposits. These deposits form the core of coastal dune cordon as well as the lower
parts of the inland dune cordon exposed around the coastal lakes (Roberts et al., 2006). Over large
parts of the Maputaland area north of Lake St Lucia, the unit averages a thickness of about 45 m and
underlie the younger cover sands (10-15 m thick) and dune systems which have been derived from

reworking of this older, pedogenically weathered dune sands (Roberts et al., 2006).

The KwaMbonambi Formation comprises extensively reworked sediments of the underlying Kosi Bay
Formation during marine regression and dry periods spanning from Late Pleistocene to Holocene
transition (Botha and Porat, 2007). The resulting sediments consist of decalcified dune sediments,
redistributed sand, coastal wetland deposits and freshwater diatomite accumulations (Botha, 1997).
Relic cordons of late Pleistocene dunes dominate the eastern margin of the coastal plain particularly in
the Lake Sibayi region, creating a characteristic low undulating topography (Wright, 1995; Miller,
1998; Wright et al., 2000). Freshwater diatomite deposits and calcareous clays, banked up against the
late Pleistocene dunes on the western shores of Lake Sibayi near Mseleni and south of Mbazwana,
attain a thickness of up to 4m and developed during the period 45 000 to 25 000 years BP (Maud
1993; Miller, 1996; Miller, 2001; Porat and Botha, 2008). The surface of the 143 m high Tshongwe-
Sihangwane sand megaridge, located inland of the coastal lakes of Lake Sibayi and Kosi Bay (Figure

2.4), is formed of low KwaMbonambi Formation parabolic dunes (Botha and Singh, 2012).

The Late Pleistocene to Holocene Isipingo Formation comprises the intertidal rocky outcrops in the
calcified dune deposits (aeolianite) and beachrock (Botha and Singh, 2012). These represent dune
accretion and sea-level still-stand events spanning the past 200 000 years (Ramsay, 1995, 1996;
Wright et al., 2000, Ramsay and Cooper, 2002, Porat and Botha, 2008). The last major marine
regression (~110 to 18 ka) allowed for the formation of dunes on the exposed continental shelf as sea-
level dropped to -130 m (Green and Uken, 2005). These calcified dune deposits were subsequently
submerged due to increasing sea-levels over the past 18 000 years forming significant structures on

the continental shelf (Martin and Flemming, 1988).

The Holocene age Sibayi Formation represents the high coastal barrier dune stretching along the
shoreline from St Lucia estuary to the Mozambique border. It is a composite aeolian deposit,
comprising a core of Kosi Bay and Isipingo Formation dune sands overlain by at least four phases of
parabolic dune accretion over the past 10 000 years (Porat and Botha, 2008). The Sibayi Formation
attains a thickness of up to 150 m in certain areas (Maud and Botha, 2000; Porat and Botha, 2008).
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2.7.4.Recent Lake Sediments

Due to its small catchment area and limited amount of runoff, the amount of fluvial sediment reaching
Lake Sibayi is restricted; therefore Lake Sibayi has undergone very little sedimentation since its
formation (Miller, 2001). The only new sediments introduced to the lake are wind-blown sediments
and organic sediment that are added during high lake levels. During high water levels, large areas
surrounding the lake are inundated by water, causing vegetation destruction and erosion of the
surrounding dunes (Allanson, 1979). Decaying vegetation is transferred rapidly by wave action into
deeper areas of the lake, where it contributes to the lake sediments in the form of a dark-brown to
grey-black, organic rich, pulpy, anaerobic fresh-water sapropel termed gyttja (Wright and Mason,
1990; Miller, 1994, Wright 2002). Aeolian sediments, which are stripped from surrounding dunes

during high lake levels, accumulate in shallow areas of the lake (Miller, 1998).

2.8. General Hydrogeological setting

The hydrogeological units which constitutes the primary aquifer in the Maputaland region comprises
shallow marine, alluvial and Aeolian sediments overlying the Cretaceous sediments (Meyer et al.,

2001; Kelbe and Germishuyse, 2010).

The Cretaceous-age succession of mainly fine siltstones, conglomerates and sandstones collectively
known as the Zululand Group underlie the Miocene to Holocene sediments of the Maputaland Group.
Due to very low permeability, groundwater quality and quantity, the Zululand Group can be regarded

as the impermeable basement to the overlying sediments (Meyer and Godfrey, 2003).

The Cretaceous rocks are overlain by the Mio-Pliocene Formation and decalcified and locally karst
weathered Umkwelane/Uloa Formations which constitute the main aquifer in the region (Jeffares and
Green, 2012; Kelbe et al., 2013; Worthington, 1978). Thicknesses of up to 35 m were encountered in
the north and north-west of the Lake Sibayi catchment (Kruger and Meyer, 1988).

These units are overlain by a thick succession of low-yielding silty sands and silts of the Late
Pleistocene Kosi Bay Formation (Porat and Botha, 2008). The elevation of the upper surface of this
unit was found to increase from 50 m amsl in the southeast of the lake (Fockema, 1986; Kruger and
Meyer, 1988; Davies, Lynn and Partners, 1992) to 60 m amsl towards the north-west of the lake
(Meyer, 1994).

The Kosi Bay Formation is overlain by shallow unconfined sediments associated with the superficial
dune sands of the Late Pleistocene KwaMbonambi Formation (Botha and Porat, 2007; Porat and
Botha, 2008). The final sedimentary unit is the Holocene Sibayi Formation which constitutes the
coastal barrier dune cordon (Botha and Porat, 2007). Thicknesses for these cover sands were found to

exceed 70 m in places (Meyer and Godfrey, 2003).
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CHAPTER THREE: LITERATURE REVIEW

3.1. Previous hydrogeological studies on the Coastal Plain

Over the years, numerous hydrogeological investigations, of various scales, have been conducted over
various parts of the Maputaland coastal plain. The more prominent investigations were those
conducted by Van Wyk (1963), Australian Groundwater Consultants (1975), Worthington (1978),
Meyer et al. (1982), Kruger (1986), Kelbe and Rawlins (1992), and some more recent detailed
investigations of well field developments east of Kwambonambi (Meyer et al., 2001). The studies
conducted by Van Wyk (1963) and Kruger (1986), concentrated on the northern parts of the coastal
plain, whereas those by the Australian Groundwater Consultants (1975) and Worthington (1978)

focused on the area around Richards Bay, Lake Mzingazi and Lake Nhlabane.

Worthington (1978) adopted an integrated approach where geophysical and hydrogeological
investigations were directed at a detailed evaluation of the hydrological conditions around Richards
Bay and Lake Mzingazi. Through geoelectrical surveys and pumping tests, he was able to establish
the distribution and hydraulic characteristics of the Miocene age compacted coquina and calcarenite.
Isopleths of aquifer transmissivity has been used by Worthington (1975) in conjunction with the
distribution of potentiometric levels to estimate the subsurface seepage into Lake Mzingazi. He
further revealed that the coastal dunes, which reach an elevation of up to 130 m amsl, are virtually dry

and do not contain any perched water tables.

Several hydrogeological investigations of the aquifer were commissioned by the Water Research
Commission and conducted by the University of Zululand (Kelbe et al., 2001; Kelbe and
Germishuyse 2010) and a joint venture between the CSIR and the University of the Free State (Meyer
et al. (2001). In addition, several hydrological studies were conducted on the coastal lakes that
frequent the plain. The predominant studies on the northern parts of the plain were conducted by
Hutchinson and Pitman (1973) and Pitman and Hutchinson (1975) of the Hydrological Research Unit
of the University of the Witwatersrand, focusing on Lake St Lucia and Lake Sibayi respectively.

Hydrogeological modelling of the Maputaland Coastal Plain Aquifer was undertaken by Meyer et al.
(2001). All the ancillary hydrogeological information such as the geophysical results and
hydrochemical analyses were incorporated into a conceptual hydrogeological model of the coastal
plain. Based on the conceptual model, a regional mathematical simulation model was designed to

simulate steady-state conditions and determine regional groundwater flow directions and velocities.

The geology and morphometry of Lake Sibayi has been studied in detail by Miller (2001), where the
morphology, bathymetry, sediment distribution and stratigraphy were reported. A preliminary effort
to map the surrounding aquifer has been presented by Meyer and Godfrey (1995). Due to the increase

in water demand in the Lake Sibayi area, the then Department of Water Affairs and Forestry
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commissioned Meyer and Godfrey (2003) to undertake a reserve determination of the lake to

determine the sustainability of additional abstraction.

3.2. Groundwater Modelling

A model is a tool designed to represent a simplified version of reality (Anderson and Woessner,
1992). A model is any device which represents an approximation of a field situation. Physical models,
such as laboratory sand tanks simulate groundwater flow directly, while mathematical models
simulate groundwater flow indirectly by means of a governing equation to represent the physical
processes that occur in the system. The latter would also require equations which describe the heads
or flows along the boundary of the model (boundary conditions) as well as the initial head distribution
(initial conditions) in time-dependent problems. When these simulations become too complex, a
numerical model may be selected. The model is based on a set of commands used to solve a
mathematical model which forms the computer program or code. The code is generic, while the
model, with its user specified parameters, are based on site-specific conditions (Anderson and
Woessner, 1992). Thus, groundwater models are representations of reality and, if properly
constructed, can be a valuable predictive tool for management of groundwater resources. Numerical
models pertaining to groundwater and surface water interactions help in the understanding of
environmental systems, identify the important parameters affecting flow, and predict responses to

resource development (Council, 1997).

