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SUMMARY 
Growing awareness about the benefits from more sustainable management and allocation 

of water resources has highlighted the need to manage surface water and groundwater 

systems as one integrated system. Whilst there has been a significant contribution to the 

knowledge and understanding of hydrogeological research of surface water–groundwater 

interactions in the past few decades, there are still specific knowledge gaps on how 

different types of systems (i.e. connected gaining and losing, and losing disconnected) 

function and interact at different spatial and temporal scales and in different 

hydrogeological environments.  

This body of research addresses some of the complexities of surface water–groundwater 

interactions in fractured rock environments, at different spatial and temporal scales and 

investigates a number of the dominant controls (e.g. geology, topography and vegetation) 

that influence the exchange processes and dynamics between surface water and 

groundwater. Specifically, this work investigates: (1) the importance of groundwater from 

the fractured bedrock compared to groundwater from the saprolite zone in streamflow 

generation and why the bedrock interface cannot be considered a no-flow boundary. (2) 

surface water–groundwater interactions in a pristine catchment at a regional scale to 

determine the state of connection between surface water and groundwater along a river 

system from the catchment headwaters to the discharge point at the sea. (3) the 

vegetation controls on variably-saturated processes between surface water and 

groundwater and its impact on their state of connection.  

The first part of this research was a field-based study examining surface water–

groundwater interactions along a gaining river reach. The study investigated the 

importance of groundwater from the fractured bedrock compared to groundwater from the 

saprolite zone in streamflow generation and examined why the bedrock interface cannot 

be considered a no-flow boundary. The hypothesis was to determine whether the saprolite 

zone is hydraulically more active than the deeper bedrock zone. The findings of this study 

suggest that hydrologic conceptual models, which treat the saprolite-fractured bedrock 

interface as a no-flow boundary and do not consider the deeper fractured bedrock in 

hydrologic analyses, may be overly simplistic and inherently misleading in some surface 

water–groundwater interaction analyses. The results emphasise the need to understand 

the relative importance of subsurface flow activity in both of these shallow saprolite and 
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deeper bedrock compartments as a basis for developing reliable conceptual hydrologic 

models of these systems. 

The second part of this research was also a field-based study in a pristine catchment which 

investigated the state of connection between surface water and groundwater along a river 

system from the catchment headwaters to the discharge point at the sea. The relative 

source and loss terms of the river and groundwater systems were assessed, as were their 

relative magnitude changes along the river, and how a fresh water river system in a pristine 

catchment covered by native vegetation exists in an otherwise saline regional groundwater 

system. Many surface water–groundwater interaction studies of different types of systems 

are either undertaken at the local or river reach scale, however, catchments encompass 

multiple types of systems at a regional scale. There has been very little research 

investigating how multiple river reaches function in the context of the entire regional river 

system from the headwaters to the sea or discharge point, and this study demonstrates the 

benefits of doing so.  

The final part of this research used a fully coupled, physically based numerical model to 

demonstrate the vegetation controls on variably-saturated processes between a perennial 

river and an aquifer and its impact on their state of connection. By examining different 

conceptual models of catchments with different slopes and vegetation type (i.e. root depth) 

the research identified the conditions required for changes to vegetation to have the 

greatest effect on the flow regime and the presence of an unsaturated zone beneath a 

riverbed. The analysis also suggested that the flow regime and hydraulic response to the 

presence of vegetation and subsequent removal can be much greater in flatter catchments 

than those that are steep. Intuitively, this may appear plausible in a qualitative sense; 

however, it has not been demonstrated quantitatively. The results of the study therefore 

suggests that in addition to the well known influences of physical variables such as 

hydraulic conductivity or topography, the effects of vegetation need to be carefully 

considered when investigating surface water–groundwater interactions. 



vi 

 

CONTENTS 

DECLARATION .................................................................................................................................... i 

CO-AUTHORSHIP ............................................................................................................................... ii 

ACKNOWLEDGEMENTS.................................................................................................................... iii 

