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Abstract 

Abstract  

Aquifers are natural water reservoirs and one of the most import sources of potable water 

in urban areas. In recent years, the world-wide urban population has doubled, and it is 

estimated that by mid-21st century more than half of humankind will live in urban areas. 

A consequence of population growth in urban areas is increase in water demand and thus 

an increase in groundwater abstraction rates. Furthermore, urbanisation reduces natural 

recharge due to the increase in impervious surfaces. These two factors result in aquifer 

over-exploitation and therefore depletion of groundwater availability. In addition, 

urbanisation increases stormwater runoff and thus the risk of stormwater flooding. 

Previous studies on artificial groundwater recharge have mainly focused on artificial 

groundwater recharge in rural areas. This PhD study explores sustainable stormwater 

management and its relationship with urban growth, using the principles of low impact 

development (LID). This study, for the first time, explores possibility of using treated 

excess stormwater to enhance natural recharge, using deep-well managed artificial 

recharge (MAR), as a method of mitigating the negative effects of urbanization. The aim 

is to maintain catchment’s pre-development hydrology (hydrologic neutrality) during 

urbanisation. 

Investigation of the effects of urbanisation on the catchment and proposed methods to 

mitigate these effects is accomplished with the use of numerical models. The study 

explores the level of complexity of the numerical model required to adequately assess the 

natural state of the groundwater system, regional impacts of the reduced natural recharge 

and the effects of AR. It is concluded that a simple model is adequate for investigating 

regional effects. Furthermore, the performance was assessed of two different numerical 
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methods applied to a small complex urbanising catchment. The results of the study 

confirmed that software (FEFLOW) that uses the finite element method (FEM) is better 

for a representing complex catchment than the software (MODFLOW) that uses the finite 

difference method (FDM). 

The first step in investigating the effects of MAR is to assess the pre-developed state of 

the groundwater system. Secondly, the effects of reduced recharge due to urbanisation are 

assessed, providing a baseline for determining the effects of MAR. Lastly, the effects of 

different MAR scenarios are investigated. The results showed significant increase in 

groundwater table rise in areas of high abstraction rates, confirming that AR can be used 

as a method for mitigating the adverse effects of urbanisation. 

Finally, a framework for artificial recharge in urban areas using treated stormwater is 

proposed. 



 

Marija R. Tutulić | The University Of Auckland iii 
 

Dedication 

Dedication 

 

 

 

 

 

 

I would like to dedicate this thesis to my beloved parents, late father Radomir and my 

mother Dragana, for their endless unconditional love, support and being there for me 

always. You have been great role models in my life. Dad, you are my hero and my angel, 

mum you taught me how to be a strong independent woman. Thank you for giving me the 

wings to fly! 

 

To my husband Dragan, love of my life, for love, friendship, patience and believing in me 

always. Thank you for your encouragement and support! 

Lastly, to my daughters Jovana and Nadja, the reasons to live and inexhaustible source 

of motivation to thrive every day. Thank you for being my inspiration to succeed! 





 

Marija R. Tutulić | The University Of Auckland v 
 

Acknowledgments 

Acknowledgments  

I would like to express my sincere appreciation to my supervisor Associate Professor 

Asaad Y. Shamseldin. Thank you for the support, guidance and believing in me through 

this research journey, giving me the freedom to find my own path. My gratitude for all 

advice, time and understanding me when I was prevented from advancing with research 

due to personal circumstances. 

Sincere thanks to my co-supervisor Professor Bruce W. Melville for his valuable support 

and advice. 

Special thanks to Dr Keith N. Adams for helping me in developing my technical skills and 

teaching me how to write. 

This research project would not have been possible without the financial assistance 

provided by former Auckland Regional Council (now Auckland Council) and Horizons 

Regional Council. 

I would like to extend my thanks to DHI for providing me with a free copy of software 

FEFLOW and enabling me to execute major part of this thesis. 

Further, my sincere thanks to my work team, a.k.a. “Systems team” at the University of 

Auckland led by Adjunct Professor Robert Kirkpatrick, for giving me moral support in 

the final stages of my thesis and doing all my marking for me! 

Thanks to my primary school friend Mihailo Ladjevac whom I met after many years in 

New Zealand, for being a true friend and making me laugh when needed. It was such a 

pleasure remembering the first school days at this stage of education. Stefan Nemanja 

Hadži-Longinović, thank you for always positively seeing facts and transferring that 



vi Marija R. Tutulić | The University Of Auckland 

positivism to me, even when all seemed to be hopeless. 

A big thank you to my sister Katarina Marinković and my nephew Charalabos Sthatakis 

for your support. 