3.2.1. Types of models

Several types of models exist to study groundwater flow systems. These can be divided into three
broad categories (Prickett, 1975); sand tank models, analogue models (viscous fluid analogue and
electric analogue models), and mathematical models (analytical and numerical models). A
mathematical model consists of a set of differential equations that are known to govern the flow of
groundwater (Wang and Anderson, 1995). The reliability of the model depends on how well the
model approximates the field conditions. Simplifying assumptions are necessary as field conditions
are often too complex to simulate. These assumptions are generally quite restrictive and require the
model domain, for example, to be assumed as homogeneous and isotropic. To represent more realistic
situations, it is usually necessary to solve the mathematical model using numerical techniques. With
the introduction of high-speed computers since the 1960s, the use of numerical models has been

favoured (Wang and Anderson, 1995).
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3.2.2. Governing equations

The flow of groundwater can be described by differential equations derived from the basic principles
of physics (Wang and Anderson, 1995). Before a governing equation for groundwater flow can be
derived, a suitable conceptual model of the system needs to be established (Anderson and Woessner,

1992).

The general form of the governing equation of transient groundwater flow is described by the

following equation (Harbaugh et al., 2000).

] on ] on ] oh oh
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Where

h is hydraulic head, K\, K, and K.. are the hydraulic conductivities in the x,y and z directions, S; is
the storage coefficient; ¥ is the sink/source term which is used to represent recharge and if negative

to represent withdrawal; ¢ represents time.

3.3. Numerical Methods

The use of numerical solutions for groundwater modelling has become a standard tool in recent years.
This is due to the fact that these models are much more versatile and easier to use than some of the
more complex analytical solutions (Anderson and Woessner, 1992). There are various numerical
approaches used in groundwater modelling, which include finite differences, finite elements,
integrated finite differences, the boundary integral equation method, and analytic elements. Finite
differences and finite elements are most commonly used to solve groundwater flow and contaminant

transport problems (Anderson and Woessner, 1992).

In both cases, they consist of a system of nodal points superimposed over the problem domain (Wang
and Anderson, 1995). The finite element models use irregular arrays of elemental units to describe the
dynamics of the system using triangulation techniques. The triangular elements are defined by three
nodes — one at each corner. The finite difference models use regular rectangular elemental units.
Finite elements define the variation of head within an element using interpolation functions while the
finite difference method defines heads at the nodal points themselves, which could be based on either

a block-centred or mesh-centred grid (Anderson and Woessner, 1992).

Finite difference grids can be one of two types, either a block-centred grid or a mesh-centred grid
(Figures 3.1). They are differentiated in the way in which they handle the flux boundaries. In a block-
centred grid, the flux boundaries are always located at the edge of the block, whereas, in a mesh-

centred grid, the boundary coincides with a node. Finite difference boundaries are best handled using
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the block-centred approach and is therefore favoured in programs such as MODFLOW. Finite
elements allow for greater variation when designing a grid. Two-dimensional elements are either
triangles or quadrilaterals, while three-dimensional elements are tetrahedrons, hexahedrons, or prisms

(Anderson and Woessner, 1992).
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Figure 3.1. Finite difference and finite element representation of an aquifer region (Adapted from
Wang and Anderson, 1995). Where a) Map view of aquifer showing well field,
observation wells, and boundaries, b) Finite difference grid with block-centred nodes,
where Ax is the spacing in the x direction, Ay is the spacing in the y direction, and b is

the aquifer thickness.

The choice between finite difference and finite element models depend on the problem requiring
solution and on the preference of the user. Finite differences are easier to understand and program,
and generally require fewer input data to construct the grid. The advantage of finite elements over
finite difference is better approximation of irregular shaped boundaries; easier adjustment of
individual elements as well as the location of the boundaries; it’s also better suited to handle internal
boundaries such as fault zones and can simulate point sources and sinks, seepage faces, and moving
water tables better than finite differences. The two methods differ fundamentally in their philosophy.
Finite difference methods compute a value for the head at the node which is also the average head for
the cell surrounding the node. There is no assumption made about head variation from one node to the

next. Conversely, finite elements, precisely define the variation of head within an element by means
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of interpolation (basis) functions. Heads are calculated at the nodes for convenience, but heads are
defined everywhere by means of basis functions. The head in each finite difference cell is equal to the

average of the heads in the four neighbouring cells (Anderson and Woessner, 1992).

3.4. Conceptual Hydrogeological Modelling

One of the most important steps in the groundwater flow modelling is the conceptual model design.
According to Wang and Anderson (1995), a conceptual model is graphic representation of the
groundwater flow system, usually represented in the form of a block diagram or cross-section. The
conceptual model serves as a basis on which the numerical model and subsequent grid design will be

based.

Successful quantification and qualification of surface water / groundwater interactions is based on a
conceptual understanding or model of the system. The conceptual model will consider the main
feature of the aquifer and the response in the receiving environment as well as delineation of the

boundary conditions.

The purpose of the conceptual model is to simplify the field parameters and associated field data into
a system that can be analysed more readily. The closer the model represents the field conditions, the
more accurate the numerical model, however, complete reconstruction of field parameters would be
too complex and unfeasible. The model is simplified as much as possible while still adequately

reproducing the system’s behaviour.

The initial step in constructing the conceptual model is to identify the area of interest, and define the
boundary conditions which constrain it. The natural hydrogeologic boundaries should be used for the
model whenever possible. For successful conceptual model construction, the following three steps
need to be adhered to: (1) definition of stratigraphic units; (2) preparation of a water budget; (3)
definition of the flow system (Anderson and Woessner, 1992).

3.4.1.Defining Hydrostratigrapic Units

The concept of Hydrostratigraphic Units (HSU) aims to classify geological units with similar
hydrogeological properties (Maxey, 1964; Seaber, 1988). These take cognisance of all geological
information including geologic maps, geological cross-sections, and well logs which are combined
with information on hydrogeological properties (Anderson and Woessner, 1992). The
hydrostratigraphic units defined within the conceptual model would determine the number of layers

needed for the model.
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3.4.2.Water Budget

All sources of water to the system, as well as expected flow directions and exit points, should be
included in the conceptual model. Inflows may include groundwater recharge from precipitation,
overland flow, or recharge from surface water bodies, while outflows may include spring discharge,
baseflow to streams, evapotranspiration and pumping through shallow and deep wells for various
purposes. Subsurface flow may occur as either inflow or outflow. All inflow and outflow parameters
are to be quantified based on field data and later compared to values computed during model
calibration (Anderson and Woessner, 1992). A complete description of the water budget is provided

in the succeeding Section 3.12.

3.5. Defining the Flow System (s)

The hydrostratigraphy serves as the foundation of the conceptual model. Hydrological information
related to precipitation, evaporation, surface water runoff, as well as hydraulic head data, and
hydrogeochemical and environmental isotope information are used to conceptualise the movement of
water through the hydrological system under consideration. Water level measurements allow for the
determination of groundwater flow direction, location of recharge and discharge areas and the
connection between aquifers and surface water systems (Anderson and Woessner, 1992).
Hydrochemical and environmental isotope data supports the physical hydrological data in the
conceptual model design. Water flow directions could be determined using hydrochemical data
(Swenson, 1968; and Bredehoeft ef al., 1983). It also helps in the identification of sources and
amounts of recharge (Knott and Olimpio, 1986; Bredenkamp et al., 1995), to estimate groundwater
flow rates (Krabbenhoft et al., 1990), and define local, intermediate, and regional flow systems (Lee

and Strickland, 1988).

3.6. Code Selection

When selecting a modelling computer code, the user needs to ensure that the code has been verified,
that it includes a water balance, and whether it has a proven track record. Codes for groundwater flow
are verified by comparing the numerical results with one or more analytical solutions. MODFLOW
has been one of the industry standard computer codes that produce numerically stable solutions.
MODLFOW also contains a water balance calculation in its code. The water balance is important as it
allows for computation of flows across boundaries, to and from sources and sinks and storage.
Additionally, the water balance also provides information about discharge rates to surface water
bodies or recharge rates across the water table. MODLFOW also has a proven track record as it is one

of the most widely used flow models and has been applied to numerous field problems.
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3.6.1.MODFLOW

MODFLOW is a modular computer program that simulates three-dimensional ground-water flow
through a porous medium by using a finite-difference method (McDonald and Harbaugh, 1988). It is
capable of simulating steady and transient flow in an irregularly shaped flow system in which aquifer
layers can be confined, unconfined, or a combination thereof. The modular structure is based on a
main program linked to a number of highly independent primary and secondary subroutines grouped
into “packages”. These packages are capable of simulating specific features of the hydrologic system;
these include flow to wells, areal recharge, evapotranspiration, flow to drains, and flow through river
beds. A thorough understanding of the concepts associated with MODFLOW is imperative for the
correct estimation of boundary conditions and in the simulation of surface water-groundwater

interactions.