SUMMARY ....................................................................................................................................... iv 

1. Introduction .............................................................................................................................. 1 

1.1 The Research Problem .............................................................................................. 1 

1.2 Research Aim ............................................................................................................ 4 

1.3 Contribution of this PhD ........................................................................................... 6 

2. Manuscript I: Fractured Bedrock and Saprolite Hydrogeologic Controls on 

Groundwater–Surface water Interaction: A Conceptual Model (Australia) .................................... 7 

2.1 Introduction .............................................................................................................. 9 

2.2 Study Area and Background ................................................................................... 12 

2.2.1 Geology and Hydrogeology ............................................................................ 13 

2.3 Methods ................................................................................................................. 16 

2.3.1 Piezometer Installation ................................................................................... 16 

2.3.2 Soil and Aquifer Hydraulic Conductivity ......................................................... 17 

2.3.3 Stream and Groundwater Sampling ............................................................... 19 

2.4 Results and Discussion ............................................................................................ 23 

2.4.1 Hydrogeological Characterisation .................................................................. 23 

2.4.2 Groundwater-Surface Water Interaction ....................................................... 26 

2.4.3 Hydraulic Conceptual Model .......................................................................... 31 

2.4.4 Groundwater Chemistry Variation ................................................................. 32 

2.4.5 Origin and Ages of Groundwater .................................................................... 39 

2.4.6 Groundwater Recharge .................................................................................. 43 

2.5 Summary and Conclusions...................................................................................... 44 



vii 

 

3. Manuscript II: Assessing Spatial and Temporal States of Connection between Surface 

Water and Groundwater in a Regional Catchment: Implications for Regional Scale Water 

Quality ............................................................................................................................................. 47 

3.1 Introduction ........................................................................................................... 49 

3.1.1 Study Site Description and Geology ............................................................... 51 

3.2 Methods ................................................................................................................. 53 

3.2.1 Piezometer Installation .................................................................................. 53 

3.2.2 Sampling and Analytical Techniques.............................................................. 57 

3.3 Results and Discussion ........................................................................................... 59 

3.3.1 Hydrogeological Characterisation .................................................................. 59 

3.3.2 Variations in Hydraulic Head and River Elevations ........................................ 62 

3.3.3 Run of River Flow Assessment ....................................................................... 67 

3.3.4 Electrical Conductivity and Major Ions .......................................................... 70 

3.3.5 Stable Isotope Ratios ..................................................................................... 72 

3.3.6 222Radon ......................................................................................................... 82 

3.3.7 87Sr/86Sr Ratios ............................................................................................... 83 

3.3.8 Conceptual Model .......................................................................................... 85 

3.4 Conclusions ............................................................................................................ 89 

4. Manuscript III: Vegetation Controls on Variably-Saturated Processes between Surface 

Water and Groundwater and their Impact on the State of Connection ........................................ 91 

4.1 Introduction ........................................................................................................... 93 

4.2 Numerical Modelling ............................................................................................. 96 

4.2.1 Conceptualisation of Disconnected Systems ................................................. 96 

4.2.2 Numerical Model: HydroGeoSphere.............................................................. 97 

4.2.3 Conceptual Model ........................................................................................ 100 

4.2.4 Base Case Setup ........................................................................................... 103 

4.3 Results and Discussion ......................................................................................... 107 

4.3.1 Base Case ..................................................................................................... 107 

4.3.2 Scenarios ...................................................................................................... 109 



viii 

 

4.3.3 Effects of Evapotranspiration on the Presence of an Unsaturated  Zone and 
the State of Connection ................................................................................................ 113 

4.3.4 Trees as Groundwater Pumps ...................................................................... 116 

4.4 Conclusion ............................................................................................................ 117 

5. References ............................................................................................................................ 119 

6. Published Conference Proceedings ...................................................................................... 132 