 

Marija R. Tutulić | The University Of Auckland vii 
 

Publications 

Publications 

This research thesis has conducted published conference papers as listed below: 

1. Tutulić M. R, Adams, K. N., Shamseldin, A. Y.. (2010). Development of a 3D 

Groundwater model in a Waitemata Sandstone Aquifer, Auckland, Using 

FEFLOW6. Poster presentation at New Zealand Hydrological Society Conference 

2010, Dunedin, New Zealand. 7 - 10 December 2010 

2. Tutulić M. R, Adams, K. N., Shamseldin, A. Y., & Melville, B. W. (2011). Modelling 

aquifer recharge with stormwater in urban areas. Paper presented at 7th South Pacific 

Stormwater Conference 2011, Auckland, New Zealand. 4 May - 6 May 2011 

Publications that are under preparation emerged from this thesis: 

1. Tutulić M. R, Adams, K. N., Shamseldin, A. Y. (2018). Comparative assessment of 

the performance of finite element and finite difference numerical schemes in a small 

complex urbanising catchmentt 

2. Tutulić M. R, Adams, K. N., Shamseldin, A. Y. (2018). The level of model 

complexity needed for understanding the natural state and investigation of potential 

MAR in a small urbanising catchment 

3. Tutulić M. R, Adams, K. N., Shamseldin, A. Y. (2018). Deep-well managed aquifer 

recharge (MAR) with stormwater as a method for maintaining hydrological 

neutrality in urbanising catchment  





 Table of contents 
 

Marija R. Tutulić | The University Of Auckland ix 
 

Table of contents 

Abstract ................................................................................................................................... i 

Dedication ............................................................................................................................. iii 

Acknowledgment ................................................................................................................... v 

Publications ......................................................................................................................... vii 

Table of contents .................................................................................................................. ix 

List of Tables ....................................................................................................................... xv 

List of Figures .................................................................................................................... xvii 

List of Abbreviations .......................................................................................................... xxi 

List of Symbols ................................................................................................................. xxiii 

Co-Authorship forms ....................................................................................................... xxvii 

CHAPTER 1: Introduction and research scope 

1.1 Outline of the problem ................................................................................... 1 

1.2 Aim of the research........................................................................................ 7 

1.3 Objectives and Hypotheses .......................................................................... 10 

1.3.1 Objectives and research questions ................................................... 10 

1.3.2 Hypotheses ...................................................................................... 10 

1.4 Thesis outline ............................................................................................... 11 

CHAPTER 2: Literature review 

2.1 Groundwater in urban areas ......................................................................... 15 

2.1.1 Urban aquifer and its relation to urban development ...................... 15 

2.1.2 Aquifer Fundamentals  ..................................................................... 16 

2.1.3 Aquifer Properties ........................................................................... 17 

2.1.4 Water balance .................................................................................. 19 

2.1.4.1 Natural water balance .......................................................... 20 

2.1.4.2 Urban water balance ............................................................ 21 

2.2 Aquifer Recharge ......................................................................................... 23 

2.2.1 Recharge estimation ........................................................................ 23 

2.3 Low Impact development ............................................................................ 25 

2.4 Managed Artificial Recharge....................................................................... 27 

2.4.1 MAR techniques .............................................................................. 28 



Table of contents 

x Marija R. Tutulić | The University Of Auckland 

2.4.2 Studies and Projects on MAR Worldwide ....................................... 32 

2.4.3 Previous Studies and Projects on MAR in New Zealand ............................ 36 

2.5 Hydrogeological modelling ......................................................................... 40 

2.5.1 Conceptual model ............................................................................ 42 

2.5.2 Numerical model ............................................................................. 43 

2.5.2.1 Governing equations ............................................................ 44 

2.5.2.2 Boundary conditions ............................................................ 45 

2.5.2.3 Initial conditions .................................................................. 48 

2.5.2.4 Methods for solving governing equations ........................... 49 

2.5.2.5 Finite difference method ...................................................... 50 

2.5.2.6 Finite element method ......................................................... 52 

2.5.2.7 Solution techniques ............................................................. 52 

2.5.3 Model Calibration ............................................................................ 53 

2.6 Concluding Remarks ................................................................................... 54 

CHAPTER 3: The Study Area and Data 

3.1 Northern Strategic Growth Area (NorSGA)  ............................................... 58 

3.1.1 Location ........................................................................................... 58 

3.1.2 Salient Features of the NorSGA ...................................................... 61 

3.1.3 Available Data ................................................................................. 69 

3.1.3.1 Digital Elevation Model ...................................................... 70 

3.1.3.2 Geological Maps .................................................................. 70 

3.1.3.3 Land Use Maps .................................................................... 70 

3.1.3.4 Bore Logs ............................................................................ 71 

3.1.3.5 Hydrological Data for Water Balance ................................. 72 

3.1.3.6 Pumping Aquifer Test Data ................................................. 72 

3.1.3.7 Calibration Data ................................................................... 74 

3.2 Horowhenua Groundwater Management Zone (HGMZ)  ........................... 76 

3.2.1 Location ........................................................................................... 76 

3.2.2 Salient features of the Horowhenua Groundwater Management Zone 
(HGMZ)  .......................................................................................... 77 