3.6.2.MODLFOW Packages

MODFLOW has several separate subroutines, or packages, to handle the numerous types of head-
dependent conditions. These represent certain hydrological processes including recharge, rivers,

drains, evapotranspiration, well, lake and boundary heads.
Recharge Package

The Recharge Package is designed to simulate aerially distributed recharge to the groundwater
system. It refers to the volume of infiltrated water that crosses the water table and becomes part of the
groundwater system (Anderson and Woessner, 1992). No universally accepted method for recharge
estimation has thus far been devised. Groundwater recharge is generally represented in the form of a
spatially uniform recharge rate across the water table as a percentage of precipitation that percolates to
the groundwater system (McDonald and Harbaugh, 1988; Anderson and Woessner, 1992). Recharge

is discussed further in the succeeding Section 3.11.
River Package

Rivers and streams contribute water to the groundwater system or drain water from it depending on
the head gradient between the stream and groundwater regime. The River Package (RIV Package) is
used to simulate the effects of flow between surface water reservoir such as a river and groundwater
aquifer (McDonald and Harbaugh, 1988; Anderson and Woessner, 1992). The River Package allows
water to flow from the aquifer to the source reservoir (discharge) when the surrounding groundwater
elevation is above the surface water body. Water can also flow out of a stream and into the aquifer
(recharge) when the water table is below the elevation of the river bed. This is shown

diagrammatically in Figure 3.2.
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Figure 3.2. Conceptual model of vertical river transmission process (adapted from McDonald and

Harbourgh, 1988).

The RIV package uses the streambed conductance (CRIV) to account for the length (L) and width
(W) of the river channel in the cell, the thickness of the riverbed sediments (M) and their vertical
hydraulic conductivity (K,). The flow between the groundwater and river in each cell is described by

KyLW
CRIV === ()

It is assumed that the cells remains fully saturated and that the water level does not drop below the
bottom of the streambed layer. The package also assumes impermeable sides to the river channel so
that only vertical flow is possible (McDonald and Harbaugh, 1988; Kelbe et al., 2001). Prudic (1989)
developed an updated version of the river package, the Stream Routing Package (STR1), this added
additional functionality, as it accounted for downstream water routing as well. This was subsequently
replaced by a new Streamflow-Routing (SFR1) Package written by Prudic e al. (2004). The SFR1
Package was designed to simulate stream-aquifer interactions and to route flow and a single solute

through a network of surface-water channels.
Drain Package

The Drain Package is designed to remove water from the aquifer at a rate proportional to the
difference between the head in the aquifer and some fixed head or elevation (McDonald and
Harbaugh, 1988; Kelbe et al., 2001). When the head in the aquifer is above the level of the drain,
water is removed from the model. Discharge to the drain is zero when the heads in the cells adjacent

to the drain are equal or less than the elevation of the drain. (Anderson and Woessner, 1992; Kelbe



30

and Germishuyse, 2010). Springs and seeps are generally simulated using the Drain Package

(Anderson and Woessner, 1992).
Evapotranspiration Package

The Evapotranspiration (ET) Package simulates the effects of plant transpiration and direct
evaporation removing water from the groundwater regime. Evapotranspiration of groundwater occurs
when the water table is close to the land surface or when phreatophytes draw water from below the
water table (McDonald and Harbaugh, 1988, Anderson and Woessner, 1992). The Evapotranspiration
Package requires the user to assign a specified elevation for the water table “ET surface” at which
evapotranspiration from the water table occurs at a maximum rate specified by the user (Figure 3.3).
The water table elevation at which evapotranspiration is at its maximum generally corresponds to the
land surface. No evapotranspiration occurs when the water table declines below an assigned
“extinction” depth. In between these limits, evapotranspiration from the water table varies linearly

with water table elevations (Anderson and Woessner, 1992; Kelbe and Germishuyse, 2010).

Ground level
ET ETsurface
O
D
©
5 ﬂ :
g / IWatertabIe
2 N
= :
Q
D
Extinction
3 : Depth
E=0 E E

a max

»

Evapotranspiration Rate

Figure 3.3. Diagrammatic representation of the evaporation model (Adapted from Kelbe et al., 2001)
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Well Package

Water may enter or leave a model in one of two ways, either through boundaries as specified by the
boundary conditions, or through internal sources and sinks. Injection and pumping wells are nodal
point sources and sinks which add and withdraw water from the model respectively. The user
specifies an injection or pumping rate (Q) in units of volume of water per time for each well node.
Negative values for Q indicate a discharging well, while a positive value represents a recharging well.
The point source or sink is represented by the entire cell. It is therefore advisable to have finer grid

spacing in the vicinity of the wells.
Lake Package

Simulating the interaction between groundwater and surface water bodies, such as lakes, has a
significant impact on water resource development in the Lake Sibayi catchment. Several attempts
have been made to simulate these lake-aquifer interactions, the most recent being the Lake (LAK3)
Package by Merritt and Konikow (2000). The LAK3 package was designed to compute water fluxes
between lakes and neighbouring aquifer in MODFLOW (Harbaugh et al., 2000; Harbaugh, 2005) and

represents the most advanced lake-aquifer interactions package to date.

The LAK3 package was built on the capabilities of its predecessor (LAK2 Package) by adding the
ability to simulate solute transport, dealing with multiple lake basins and improved transient solver.
According to Merritt and Konikow (2000), the LAK3 Package represents a lake as a volume of space
within the model grid composed of inactive cells, while active model grid cells bordering this space
represent the adjacent aquifer (Figure 3.4). The LAK package is therefore an advanced method to
employ when modelling lake-aquifer interactions as it offers a practical tool to surface water and
groundwater modelling (Council, 1998). It provides powerful post-simulation reporting features and

allows for explicit inclusion of surface water flow to and from lakes (Hunt et al., 2003).

The exchange of water between the lake and adjacent aquifers is quantified by formulating the
seepage through the material that separates them (Merritt and Konikow, 2000). The flow from the
aquifer into the lake is a function of both the lake-bed leakance and the conductance of aquifer cells
adjacent to the lake. The formulation is based on the comparison of heads in the aquifer with those of
the lake. In transient simulations, a new lake water budget is performed at the end of each time step to
account for the lake stage fluctuations. The lake stage is crucial in making the estimates of ground-
water seepage to and from the lake that are used by MODFLOW. Lake budgets account for all
atmospheric, surface water and subsurface fluxes into and out of each lake (Figure 3.4). The Stream
Package (Prudic, 1989) has been incorporated into the Lake Package to identify stream connections to
lakes for accurate inflow and outflow volume calculations. The LAK package computes the lake

water budget by balancing the changing volume with multiple inflow and outflow processes. The
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water budget procedure incorporated in the Lake Package is implied by the equation used to update

the lake stage. The explicit form of this equation is given by (Merritt and Konikow, 2000):

n = pn-lg Atp—e+rnf—W;SSp+Qsi—Qso 3)
Where, h*and h]*~'are the lake stage (L) from the present and previous time steps; At is the time step
length (T); p is the rate of precipitation (L*/T) on the lake during the time step; e is the rate of
evaporation (L*/T) from the lake surface during the time step; rnf is the rate of surface runoff to the
lake (L*/T) during the time step; w is the rate of water withdrawal from the lake (L*/T) during the time
step (a negative value is used to specify a rate of augmentation); Qy; is the rate of inflow from streams
(L*/T) during the time step; Q,, is the rate of outflow to streams (L*/T) during the time step; A4, is the
surface area of the lake (L?) at the beginning of the time step; and sp is the net rate of seepage
between the lake and the aquifer (L*/T) during the time step (a positive value indicates seepage from

the lake into the aquifer).
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Figure 3.4. Diagrammatic representation of the Lake Package showing its volumetric water budget

components (Adapted from Council, 1998).

Depending on the bathymetry of the lake, the reduction in lake stage would reduce the lake surface
area and could result in the division of the lake into two or more water bodies (sublakes), each having
a separate water budget. Subsequent increase in lake stage would result in coalescence of the separate

lakes into a single water body with a single budget and stage (Merritt and Konikow, 2000).

Seepage between the lake and aquifer depend on the lake stage and the hydraulic head in the aquifer.
Typical seepage scenarios could be from the aquifer into the lake; recharge from the lake to the
aquifer; or a lake can represent a mixed or “flow-through” condition where, in some areas of the
lakebed, seepage is into the lake and in other areas, seepage is out of the lake. Quantification of
seepage between the lake and aquifer is therefore imperative. Seepage in the Lake Package is

calculated by applying Darcy’s Law as presented below:



33

_ hl_ha
a=K7 @)

Where, ¢ is the specific discharge (seepage rate) (L/T); K is the hydraulic conductivity (L/T) of
materials between the lake and a location within the aquifer below the water table; 4, is the stage of
the lake (L); A, is the aquifer head (L); A/ is the distance (L) between the points at which /; and 4, are

measured; and L and T denote length and time units.