6.1 Hydrogeochemical Investigations of Interactions between  Groundwater and 
Surface Water in a Fractured Rock  Environment, Mount Lofty Ranges, South Australia 132 

6.2 Assessing Connectivity between a Fresh Water River and Saline Aquifer in a 
Pristine Catchment, Kangaroo Island, South  Australia .................................................... 153 

6.3 Assessing Surface water–groundwater Connectivity Using  Hydraulic and 
Hydrochemical Approaches in Fractured Rock  Catchments, South Australia ................. 155 

6.4 Assessing Surface Water Groundwater Connectivity – from  the Headwaters to 
the Sea, Kangaroo Island, South  Australia ....................................................................... 166 

6.5 Effects of Land Clearance and Revegetation on the  State of Connection Between 
Surface water and  Groundwater ..................................................................................... 169 

  



ix 

 

LIST OF FIGURES 

Figure 2.1 Conceptual models of groundwater/surface-water interaction under gaining 

stream conditions in a complex saprolite-fractured bedrock aquifer system: (a.) 

homogeneous system, (b.) subsurface flow  in the surficial saprolite zone only, and (c.) 

subsurface flow occurs in both the surficial saprolite layer  and deeper fractured bedrock 

aquifer. ................................................................................................................................... 10 

Figure 2.2 (a.) Map showing the location of Scott Creek Catchment in the Mount Lofty 

Ranges, South Australia. (b.) The geology, groundwater wells and location of Scott Bottom 

study site in the Scott  Creek Catchment. (c.) Location of the nested piezometers, open 

groundwater wells, pluviometer (rainfall collector is adjacent to pluviometer) and Scott 

Bottom gauging station at the Scott  Bottom study site. ...................................................... 15 

Figure 2.3 (a.) Summary of the drilling program, depth ranges and description of the A and 

B horizons (soil zone), saprolite and unweathered bedrock with photographs of each zone. 

(b.) Cross-section of the  nested piezometer transect from nest F (northern extent) to nest 

A (southern extent) showing depths  of piezometers and inferred lithology at the site. 

mAHD metres above Australian Height Datum; RSWL  reduced standing water level. ........ 17 

Figure 2.4 Manual water level data (corrected to RSWL mAHD) from the piezometer nests a 

(a), b (b), c (c), d (d), e (e) and f (f) at Scott Bottom from 15 July 2005 until 31 December 

2007. Depths of piezometers are  shown in the legend. Discontinuous hydrographs of some 

piezometers are a result of the water table  falling below the base of screen. Automated 

rainfall data from the pluviometer and creek gauge  height between nest D and E adjusted 

from the  gauge station at the study site are also shown. .................................................... 30 

Figure 2.5 Composite diagrams of major ion (Ca2+, Mg2+, Na+, K+, SO4
2− and HCO3

-) to 

chloride ratios versus chloride of surface water (August 2005 to June 2007) and 

groundwater collected between 28 July and  2 August 2005 at Scott Bottom. .................... 37 

Figure 2.6 Temperature (Temp), dissolved oxygen, redox potential, pH, major ion and 

deuterium profiles of groundwater collected between 28 July and 2 August 2005 at nests D, 

E and F along the hillslope  transect. The vertical error bars represent the length of the 

screened interval. .................................................................................................................. 38 

Figure 2.7 δ2H versus δ18O for local rainfall, Scott Creek and groundwater samples from the 

nested piezometers and open wells at Scott Bottom over the monitoring period. The LMWL 



x 

 

for Adelaide is δ2H=7.7  δ18O+9.6 and the LMWL for Scott Bottom is δ2H=6.6 δ18O+ 6.1. The 

mean weighted rainfall for  Adelaide is δ2H=−26‰ VSMOW and δ18O=−4.7‰ VSMOW and 

the mean weighted rainfall for Scott  Bottom is δ2H=−24‰VSMOW and δ18O=−4.6‰ 

VSMOW. ................................................................................................................................. 41 

Figure 2.8 Conceptual model of the study site Scott Bottom. Arrows indicate direction of 

inferred groundwater flow. .................................................................................................... 46 

Figure 3.1 Location map of the surface water and groundwater sample locations in the 

Rocky River Catchment, Kangaroo Island, South Australia. ................................................... 54 

Figure 3.2 Hydrogeological cross sections at the study sites East Melrose (a), Platypus Pools 

(b), the  Bridge site (c), and catchment headwaters (d). The view-point of the cross sections 

is looking up  river. ................................................................................................................. 61 

Figure 3.3 Rainfall and selected continuous and manual water level data from piezometers 

and Rocky River at East Melrose- nest M1 (a), nest M2 and M4 (b), nest M3 (c) and logger 

data (d) from August 2007 until April 2010. ........................................................................... 64 

Figure 3.4 Rainfall and selected continuous and manual water level data from piezometers 

and Rocky River at Platypus Pools- nest P1 (a), nest P2 (b), nest P3 (c) and logger data (d) 

from August  2007 until April 2010. ....................................................................................... 65 

Figure 3.5 Rainfall and selected continuous and manual water level data from piezometers 

and Rocky River at the Bridge site- nest B1, B2 and B3 (a) and logger data (b) from August 

2007 until April 2010. ............................................................................................................. 66 

Figure 3.6 Run of river showing river flow (a), EC (b), temperature (c), pH (d) and TDS (e) in 

Rocky River, December 2009. Distances are measured upstream of the Rocky River outlet at 

Maupertuis Bay. ..................................................................................................................... 68 

Figure 3.7 Run of river showing strontium concentration (a), strontium isotope ratios (b), 

Deuterium (c), Oxygen-18 (d) and 222Rn (e) in Rocky River, December 2009. Distances are 

measured upstream of the Rocky  River outlet at Maupertuis Bay. ...................................... 69 

Figure 3.8 Surface water and groundwater electrical conductivity (EC- microS/cm) and 222Rn 

(Bq/L) in the Rocky River Catchment. Also shown is the surface geology across the 

catchment. .............................................................................................................................. 71 



xi 

 

Figure 3.9 δ2H versus δ18O values of surface water from Rocky River and groundwater in the 

RRC.  The MWL for Adelaide is δ2H = 7.7δ18O + 9.6 and the weighted mean precipitation, 

δ2H = –26 ‰ and δ18O = –4.7 ‰.  The MWL for RRC is δ2H = 5.7δ18O + 4.2 and the weighted 

mean precipitation, δ2H = –23 ‰ and δ18O =  –4.7 ‰. ......................................................... 73 

Figure 3.10 δ2H versus chloride of surface water from Rocky River and groundwater in the 

RRC. ........................................................................................................................................ 82 

Figure 3.11 87Sr/86Sr ratio versus 1/Sr (mg/L) for Rocky River, groundwater from the study 

sites, shallow groundwater in the catchment headwaters and local rainfall. ....................... 84 

Figure 3.12 Conceptual model along different stream reaches of the RRC. (a) catchment 

headwaters, (b) East Melrose, (c) Platypus Pools, (d) the Bridge Site, and (e) Snake Lagoon.

 ............................................................................................................................................... 88 

Figure 4.1 Monthly precipitation and reference potential evapotranspiration (Ep) for Rocky 

River catchment. .................................................................................................................. 100 

Figure 4.2 Conceptual model of the 2-D surface water–groundwater system. The river and 

aquifer are separated by a clogging layer (hc) that is 0.5 m thick and 0.5 m wide at the river 

edge (wc). The clogging layer has  a hydraulic conductivity (Kc) that is less than the hydraulic 

conductivity of the aquifer (Ka). The river is  defined by a constant head boundary with a 

water depth (d) of 0.5 m and has a width (w) of 2 m. L is  the length (30 m) of the model in 

the x-direction. The height of the left-hand side of the model (ha) at  x = 0 is 21.28 m and 

the right-hand side (hr) at x = 30 is 20.0 m. The left- and right-hand side and the  base of the 

model are all no flow boundaries. The observation point directly beneath the centre of the  

river at 12 m elevation is also shown. ................................................................................. 102 