3.7. Simulating Lake —Aquifer interaction using the High Conductivity Technique

An alternative approach to the simulation of lake-aquifer interaction, one that does not require any
modular package, is to specify the lake cells with a high hydraulic conductivity. This technique, often
referred to as the “High-K” technique (Lee, 1996; Hunt and Krohelski, 1996; Hunt et al., 2000),
represents a hypothetical porous medium with a very high hydraulic conductivity; usually three orders
of magnitude greater than that of the surrounding aquifer. A storage coefficient of 1.0 is usually
specified for the surficial lake layer (Merritt and Konikow, 2000). Due to the high hydraulic
conductivity, little or no spatial variation in head (stage) will be experienced across the lake grid cells.
This technique was used successfully by Anderson et al. (2002) where similar results to the LAK3
Package were reported. The results also compared favourably to field measurements in both, steady-
state and transient simulations. The advantage of using the High-K technique is that it is easy to use
and is stable over a wide variety of conditions. The main disadvantage of the method is that it is
limited to seepage lakes without any surface water inflow or outflow. The technique is therefore best

suited to simple application problems.

3.8. Groundwater Modelling System (GMS)

Numerous three-dimensional finite difference graphical user interfaces (GUI) have been developed to
run the MODFLOW code. For this study the GUI of Groundwater Modelling System (GMS) is
applied. GMS, developed by Aquaveo, consist of a comprehensive package which allows it to
perform both steady-state and transient analyses and has a wide variety of boundary conditions and
input options. Additional tools provided by the program allow for site characterisation, model
conceptualisation, mesh and grid generation, geostatistics, and post-processing. GMS supports

MODFLOW as a pre- and post-processor.

3.9. Addition considerations for transient simulation

Transient simulations are used to solve time-dependent problems. When a transient problem is
undertaken, it starts with steady-state initial conditions and ends when a new steady-state is reached.

A set of heads is produced at every time step during the simulation and are therefore more complex



34

than steady-state simulations. According to Anderson and Woessner (1992), there are a number of

additional reasons why transient problems are more complicated.

3.9.1.Storage Parameters

During transient simulations, water is released or taken into storage within the aquifer. This transfer of
water results in a change in head with time. It is therefore necessary to specify the capacity of the
aquifer to transfer water to and from storage. This is referred to as storativity and could be described
by one of the following parameters: specific storage (S;), storage coefficient (S), or specific yield (Sy).
Specific storage (S;), which is used in three-dimensional simulations, is equal to the volume of water
released from storage within a unit volume of porous material per unit decline in head. Storage
coefficient (S), used in two-dimensional areal simulations, is the volume of water released per unit
area of aquifer per unit decline in head. When simulating unconfined aquifers, specific yield (S,),
which is a measure of volume of water per volume of porous material released due to gravity in

response to a decline in water table, is employed.

3.9.2.1Initial conditions

The initial conditions describe the hydraulic head distribution throughout the model domain at the
start of the simulation (Anderson & Woessner, 1992). Good initial conditions are imperative for
convergence and allows for confidence in model simulation results. The potentiometric surface is

generally used to represent the initial conditions.

3.9.3.Transient Boundary Conditions

Transient simulations need to take cognisance of the way in which transient effects propagate to the
boundaries. These could cause the heads and flows (e.g., moving groundwater divide) to change in
areas of the model which are designated to be a boundary. This could be rectified by expanding the
grid and moving the boundary conditions farther from the centre of the grid (Anderson and Woessner,

1992).

3.9.4.Discretising Time

The selection of time steps and grid construction are crucial parts of model design as they have a
strong influence on the numerical results. For the model to best approximate field conditions, it is
advisable to use small nodal spacing and small time steps. The use of extremely small time steps is
impractical and therefore best practice would be to make several trail runs and selecting the largest

time step that does not significantly change the solution.
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The simulation period can be discretised into smaller blocks of time of variable length, known as
stress periods. These allow for the option of changing some of the parameters or stresses while the

simulation is in progress.

3.10. Calibration

A successfully calibrated flow model is able to demonstrate that the model is capable of producing
field-measured heads and flows. This is accomplished by finding a set of parameters and boundary
condition that match the field-measured values within a predetermined error range (Anderson and
Woessner, 1992). Most calibrations are conducted under steady-state conditions before being
implemented in the transient simulation. Groundwater models are most often used as predictive tools.
If the model is calibrated to a set of historical conditions, it is likely that the model would be able to
make accurate future predictions (Waterloo Hydrogeologic, 2015). Model calibration is commonly
either through manual trail-and-error adjustment of the parameters or through automated parameter

estimation.

3.10.1. Trail-and-Error Calibration

In this method, parameter values are adjusted in sequential model runs to simulate observed heads and
flows. In hydrogeological modelling, it is often easier to measure the model output parameters (heads,
fluxes, concentrations) than it is to measure the input parameters (hydraulic conductivity, storativity,
porosity, etc.) Most modelling problems are therefore solved using a process called inverse problem,
whereby, the system inputs are determined based on the system outputs (results) (Anderson and
Woessner, 1992). A detailed sensitivity analyses should follow the calibration process. It is often good
practice to assess model calibration manually; as it provides the user with a good understanding of

model sensitivity/uncertainty.

The procedure for trail-and-error calibration is illustrated in Figure 3.5. The field system is converted
to a numerical model and calibration targets are set. The model is executed and results are compared
to the calibration targets. If the error in the simulated results is acceptable, the model is considered
calibrated; if the level of error is unacceptable, parameter values are adjusted and the model is run

again until acceptable results are achieved (Anderson and Woessner, 1992).
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Figure 3.5. Trial-and-error calibration procedure (modified from Peters, 1987).

3.10.2. Automated Parameter Estimation

The most commonly used automated parameter estimation code to address these inversion problems is
the non-linear inverse modelling parameter estimation code, PEST (Doherty, 2010). PEST is an open-
source, public-domain software suite that allows model-independent parameter estimation and
parameter/predictive-uncertainty analysis. PEST uses powerful mathematical techniques to estimate a
new set of input parameters by comparing model results to a set of observations, and provides

valuable insight into the conceptual model.

The advantage of automated calibration, such as PEST, is that the powerful numerical algorithms can
consider more possibilities and give quantitative insight into the model. A major disadvantage is that
there is no user intuition to guarantee that the results are reasonable. That’s why it’s important to
understand the parameter ranges and set reasonable parameter bounds when selecting automated

calibration.

3.11. Catchment Water Budget

All sources of water to the system, as well as expected flow directions and exit points, should be
included in the previously described conceptual model. Inflows may include groundwater recharge
from precipitation, overland flow, or recharge from surface water bodies, while outflows may include
spring discharge, baseflow to streams, evapotranspiration and pumping through shallow and deep

wells for various purposes. Subsurface flow may occur as either inflow or outflow. All inflow and
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outflow parameters are to be quantified based on field data and later compared to values computed

during model calibration (Anderson and Woessner, 1992).

The development of a successful groundwater—surface conceptual model requires thorough
examination of the various components of the water resources and the main hydrological processes
involved in their interaction. The various inflow components of the water balance for Lake Sibayi
include precipitation, surface runoff and groundwater recharge, while the outflow component include
evaporation, groundwater outflow and lake abstraction. Consequently, analysing these resources
requires a thorough understanding of their interactions. The quantification of these water balance

components would be used as input parameters to the numerical model.

3.11.1. Precipitation

Precipitation is defined as any form of water which falls on the earth’s surface by the process of
condensation. It constitutes the largest term in the water balance equation and varies both temporally

and spatially (Zhang et al., 1999).

Rainfall is the predominant source inflow to the Lake Sibayi system as it forms the basis of recharge
and has consequently been used as a direct index of recharge (Meyer and Godfrey, 1995;

Worthington, 1978; Meyer and Kruger, 1987; Bredenkamp et al., 1995).

3.11.2. Surface Runoff

Surface runoff can be generated when the soil is saturated with water or when rainfall intensity
exceeds infiltration capacity. Surface runoff is affected by the presence of vegetation through rainfall
interception and evapotranspiration (Zhang et al., 1999). The runoff component of the water balance
constitutes the portion of precipitation in excess of infiltration, flowing along the surface towards
streams, lakes or the ocean. The amount of runoff achieved is based on factors associated with
precipitation and watershed characteristics. Precipitation factors include the characteristics of the
rainstorm, its intensity, duration and frequency while watershed characteristics are based on
topography, geology and vegetation cover (Tripathi and Singh, 1998). Based on the hydraulic
properties of the soil in the region, it is assumed that very little rainfall leads to direct runoff (Kelbe,

2009).