Figure 4.3 Hydraulic head at an observation point at 12 m elevation directly beneath the 

centre of the river (x = 30 m) for the transient model. The catchment slope of the 2-D 

model is 0.01. The hydraulic  conductivity of the aquifer (Ka) is 1 m d-1 and the hydraulic 

conductivity of the clogging layer (Kc) is  0.005 m d-1. ......................................................... 108 

Figure 4.4 Hydraulic head at an observation point at 12 m elevation directly beneath the 

centre of the river (x = 30 m) showing the sensitivity of the catchment slope on the 

transient 2-D model. Three model  scenarios are shown with different values for the 

catchment slope. The hydraulic conductivity of the  aquifer (Ka) is 1 m d-1 and the hydraulic 

conductivity of the clogging layer (Kc) is 0.005 m d-1 for all  three models. ........................ 110 



xii 

 

Figure 4.5 Hydraulic head at an observation point at 12 m elevation directly beneath the 

centre of the river (x = 30 m) showing the sensitivity of the hydraulic conductivity (m d-1) of 

the aquifer (Ka) and clogging layer  (Kc) on the transient 2-D model. Three model scenarios 

are shown with different values for Ka and Kc.  All three models have a catchment slope 

gradient of 0.01. ................................................................................................................... 111 

Figure 4.6 Hydraulic head at an observation point at 12 m elevation directly beneath the 

centre of the river (x = 30 m) showing the sensitivity of the transpiration extinction depth 

function on the state of connection between surface water and groundwater. The hydraulic 

conductivity of the aquifer (Ka) is 1 m d-1 and the hydraulic conductivity of the clogging layer 

(Kc) is 0.005 m d-1, and the catchment slope gradient is 0.01 for all models. ...................... 113 

 

  



xiii 

 

LIST OF TABLES 

Table 2.1 Construction details of the nested piezometers along the hillslope transect and 

open wells at Scott Bottom. .................................................................................................. 21 

Table 2.2 Measured physical parameters, major ion chemistry and the stable isotope results 

for the surface water and local rainfall samples at Scott Bottom. ........................................ 36 

Table 3.1 Piezometer construction details at East Melrose, Platypus Pools, Bridge site and 

the catchment headwaters. n/a =  not applicable. ................................................................ 55 

Table 3.2 Physical chemistry, ion concentrations, stable isotopes of water, 222Rn and 
87Sr/86Sr ratios of groundwater from Rocky River Catchment. n/m indicates not measured.

 ............................................................................................................................................... 74 

Table 3.3 Physical chemistry, ion concentrations, stable isotopes of water, 222Rn and 
87Sr/86Sr ratios of surface water from Rocky River Catchment. n/m indicates not measured.

 ............................................................................................................................................... 77 

Table 3.4 Physical chemistry, ion concentrations, stable isotopes of water and 87Sr/86Sr 

ratios of monthly rainfall from Rocky River Catchment. n/m indicates not measured. ........ 80 

Table 4.1 Notation, units and selected model parameters. aThe values are modified for 

different simulations. ........................................................................................................... 106 

Table 4.2 Hydrogeological, evaporation and vegetation variables used in the different 

model scenarios. .................................................................................................................. 107 

 





1 

 

CHAPTER 1 
1. INTRODUCTION 

1.1 THE RESEARCH PROBLEM 

Over the past few decades there has been increasing concern about water scarcity and the 

impacts of water resource consumption on water dependent ecosystems (Sophocleous, 

2002; Winter et al., 1998; Woessner, 2000). Growing awareness about the need for more 

sustainable management and allocation of water resources has highlighted the need, from 

both a scientific and policy perspective, to manage surface water and groundwater systems 

as one integrated system. Traditionally, surface water and groundwater have been 

managed separately which has resulted in double accounting (i.e., where one parcel of 

water is accounted for once as groundwater and then a second time as surface water 

baseflow) and over allocation of the water resources. This management regime has had 

serious impacts upon the environment and the long term viability of many water 

dependant ecosystems and industries. Successful management of surface water and 

groundwater as an integrated resource is greatly improved once the state of connection is 

determined. This requires an understanding of surface water–groundwater interactions, 

the state and type of connection (i.e. gaining, losing, and losing disconnection) and the role 

of groundwater in streamflow generation. It is inadequate to assume that pumping from a 

river that is considered disconnected at one location will not have an effect on the length of 

the river that is disconnected. The terminology that is used to describe disconnection has 

recently been described by Brunner et al. (2011), who identify the state of disconnection by 

an unsaturated zone under the stream or by showing that the infiltration rate from a 

stream to an underlying aquifer is independent of the watertable position.  

The impacts from using surface water and groundwater from the different system types will 

vary depending on the connectivity state. In gaining river systems, such as in the catchment 

headwaters, increased groundwater extraction may impact on the state of connection 

between surface and groundwater systems, potentially causing a reduction in river flow 

and duration. Significant reductions in watertable elevation may ultimately cause 

groundwater levels to drop below the elevation of the surface water system such that it 

becomes a losing type system, eliminating baseflow and posing a threat to the sustenance 

of permanent pools. In a losing and disconnected surface water system, groundwater 
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extraction is less likely to cause any further impact to streamflow conditions at the location 

where it is losing but will affect the state of connection along the length of the surface 

water system. It is therefore important that quantitative estimates of the groundwater 

contribution to the surface water system are understood to ensure that extraction volumes 

do not exceed the volume required to sustain river flow. 

It is now more common to investigate and quantify surface water–groundwater 

interactions using a multi-disciplinary approach which includes physical hydrogeology 

(Hatch et al., 2006), hydrogeochemistry (Cook et al., 2003; Cook et al., 2006; Payn et al., 

2009; Shand et al., 2007a; Shand et al., 2009), environmental tracers (Ellins et al., 1990; 

Ruehl et al., 2006; Stellato et al., 2008) and numerical modelling techniques (Bruen and 

Osman, 2004; Brunner et al., 2009a; Brunner et al., 2011; Brunner et al., 2010; Kalbus et al., 

2009; Osman and Bruen, 2002). The combination of the different techniques helps 

constrain and identify contributing sources of solutes, preferential flow pathways and 

residence times at different spatial and temporal scales (Kalbus et al., 2006). The 

application of numerical modelling has been used more frequently in the last decade to 

examine and quantify the water flux exchange between surface water and groundwater in 

the different types of surface water–groundwater systems (i.e. connected gaining and 

losing, and losing disconnected). 

While there has been an increasing focus upon integrated groundwater and surface water 

development, there are several areas requiring further research and investigation if 

sustainable management practices are to be achieved. This PhD focuses upon three specific 

knowledge gaps: 

Firstly, there are significant complexities involved in understanding and managing fractured 

rock aquifer systems, which are inherently more difficult to research and conceptualise 

than sedimentary aquifer systems. Whilst the influence of topography on groundwater flow 

is important (McGuire et al., 2005; Wörman et al., 2006), the underlying geological 

structure can have a considerable effect on controlling the direction and contribution of 

groundwater to surface water systems (Fan et al., 2007). Often, to simplify the 

conceptualisation of fractured rock systems, the bedrock interface is considered to be a no 

flow boundary. However, this fails to consider the contribution from the fractured rock 

system to streamflow generation. In fractured rock aquifer systems, it is more likely that 

they will be complex systems whereby surface water features may receive water from one 

or more groundwater flow systems, whether they be local, intermediate, regional, shallow 
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or deep. Understanding the functioning of fractured rock systems and their contributions to 

streamflow generation will help ensure that more reliable estimates of the location, volume 

and timing of fluxes between groundwater and surface water features can be made.  