3.11.3. Groundwater Recharge Estimation

The concept of recharge is based on the process of rainfall which is intercepted by surface features,
infiltrates the soil and then percolates to the groundwater (saturated zone). Recharge can be defined as
the addition of water to the saturated zone, either naturally (by rainfall, precipitation, or runoff) or

artificially (by spreading zones or injection) (Poehls and Smith, 2009). The amount of recharge to



38

groundwater is controlled by the amount of precipitation available after runoff; the vertical hydraulic

conductivity; the transmissivity of the aquifer; and the vertical infiltration through vadose zone.

Several techniques to quantify recharge are available; selecting the most appropriate method is often
difficult and is dependent on the goal of the recharge study (Scanlon et al., 2002). Considerations to
be made when selecting a recharge technique are space/time scales, range, and reliability of recharge
estimates based on different techniques; other factors may limit the application of particular
techniques. Information relating to the potential controls on recharge, such as climate, hydrology,
geomorphology, and geology are pertinent in the development of a conceptual model of recharge in
the system. This conceptual model would describe the location, timing, and likely mechanisms of

recharge and provides initial estimates of recharge rates (Scanlon ef al., 2002).

Accurate estimation of groundwater recharge is an essential component in the assessment and
management of groundwater resources (Bredenkamp, 2008). In spite of a variety of methods that have
been tried, the reliability of the recharge estimates have been relatively low. Great progress has
however been made in recent years in relation to recharge estimation in Southern African. Several
investigations have been conducted to establish the most appropriate recharge estimation techniques.
These methods have been reviewed by Bredenkamp et al. (1995), van Tonder and Xu (2001) and
Beekman and Xu (2003) in the South African context.

Recharge to the shallow aquifer is primarily through rainfall, therefore a direct relationship between
rainfall and groundwater response should be present. Studies by Kelbe and Germishuyse (2010) in the
Richards Bay area along the coastal plain revealed a very rapid response from the
groundwater/piezometric surface to rainfall fluctuations which could apply to the Lake Sibayi system

as well, given the similar conditions.

Quantification of groundwater recharge is an essential task for water resource management. Several
methods are used to estimate recharge rates and all have their limitations. Simmers (1988) and
Bredenkamp et al. (1995) were unable to identify a single flawless recharge estimation technique and
the use of multiple recharge estimation techniques was therefore employed (Bredenkamp et al., 1995).

The techniques used in this study are the chloride mass balance and qualified guesses approaches.

The Chloride Mass Balance Method

Direct recharge to an aquifer is often difficult to measure; it is therefore more practical to develop a
model for recharge based on rainfall. Bredenkamp et al. (1995) and Meyer and Godfrey (1995)

successfully used chloride measurements of rainfall and groundwater to estimate recharge.

The environmental tracer, chloride (C1) is commonly used to estimate recharge due to its conservative

nature and relative abundance in precipitation. The popularity of the Chloride Mass Balance (CMB)
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method, developed by Eriksson and Khunakasem (1969) is due to its ease of use and cost
effectiveness (Allison et al., 1994). This method was applied by Bredenkamp et al. (1995) around the
Lake St. Lucia area, where recharge estimates for the eastern shore compared favourably with those
derived by Kelbe and Rawlins (1992) using a conceptual model. More recently, the method was used

successfully by Meyer ef al. (2001) to estimate recharge for the Maputaland Coastal Plain Aquifer.

The method is based on comparison of the chloride deposition rate at the soil surface with the
concentration in the soil water or groundwater (Allison et al., 1984). Subsurface chloride
concentrations increase relative to the concentration in the rainwater as a result of interception, soil
evaporation and/or root water uptake by vegetation. The total (wet and dry) chloride deposition and
the total precipitation depth determine the chloride concentration of the rainwater at the surface.
Subsequent evapotranspiration can then be estimated from the increase in concentration, provided that

no other major sources of chloride exist (Allison ef al., 1984).
The assumptions necessary for successful application of the CMB Method are that:

e There are no sources of chloride in the soil water or groundwater other than from
precipitation,

e Chloride is conservative in the system,

e Steady-state conditions are maintained with respect to long-term precipitation and chloride
concentration in that precipitation,

e Precipitation is evaporated and/or recharged to groundwater with no surface runoff leaving
the aquifer’s catchment,

e No recycling of chloride occurs within the basin, and

e No evaporation of groundwater occurs upgradient of the groundwater sampling points

(Bazuhair and Wood, 1996).

Meyer et al. (2001) stated that the Maputaland coastal plain conforms to all these conditions, resulting

in reliable recharge estimates.

Groundwater recharge estimate based on published maps

Published Groundwater Recharge maps proposed by (Vegter, 1995), Agricultural Catchments
Research Unit (ACRU) (Schulze, 1989), Groundwater Resources of RSA (WRC, 1995) and
Groundwater Harvest Potential (Baron et al., 1996) were used to estimate groundwater recharge.
These maps were used in conjunction with the physical properties of the catchment, in the form of
soil, vegetation, slope and lithology, to estimate recharge for the area. The qualified guesses for
recharge from the soil/vegetation and geology are from expert opinions and general equations

proposed by Bredenkamp et al. (1995) and Kirchner et al. (1991).
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3.11.4. Evaporation and evapotranspiration

Evaporation and transpiration are primary mechanisms for the loss of water from the system and can
occur from all water resources in varying amounts and at different rates. In both cases, water vapour is
lost to the atmosphere at a maximum rate determined by the atmospheric demand. This demand is
determined by meteorological factors such as radiation, temperature, wind and atmospheric

temperature and humidity (Jager and van Zyl, 1989; Shaw, 1994).

Evaporation

Evaporation is the primary process of water transfer in the hydrological cycle. The water is
transformed into vapour and transported to the atmosphere. Evaporation is one of the most difficult
components of the hydrological cycle to quantify, yet accounts for a large proportion of the water
balance (Shaw, 1994). Evaporation can be defined as the direct transfer of water from an open water
surface such as lakes, reservoirs and rivers to the atmosphere. The evaporation process depends on the
availability of thermal energy and the vapour pressure deficit between the evaporating surface and the
overlying air, which is in turn depend on meteorological factors such as temperature, relative

humidity and wind speed (Gianniou and Antonopoulos, 2007).

The widely used Penman Formula (Combination Method), developed by Penman (1948) was
employed to calculate open water evaporation during the course of this research. The formula is based
on fundamental physical principles, with some empirical concepts incorporated, enabling standard
meteorological observations to be employed. This semi-empirical equation is a combination of the
mass transfer and energy budget methods. The mass transfer method calculates the upward flux of
water vapour from the evaporating surface while the energy budget method considers the heat sources
and sinks of the water body and air, isolating the energy required for the evaporating process (Shaw,

1994).

Evapotranspiration

Evapotranspiration is the combination of separate processes, evaporation from the soil surface and
transpiration from vegetation (Allen et al., 1998). It therefore represents the total loss by both
evaporation and transpiration from a land surface and its vegetation (Shaw, 1994). The rate of
evapotranspiration is dependent on many factors; these include the rooting depth and density, the
availability of water, the physiology of the plants and the length of the pathway from adsorption in the

roots to evaporation in the leaves (Allen et al., 1998).

The Penman-Monteith combination method i1s recommended as the standard for reference
evapotranspiration (Allen et al., 1998) and is therefore used for the current study. Evapotranspiration

may be estimated from reference crop evapotranspiration (ET,). According to Allen ef al. (1998), the
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reference evapotranspiration represents the evaporation rate of an extensive surface of green, well-
watered grass of uniform height, actively growing and completely shading the ground.
Evapotranspiration varies according to the type of vegetation, its ability to transpire and to the
availability of water in the soil. Specific crop evapotranspiration (ET,) is therefore markedly different
from the reference evapotranspiration (ET,) as the ground cover, canopy properties and aerodynamic
resistance of the specific crop differs from grass. The effects of characteristics that distinguish field

crops from grass are integrated into the crop coefficient (K.) (Allen et al., 1998).

The extinction depth represents the elevation of the phreatic surface when it breaks hydraulic contact
with the evaporating surface i.e. falls below the rooting zone. The rooting depth of plants varies, as
the Eucalyptus plantations have much deeper rooting system with higher rates of evapotranspiration

than the surrounding vegetation (Kelbe and Germishuyse, 2010).

3.12. Environmental Isotope Analyses

3.12.1. Stable Isotopes

Isotopes of a particular element have the same atomic number but different atomic weights due to
varying numbers of neutrons in the nucleus (Fetter, 2001). Physical processes such as evaporation,
condensation, melting, etc. produce isotopic differentiation where isotopes are separated into light and
heavy fractions (Fetter, 2001). Variations in the isotopic composition, produced by chemical or
physical processes, in compounds or phases, present in the same system, are called isotopic
fractionation (Geyh, 2000). Water molecules containing isotopes of deuterium (*H) and oxygen-18
("*0) are heavier than a normal hydrogen ('H) and oxygen-16 (°0) water molecule. The water vapour
forming precipitation would therefore be depleted in the heavier isotopes relative to ocean water.
Condensation would reverse this process, as the heavier molecules condenses first, producing an
isotopically enriched rain and subsequently depleted cloud moisture (IAEA, 2012). Evaporation of
water from open water bodies, such as lakes, result in enrichment (i.e. increase) of both heavy isotope

ratios of the water remaining in the reservoir (Weaver et al., 2007).