Secondly, most surface water–groundwater interaction studies are either undertaken at the 

local (metres to tens of metres) or river reach scale (hundreds of metres to a few 

kilometres) and specifically investigate one type of system or connection state. However, 

many catchments encompass multiple types of systems. There has been very little research 

investigating how individual river reaches function in the context of the entire regional river 

system (comprising multiple river reaches; tens of kilometres) from the headwaters to the 

sea or discharge point. Failing to consider the range of connection types along the entire 

length of a catchment can result in simplistic assessments and inappropriate management 

decisions resulting in poor outcomes for water quantity and quality. For example, a river 

reach at the top of the catchment may be found to be a gaining system; however the river 

system across the whole of the catchment may be a losing system overall, which would 

require different management approaches to that of a gaining system. Another important 

factor in assessing the different states of connection and the potential impacts on water 

quality is distinguishing between the contributing sources of groundwater to the river and 

the exchanges between local and regional groundwater systems.  

Finally, vadose zone processes play an important role in surface water–groundwater 

interaction. For example, the presence of an unsaturated zone has a strong influence on 

biogeochemical processes of river systems (Bencala, 1993) and various ecological and 

hyporheic exchange processes (Brunke and Gonser, 1997; Findlay, 1995). Also, it is the 

presence of an unsaturated zone which controls the state of connection between surface 

water and groundwater. Despite recent advances in knowledge on the relationship 

between hydrogeological variables, the presence of an unsaturated zone and the state of 

connection, there is limited understanding of the role of vegetation (i.e. 

evapotranspiration) in forming an unsaturated zone between surface water and 

groundwater. The effects of evapotranspiration is significant because in regions of 

Australia, native vegetation clearance and land use modification (e.g. deep rooted 

vegetation replaced by shallow rooted crops) has had considerable impacts on the water 

balance and surface water and groundwater salinities as a result of increased recharge and 

the mobilisation of salt stored in the shallow regolith (Allison et al., 1990; Bell et al., 1990; 

Cartwright et al., 2004). Qualitatively, it may seem obvious that the presence of vegetation 
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can alter the state of connection or that change to the rates of precipitation and 

evapotranspiration may, under certain conditions, have some effect on the state of 

connection.  However, there is little understanding what the quantitative effects will be and 

the sensitivity of the state of connection (and associated exchange fluxes) to various 

controlling physical variables i.e. hydraulic conductivity of the aquifer and clogging layer, 

catchment slope and vegetation type (e.g. root extinction depth).  

1.2 RESEARCH AIM 

The broad aim of this PhD was to explore specific knowledge gaps in the hydrogeological 

research area of surface water–groundwater interactions. The PhD addresses some of the 

many complexities of surface water–groundwater interactions in fractured rock 

environments, at different spatial and temporal scales and investigates a number of the 

dominant controlling functions (e.g. geology, topography and vegetation) that influence the 

exchange processes and dynamics between surface water and groundwater using field and 

numerical modelling techniques. Specifically, this body of work investigates:  

i. the importance of groundwater from the fractured bedrock compared to 

groundwater from the saprolite zone in streamflow generation and why the 

bedrock interface cannot be considered a no-flow boundary. It also 

distinguished between different contributing sources to streamflow and their 

relative hydraulic activity/responsiveness.   

 

ii. surface water–groundwater interactions in a pristine catchment at a regional 

scale (tens of kilometres) to determine the state of connection between surface 

water and groundwater along a river system from the catchment headwaters 

to the discharge point at the sea. In addition, the research examined the 

relative source and loss terms of the river and groundwater system and how 

their relative magnitude changes along the river, and how a fresh water river 

system in a pristine catchment covered by native vegetation exists in an 

otherwise saline regional groundwater system.  

 
iii. using a simple conceptual model based on realistic and representative 

parameter values, to what degree the presence of vegetation can cause an 

unsaturated zone to develop between a perennial river and an aquifer and 

therefore, its effects on the state of connection. More specifically, it 
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investigated if evapotranspiration is a plausible mechanism to create an 

unsaturated zone underneath a riverbed and whether it can influence 

connected gaining and losing, and losing–disconnected type conditions. The 

physical controls of catchment slope, the hydraulic conductivity of the riverbed 

clogging layer and aquifer, and the vegetation root extinction depth 

(transpiration extinction depth) were also examined to determine how these 

variables influence the state of connection.  