The most important atomic constituents of the water molecule are '°0 and '*0 (8'%0) and 'H and *H
(8’H). These have the widest field of application in groundwater studies, including, tracing the origin
of the water, the mode of recharge of groundwater and age determination. Oxygen-18 and deuterium
analyses refer to the high precision determination of the stable isotope ratio of '*0/'°0 and *H/'H
respectively in the water molecule. Because of the high precision with which these ratios are
measured, it has become customary to express the ratios as relative deviations from an agreed upon

standard. The symbol, 9, is used to denote this deviation and is defined as:

5 = [Rsamvle"‘““""“’d] 1000 (%o) v

Rstandard
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The identical expression is used for 8D (or 8°H). If the value of & is positive, the sample is enriched
with the heavy isotope relative to the standard; a negative sample is isotopically light (Geyh, 2000).
The isotopic ratios are compared with the isotopic ratio of Standard Mean Ocean Water (SMOW).

Both these pairs of isotopes are used to describe the processes to which the water has been subjected
in the course of the hydrological cycle. The relationship between 8°H and 8'°0 in fresh waters
correlate well on a global scale (Craig, 1961). This relationship is described as the Global Meteoric

Water Line (GMWL) and is expressed by the equation (Craig, 1961):
§'H =850 + 10 (6)

The GMWL is an average of many regional and local meteoric water lines (LMWL) that differ from
the GMWL in slope and/or intercept as a result of different climatic and geographic factors (Clark and
Fritz, 1997).

3.12.2. Radio isotopes

Tritium, (*H), is a radioactive isotope of hydrogen with a half-life of 12.32 years (Fetter, 2001). As
such, it has the potential of being used to date groundwater ‘ages’ in the order of decades. The tritium
levels in rainwater are extremely low and the unit used, TU, represents a *H/'H ratio of 10™'*. Before
the advent of nuclear weapon tests, rainfall tritium levels were in the order of 3 to 5 TU. During the
period of nuclear weapon tests, rainfall tritium levels reached 5000 TU in the northern hemisphere
while its levels never exceeded 100 TU in the southern hemisphere. Present day rainfall tritium levels
in the southern hemisphere have returned to pre-bomb values of 3-5 TU, while levels of 80 to 100 TU
were measured in the northern hemisphere in 2000 (Clark & Fritz, 1997; Gat and Gonfiantini, 1981).
These nuclear events have allowed for the possibility of using tritium as an indicator of recent (post
1955) recharge. The tritium levels in groundwater remain intact underground and are only influenced

by mixing with older water and radioactive decay (Weaver et al., 2007).

The International Atomic Energy Agency (IAEA) has established the Global Network of Isotopes in
Precipitation (GNIP) in order to record changes of *H in precipitation. The reference values used
during this study was from the Pretoria station (WMO Code 6826200). This database provides

sufficiently reliable input curves for extrapolation to nearly area of interest.
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CHAPTER FOUR: RESEARCH METHODOLOGY AND APPROACH

4.1. Desktop review

Analysis of all existing hydrometeorological, hydrological, hydrogeological, and hydrochemical data
was undertaken as part of the desktop review for the study area. This included delineation of the
surface water catchment boundary based on the SRTM DEM (USGS, 2015), collection of relevant
meteorological data from the South African Weather Services (SAWS, 2015), groundwater level and
flow direction determination based on water level data obtained from the National Groundwater
Archive (NGA, 2013) and the Groundwater Resource Information Project (GRIP, 2013) data bases, as
well as borehole logs from various sources to determine subsurface hydrogeological conditions. All

related reports pertaining to the study area were also reviewed.

4.2. Field measurement, analyses and sampling procedures

A total of 80 water samples were collected from groundwater, surface water, lake, ocean, and rainfall
sources during April 2008, September/October 2012 and April/May 2013 (Figure 4.1) sampling
regimes. Sampling was conducted in order to ascertain conditions at the onset of the dry season

(April/May) and then again when the rainy season commenced (September/October).
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Figure 4.1. Spatial distribution of sampling sites, with proposed surface water catchment boundary in

the Lake Sibayi catchment.
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Groundwater samples were collected from active boreholes; inactive boreholes were purged of
stagnant water to allow for the collection of fresh formation water. Depth to groundwater level data
was measured using a Solinst Temperature, Level and Conductivity (TLC) meter. Groundwater
samples were collected directly from the pump outlet once measurements of electrical conductivity
(EC), temperature, dissolved oxygen (DO) and pH had stabilised. Surface water samples were taken
directly from the water bodies (lakes, streams and sea). Samples were collected below the surface
(approximately 30 cm) so as to avoid collection of floating debris. Onsite measurement of EC, pH,
total dissolved solids (TDS), DO, Eh and temperature were recorded using the Hanna HI 9828 multi-
parameter water quality meter. Total alkalinity, bicarbonate and carbonate content were determined
through field titrations with hydrochloric acid. Samples undergoing cation and anion analyses were
filtered using a 0.45 um membrane filter while cation samples underwent additional acidification to

below pH 2 using ultrapure nitric acid (30% HNO3).

4.3. Laboratory analysis

Major cation and anion analyses were conducted using Metrohm 882 Compact IC (ion
chromatography) while trace elements were analysed using the PerkinElmer NexION 300X
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) both at the School of Geological Sciences,
University of KwaZulu-Natal (UKZN).

Stable isotope samples (oxygen-18 and deuterium) were analysed within UKZN’s School of
Bioresources Engineering and Environmental Hydrology Laboratory using a Los Gatos Research
(LGR) DT-100 Liquid Water Isotope Laser Analyser. Samples were reported as “H/H and '*0/'°O

ratios.

Tritium (CH) analyses were conducted at iThemba Environmental Isotope Laboratory, Johannesburg,

South Africa following standard procedures.

4.4. Statistical Analyses of hydrochemical data

The chemical composition of groundwater found in coastal regions is generally diverse due to the
complex hydrogeological, physical and anthropogenic processes (Kim et al., 2005). Due to the
complexities involved in these processes, it is often difficult to extract the underlying governing
processes (Suk and Lee, 1999). Popular multivariate statistical approaches such as discriminant
analyses, factor analysis (with principal components and varimax rotation), and cluster analysis were
employed to interpret these governing processes through data reduction and classification (Bonansea
et al., 2014). The combination of these analytical procedures would allow for the classification of the

water samples into distinct groups based on their hydrochemical characteristics (Yang et al., 2015).
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Factor analyses is a commonly used statistical approach used to explain the relations among
multivariate data in terms of smaller, previously unobserved, subsets (factors) that provide insight into
the underlying structure of the variables while maintaining minimum loss of information (Hair et al.,
1992; Suk and Lee, 1999). In this study, the principal component method was employed to transform
the various hydrochemical parameters into an orthogonal set of variables called principal components.
The rank of the components correlates to the amount of variance they account for, with the first
principal component having the highest contribution. To aid in identification of the underlying
structure, the factors were linearly transformed into a new set of factors through the use of Kaiser’s

Varimax factor rotation (Kaiser, 1960).

Cluster analyses applied to the principal components accounting for the greatest variation could then
be used to characterise the groundwater hydrochemical system into discrete hydrochemical regimes.
The use of the principal components reduces the clustering error caused by data error and
multicollinearity (Suk and Lee, 1999). Cluster analyses would classify the wvariables into
homogeneous and distinct groups by linking inter-sample similarities (Hussain et a/., 2008) based on

the components with the greatest influence.

A multifaceted approach involving multivariate statistical techniques such as factor analyses
(Principal component) and hierarchical cluster analysis combined with graphical methods (Piper
trilinear graphical diagram), and isotopic analyses was applied to identify the distinct hydrochemical
regimes. This would assist in the conceptual model design for numerical simulation of the Lake

Sibayi catchment.

4.5. Water Balance

The concept of the water balance provides a framework for studying the hydrological behaviour of a
catchment and it can be used to identify changes in the water balance components (Zhang et al.,
1999). To calculate the water balance of the Lake Sibayi, the inflow and outflow components of the
hydrological cycle had to be defined. The water balance of the lake can be mathematically represented

as:
Inflow — Outflow = £ Change in storage @)
The water balance of Lake Sibayi is given by (Adapted from Pitman and Hutchison, 1975):

Precip + Srunofr T Gin — Evapo — Gour — W = £AS 3

Where P,..;, is the precipitation on the surface of the lake, S, the surface runoff into the lake

including ungauged stream flows, G;, the groundwater inflow to the lake, E,,, the open water
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evaporation from the surface of the lake, G, is the seepage of water out from the lake into the ocean,

W the abstraction from the lake, and + AS is the change in storage.

All water balance calculations were determined based on the meteorological data obtained from the
Hlabisa Mbazwana Meteorological Station (precipitation), the Mbazwana Airfield Meteorological
Station (temperature, humidity and wind-speed readings), and the Makatini Research Centre (sunshine

duration) (SAWS, 2015).

4.5.1.Precipitation

Precipitation over the lake was taken from the 46 year (1970 to 2015) mean rainfall data collected

from the Hlabisa Mbazwana Meteorological Station (SAWS, 2015).

4.5.2.Runoff

Runoff was measured for gauged catchments and typically estimated for ungauged catchments using

the Rational Method which is expressed as follows:

q= CIA/36() €))

Where ¢ is peak runoff rate (m’/s) for a given frequency of rainfall; C is the runoff coefficient; 4 is
the area of the basin (ha); and / is the intensity of rainfall (mm/h) for design return period equal to the

time of concentration.

The runoff coefficient, C, represents the percentage of rainfall that becomes runoff (Tripathi and
Singh, 1998). The amount of runoff achieved is dependent on precipitation and land use and is heavily
influenced by vegetation, soil type and degree of disturbance, catchment slope and the number and
nature of watercourses in the catchment. The land use, vegetation type, and soil type were obtained

from the relevant shapefiles for the area.

The contribution of rivers to the water balance is usually achieved through hydrograph analyses. The
contribution of Mseleni River to the lake water balance could unfortunately not be achieved due to

lack of monitoring systems within the river.

4.5.3.Recharge

The techniques used in this study are the chloride mass balance (CMB), with the results verified

against published maps.
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Chloride Mass Balance

The application is based on comparison of the chloride concentration in precipitation with the
concentration in the soil water or groundwater. The chloride mass balance method can be used to
calculate moisture fluxes and recharge rates in the unsaturated zone. These mass balances assume
steady-state conditions and conservation of mass between the atmospheric Cl input and the CI flux in
the subsurface (Selaolo, 1998). For deep infiltration below the root zone, downward moisture flux R
(mm/a) is determined by (Edmunds et al., 1988; Sharma, 1989):

PxCl
R=—22"
Clsw

(10)

P is the precipitation (mm/a), Cl, is the chloride content of in precipitation (mg/l), and Cl;, is the

chloride concentration in the soil moisture.

4.5.4.Evaporation and evapotranspiration

Open water evaporation was calculated using the Penman method (Penman, 1948). The basic Penman

formula for open water evaporation is:
A A
Eo=;H+Ea/(;+ 1) (11)

Where v is the psychometric constant and E, is the aecrodynamic coefficient based on air humidity. A
represents the slope of the curve of saturated vapour pressure plotted against time. H is the available
heat and is calculated from incoming radiation (R;) and outgoing radiation (Rp) determined from

sunshine records, temperature and humidity.
H=R,(1-71)—-Ry, (12)

Where r is the albedo and equals 0.05 for water. R, is a function of R,, the solar radiation modulated
by a function of the ratio n/N, a measure of the maximum possible sunshine duration. Using r = 0.05

gives:

Ri(1—7) = 095Rf, (%) (13)
The function f, (%) depends on the clarity of the atmosphere and latitude.

Ry = 0T}(0.56 — 0.09 ,/e;)(0.10 + 0.9 %) (14)

Where oT, is the theoretical black body radiation at T, which is then modified by functions of (ey)

the saturation vapour pressure at dew point temperature and the cloudiness(%).
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E, is found using the coefficients derived by experiment for open water:
E, =0.35(0.5+ u,/100)(e, — €4) (15)

The value of A is found from the curve of saturated vapour pressure against temperature

corresponding to the air temperature, 7.

The measurements required to calculate open water evaporation are 7, the mean monthly air
temperature (C), e; the mean vapour pressure for the same period (mm of mercury), » is sunshine

duration (h day™) and u, mean wind speed at 2 m height above the surface (miles day™).

Evapotranspiration rates from the plantations and subsequently the catchment were derived from the

FAO Penman-Monteith method used to estimate E7,. The formula is given by (Allen et al., 1998):

A(Rn—G)+pan%

AET =

A+y(1+:—; (16)
where R, is the net radiation, G is the soil heat flux, (es- e,) represents the vapour pressure deficit of
the air, p, is the mean air density at constant pressure, ¢, is the specific heat of the air, 4 represents the
slope of the saturation vapour pressure temperature relationship, y, is the psychrometric constant, and

ryand r, are the (bulk) surface and aerodynamic resistances.

From the original Penman-Monteith equation (Equation 16), the FAO Penman-Monteith method to
estimate E£T, can be derived (Equation 17) (Allen ef al., 1998):

B 0.4084(Ry—G)+¥3 U2 (es—€q)
ETo = A+y(1+0.34u,) (17)

Where ET, is the reference evapotranspiration (mm day™), R, the net radiation at the crop surface (MJ
m?day™), G the soil heat flux density (MJ m™day™), T represents the mean daily air temperature at 2
m height (°C), u, the wind speed at 2 m height (m s™), e, the saturation vapour pressure (kPa), e, the
actual vapour pressure (kPa), e, —e, the saturation vapour pressure deficit (kPa), 4 the slope of the

vapour pressure curve (kPa °C™") and y the psychrometric constant (kPa °C™).

The reference evapotranspiration, £T,, provides a standard to which evapotranspiration at different
periods of the year or in other regions can be compared and evapotranspiration of other crops can be
related. The equation uses standard climatological records of solar radiation (sunshine), air

temperature, humidity and wind speed

The FAO Penman-Monteith equation is a close, simple representation of the physical and

physiological factors governing the evapotranspiration process. By using the FAO Penman-Monteith
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definition for £7,, one may calculate crop coefficients at research sites by relating the measured crop

evapotranspiration (£7,) with the calculated ET,:
K, = ET./ET, (18)

In the crop coefficient approach, differences in the crop canopy and aerodynamic resistance relative to
the hypothetical reference crop are accounted for within the crop coefficient. The K, factor serves as
an aggregation of the physical and physiological differences between crops and the reference

definition (Allen et al., 1998).

4.5.5.Surface and groundwater abstraction

The lake has been pumped at three different stations for local community water supply. According to
the Water use Authorisation Registration Management System (WARMS) (Table 4.1), lake water
abstraction for the Manguzi community commenced in June 1975 at a rate of 1.825 x 10° m*/a. This
was later increased to 2.128 x 10° m*/a in July 2003. From March 2004, abstraction increased again
by an additional 0.496 x 10° m*/a and 0.153 x 10° m*/a for the Mbazwana and Mseleni communities
respectively (DWA, 2014). Total abstraction from the lake is therefore 2.8 x 10° m*/a which was
substantiated by similar results obtained from intermittent pumping records provided by the

uMkhanyakude District Municipality (personal communication with Mr. Petros Zwane).

Table 4.1. WARMS Annual Abstraction from Lake Sibayi for local community water supply.

Water Use No. Property Volume (m*/a) Start Date
21121910/16 Manguzi town & community 1,825,000 June 1975
21159693/3-5 uMkhanyakude District Municipality 302,585 July 2003
21160084/1 Mabaso tribal authority (Mseleni) 153,300 March 2004
21160066/1 Zikali tribal authority (Mbazwane) 495,950 March 2004
Total Abstraction 2,776,835

Several small to medium scale groundwater fed schemes are present within the catchment area
(Terratest, 2009a, 2009b, 2011, 2014, 2015a, 2015b, 2016a, 2016b; Jeffares and Green, 2012, 2014a,
2014b). These schemes abstract approximately 1.7 x 10® m’/a based on recommended pumping rates

and are predominantly used to supplement existing water resources.

Groundwater abstraction from within the catchment for domestic water supply is through numerous
hand operated boreholes which intersect the shallow groundwater aquifer. It is difficult to estimate the
amount of water abstracted by these boreholes as they are ungauged, a 25 I/person/day human reserve
set by the National Water Act (38 of 1998), has therefore been applied to get a rough estimate of

groundwater abstraction. This equates to a total abstraction of approximately 4000 m*/a.
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Abstraction from both surface water and groundwater resources within the catchment therefore totals
4.5 x 10° m’/a. Monitoring of water abstraction volumes from the various stakeholders is often
difficult as water level and discharge monitoring throughout the coastal plain is limited to non-

existent

4.5.6.Groundwater outflow

Groundwater outflow to the sea (seepage) was calculated using Dupuit’s equation (Dupuit, 1863):

Q = (K(he* —h%))/2x (19)

Where Q is the amount of groundwater outflow to the sea, K is the permeability of the medium, x is
the length of the flow path and 4, - /; being the head difference above the impermeable floor rocks
(datum).

4.6. Numerical Modelling
4.6.1. Modelling Approach

A flowchart detailing the modelling approach, summarised in Figure 4.2, takes cognisance of code
selection and verification, model design, calibration, sensitivity analyses, and finally prediction
(Anderson and Woessner, 1992). These steps allow for the construction of a site-specific model
capable of producing meaningful results. The approach shown in Figure 4.2 provides the ideal process

to be followed in modelling studies.