The specific research areas of surface water–groundwater interactions are addressed in 

three manuscripts and are contained in Chapters 2, 3 and 4 of this thesis. The three 

manuscripts have now been published in international hydrogeological journals. Presented 

and published conference proceedings as part of this PhD are shown in Appendix A. 

 

[Chapter 2] 

 

Banks, E. W., Simmons, C. T., Love, A. J., Cranswick R., Werner A. D., Bestland E. A., 

Wood, M. and Wilson, T. (2009). Fractured bedrock and saprolite hydrogeologic 

controls on groundwater/ surface-water interaction: a conceptual model 

(Australia). Hydrogeology Journal 17: 1969-1989. doi: 10.1007/s10040-009-0490-7  

 

[Chapter 3] 

 

Banks, E. W., Simmons, C. T., Love, A. J. and Shand, P. (2011b). Assessing spatial and 

temporal states of connection between surface water and groundwater in a 

regional catchment: implications for regional scale water quality. Journal of 

Hydrology 404(1-2): 30-49. doi: 10.1016/j.jhydrol.2011.04.017  

 

[Chapter 4] 

 

Banks, E. W., Brunner, P. and Simmons, C. T. (2011a). Vegetation controls on 

variably-saturated processes between surface Water and groundwater and its 

impact on their state of connection. Water Resources Research 47(11): W11517. 

doi:10.1029/2011WR010544    
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1.3  CONTRIBUTION OF THIS PHD 

This PhD explores the complexities of surface water–groundwater interactions in fractured 

rock environments, at different spatial and temporal scales using both field based and 

numerical modelling techniques. The research investigates several of the dominant controls 

(e.g. geology, topography and vegetation) that influence the exchange processes and 

dynamics between surface water and groundwater. It does so by examining: (i) the 

importance of groundwater from the fractured bedrock compared to groundwater from the 

saprolite zone in streamflow generation. Previous research has often over simplified this 

boundary condition in hydrological conceptual models, however, this research has shown 

that treating the bedrock interface as a no-flow boundary needs to be carefully evaluated in 

hydrologic analyses. The relative importance of subsurface flow activity in both of these 

shallow saprolite and deeper bedrock compartments is needed as a basis for developing 

reliable conceptual hydrologic models. (ii) regional scale surface water–groundwater 

systems. Most surface water–groundwater interaction studies have been undertaken at the 

river reach scale. Whilst many benefits have arisen from this type of investigation, a 

regional scale approach along a river, which was conducted as part of this research, 

provides greater insight into the changes to the state of connection from the catchment 

headwaters to the surface water discharge point (e.g. the sea) which can be of greater use 

to the management of the water resource. (iii) the vegetation controls on variably-

saturated processes between surface water and groundwater and its impact on their state 

of connection. This may appear intuitively plausible in a qualitative sense; however, it has 

not been demonstrated quantitatively. The research therefore suggests that in addition to 

the well known influences of physical variables such as hydraulic conductivity or 

topography, the effects of vegetation (i.e. evapotranspiration) need to be carefully 

considered when investigating surface water–groundwater interactions. Specifically, 

changes in vegetation type and extent that may be associated with land use change or 

climate change are expected to have an impact on the state of connection and therefore on 

exchange fluxes, directions, water balances and water quality matters in such systems.  

It is hoped that these research findings will broaden understanding of regional scale surface 

water–groundwater interactions. Effective management of surface water and groundwater 

resources requires this understanding.  

 