The first step in the modelling protocol is to establish the purpose of the model and thereby the
governing equations and code to be used. A conceptual model is then developed where the
hydrostratigraphic units and system boundaries are identified. Field data, including information on the
water balance, aquifer properties, and hydrologic stresses, are also included. Collection and
interpretation of field data is essential in understanding the natural system and identifying the
groundwater problem. The quality of the simulations depends largely on the quality of the input data.
Selection of the governing equation and computer code is then undertaken. The code is a computer
program that contains an algorithm to solve the mathematical model numerically. Verification of both
the governing equation and the code respectively would ensure accurate description of the physical
processes in the porous media and correct solution of the equations that constitute the mathematical
model. During model design, the conceptual model is converted into a suitable model. This would
include grid design, time step selection, setting of boundary and initial conditions, and preliminary
selection of aquifer parameters and hydrologic stresses. Calibration of the model would establish
whether the model can reproduce field-measured heads and flows. This is done through trial-and-error
or by automated parameter estimation until the model best approximates field conditions. A

sensitivity analyses is included in this step in order to establish the effect of uncertainty on the
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calibrated model. Model verification is undertaken to establish greater confidence in the model by
using the calibrated model to reproduce a second set of field data. Prediction quantifies the response
of the system to future events. An estimation of future change in stresses is necessary to perform the
simulation. A sensitivity analyses is also included in this step to quantify the effect of uncertainty in
parameter values on the prediction. Clear presentation of model design and results are essential for
effective communication of the modelling effort. A post-audit is conducted several years after the
modelling study is completed. Should the model prediction be accurate, the model is validated for that
particular site. The post-audit would provide new insights into the system's behaviour, which may

lead to a redesign of the conceptual model or model parameters.

‘ Define purpose ‘

Y

Field data 4% Conceptual model i:

‘ Mathematical model ‘

4

Analytical solutions ‘ Numerical formulation ‘

'

Computer program
‘;} Code verified? }—»
CODE

SELECTION Yes

v
‘ Model design }‘7 Field data

Y

4>| Calibration ‘

Comparison with field
data

A4

Verification® ‘

Y

‘ Prediction® ‘

Y

’ Presentation of results |

A4

Field data @

*includes sensitivity analyses

Figure 4.2. Modelling approach for numerical modelling (Adapted from Anderson and Woessner

(1992).
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4.6.2. Conceptual modelling

The data requirements for successful conceptual model generation based on the various physical and

hydrogeologic frameworks are listed in Table 4.2 below (Anderson and Woessner, 1992).

Table 4.2. The physical and hydrological framework requirements for conceptual model formulation

and calibration.

Physical framework

Geological map and cross sections showing the areal and vertical extent and boundaries of the

system.

Topographic map showing surface water bodies and divides.

Contour map showing elevation of the base of the aquifers and confining beds.

Isopach maps showing the thickness of the aquifer and confining beds.

Maps showing the extent and thickness of stream and lake sediments.

Hydrogeologic framework

Water table and potentiometric maps for all the aquifers.

Hydrographs of groundwater head and surface water levels and discharge rates.

Maps and cross sections showing the hydraulic conductivity and/or transmissivity distribution.

Maps and cross sections showing the storage properties of the aquifers and confining beds.

Hydraulic conductivity values and their distribution for stream and lake sediments.

Spatial and temporal distribution of rates of evapotranspiration, groundwater recharge, surface

water-groundwater interaction, groundwater pumping, and natural groundwater discharge.

From the table above, the physical framework of the model is based on the geometry of the system
including the thickness and aerial extent of each hydrostratigraphic unit. The hydrogeological
framework includes information on heads and fluxes, which are required for conceptual model
formulation and model calibration. Aquifer properties and hydraulic stresses are also needed. The
distribution of effective porosity is also required for calculating average linear velocities from head
data used for particle tracking. These parameters are generally obtained from on-site field work or

existing reports.

The thickness and vertical hydraulic conductivity of stream and lake sediments are required for
leakage calculations. These can be estimated from field measurements (Lapham, 1989; Barwell and

Lee, 1981). Hydraulic stresses include pumping, recharge, and evapotranspiration.

4.6.3.Definition of model domain

The first, and often the most difficult task in groundwater modelling is the identification of the model

area and its boundaries (Dennis, 2014). Defining the model domain distinguishes the area of
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investigation from the adjacent groundwater system. The model boundary is therefore the interface
between the model area and the surrounding environment. These boundaries, found to border the
model domain and, internally, where they represent areas of external influences, such as rivers, wells
and lakes, need to be specified. The hydraulic boundary conditions are defined based primarily on
conditions such as topography, hydrology and geology. These boundary conditions need to be

specified for the entire model domain, and may vary with time.
Model Boundaries

Anderson and Woessner (1992) describe boundary conditions as mathematical statements specifying
the dependent variable (head) or the derivative of the dependent variable (flux) at the boundaries of
the problem domain. Selecting the correct boundary conditions is a critical component of model
design. The boundaries are responsible for the flow pattern in steady-state simulations. Boundary
conditions influence transient solutions when the effect of the transient stress reaches the boundary;

they therefore require careful consideration so that they provide a realistic simulation.

Physical boundaries of groundwater flow systems are formed by physical features such as an
impermeable body of rock or large surface water body. Hydraulic boundaries are formed by hydraulic
conditions and include groundwater divides and streamlines. These boundaries are transitory features

that may shift location or disappear altogether if hydraulic conditions change.

Three types of model boundary conditions are distinguished by the flux across the boundary
(Anderson and Woessner 1992):

e Specified head boundaries (Dirichlet conditions) where the head in the aquifer is set by the
boundary condition (Type 1 boundary condition).

e Specified flow boundaries (Neumann conditions) for which flow rate across the boundary is
given. A no-flow boundary condition is set by specifying flux to be zero (Type 2 boundary
condition).

o Head-dependent flow boundaries (Cauchy or mixed boundary conditions) for which flux
across the boundary is determined by the hydraulic gradient between the aquifer and the
boundary (Type 3 boundary). This type of boundary condition is sometimes referred to as a
mixed boundary condition as it represents a combination of Type 1 and Type 2 boundary

conditions.

Specified Head Boundary: According to Anderson and Woessner (1992), a specified head boundary
is simulated by setting the head at the relevant boundary nodes equal to known head values. This
value is generally constant for lakes and reservoirs, but would vary spatially along a river. Specified

head boundaries are used to represent the water table or large surface water bodies, such as the ocean
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or harbours, which have a volumetric capacity greater than any groundwater contribution (Kelbe and
Germishuyse, 2010). It is important to note that this type of boundary represents an inexhaustible

supply of water.

Specified Flow Boundary: Specified flow conditions are used to describe fluxes to surface water
bodies, spring discharge, subsurface flux, and seepage to or from bedrock underlying the modelled
system (Anderson and Woessner, 1992). These include recharge, evaporation and
abstraction/injection wells. The wells are point specific whereas the recharge and evaporation are

specified for the entire model area (Kelbe and Germishuyse, 2010).

No-flow boundaries occur when the flux across the boundary is zero. This may represent impermeable
bedrock, an impermeable fault zone, a groundwater divide or a streamline. A groundwater divide is
generally dynamic and has a direct response to changes within the aquifer (Kelbe and Germishuyse,
2010). A no-flow boundary can also be used to approximate the freshwater/saltwater interface in

coastal aquifers (Anderson and Woessner, 1992).

Head-Dependent Flow Boundary: The flux across this type of boundary is dependent on the
difference between a user-supplied specified head on one side of the boundary and the model-
calculated head on the other side. These generally represent rivers, lakes, estuaries, wetlands and
drains (Kelbe et al., 2001; Kelbe and Germishuyse, 2010). Evapotranspiration across the water table
could also be represented by this type of boundary, where the flux across the boundary is proportional
to the depth of the water table below the land surface. It could also be used to represent flow to a drain

(Anderson and Woessner, 1992).

4.7. Data interpretation tools

During the data generation stage, primary and secondary data collected from the initial desktop study
and field investigation are processed and analysed. Assigning parameters values to the grid is often
difficult as the model requires values to be specified at each grid node/cell while field measurements
are typically sparse (Anderson and Woessner, 1992). This problem is overcome through the
implementation of interpolation techniques. Several different methods are available for interpolating

spatial data; however, Kriging was the preferred method during the study.

Statistical interpolation of point measurements of static water levels was undertaken to prepare the
initial hydraulic heads for the entire model. As part of the HSU interpolation, digital elevation data
(USGS, 2015) was extracted to determine the surface topography of the upper layer of the numerical
model, while borehole information from previous sources were used to construct the remaining layer

boundaries. These surfaces can then be directly imported into the numerical model.
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Golden Software’s Surfer was employed for its enhanced interpolation functionality for surface and
contour analyses. Various additional utilities of the program were utilised for volume calculations and
scatter point coordinate conversion. ESRI ArcGIS was used to manipulate the various vector and
raster data from sources. The program was used to digitize several prominent features, determine their
areas and delineate the catchment boundaries. Aquachem 4.0 was used for hydrochemical
characterisation of the water samples and their visual assessment through Piper, Wilcox and Schoeller
diagrams. The statistical software pack