3.2.3 Available Data ................................................................................. 86 

3.2.3.1 Digital Elevation Model ...................................................... 86 



 Table of contents 
 

Marija R. Tutulić | The University Of Auckland xi 
 

3.2.3.2 Geological Maps .................................................................. 86 

3.2.3.3 Geological Model ................................................................ 86 

3.2.3.4 Land Use Maps .................................................................... 89 

3.2.3.5 Hydrological Data for Water Balance  ................................. 89 

3.2.3.6 Transsmisivity Data ............................................................. 89 

3.2.3.7 Calibration Data ................................................................... 89 

CHAPTER 4 Numerical Model Development and Calibration 

4.1 Groundwater model development methodology ......................................... 95 

4.2 Study objective definition .......................................................................... 100 

4.3 Model Calibration ...................................................................................... 100 

4.3.1 Techniques for model calibration .................................................. 100 

4.3.2 Criteria for Evaluation of Model Performance .............................. 101 

4.3.2.1 Statistical Criteria - The Nash-Sutcliffe efficiency coefficient 
(E) ...................................................................................... 102 

4.3.2.2 Graphical Criteria .............................................................. 103 

4.4 Groundwater Modelling Software Selection ............................................. 103 

4.4.1 Criteria for Selecting Groundwater Modelling Software .............. 103 

4.4.1.1 Criteria about intrinsic features of the modelling software 104 

4.4.1.2 Criteria about the use of software ...................................... 106 

4.4.2 FEFLOW ....................................................................................... 107 

4.4.3 Visual MODFLOW Flex ............................................................... 107 

4.5 Model development ................................................................................... 110 

4.5.1 Northern Strategic Growth Area (NorSGA) Case study ............... 110 

4.5.1.1 Conceptual Model ............................................................. 110 

4.5.1.2 Boundary Conditions ......................................................... 114 

4.5.1.3 Parameter Values ............................................................... 115 

4.5.1.4 Problem settings ................................................................ 117 

4.5.1.5 Recharge Estimation .......................................................... 117 

4.5.1.6 Finite Element Model Building ......................................... 119 

4.5.1.7 Model Calibration .............................................................. 121 

4.5.1.8 Conclusions ....................................................................... 123 

4.5.2 Horowhenua Groundwater Management Zone (HGMZ)  ............. 124 



Table of contents  
 

xii Marija R. Tutulić | The University Of Auckland 
 

4.5.2.1 Conceptual Model ............................................................. 124 

4.5.2.2 Boundary Conditions ......................................................... 126 

4.5.2.3 Parameter values ............................................................................ 127 

4.5.2.4 Problem settings ............................................................................ 129 

4.5.2.5 Recharge Estimation ...................................................................... 129 

4.5.2.6 Finite Element Model Building ..................................................... 131 

4.5.2.7 Model Calibration .......................................................................... 133 

4.5.2.8 Conclusions ................................................................................... 135 

CHAPTER 5 Groundwater Model Complexity 

5.1 Introduction ............................................................................................... 137 

5.2 The principle of Parsimony ....................................................................... 138 

5.3 The NorSGA catchment model discussion ................................................ 139 

5.3.1 Conclusions to groundwater modelling in the NorSGA ................ 140 

5.4 The HGMZ catchment model discussion .................................................. 142 

5.4.1 Conclusions to groundwater modelling in the HGMZ .................. 143 

5.5 Overall conclusions ................................................................................... 144 

CHAPTER 6 Comparative analysis of the performance of two different numerical schemes 
in small complex urbanising catchment 

6.1 Methodology .............................................................................................. 147 

6.2 Visual Modflow model development ........................................................ 148 

6.3 The NorSGA Results ................................................................................. 149 

6.3.1 Accuracy ........................................................................................ 149 

6.3.2 Stability and efficiency .................................................................. 149 

6.4 The HGMZ Results ................................................................................... 150 

6.4.1 Accuracy ........................................................................................ 150 

6.4.2 Stability and efficiency .................................................................. 151 

6.5 Conclusions ............................................................................................... 151 

CHAPTER 7 Framework for managed artificial recharge in urbanizing catchment 

7.1 Maintaining hydrological neutrality .......................................................... 153 

7.2 Assessment of effects of deep-well MAR in the NorSGA ........................ 154 

7.2.1 Estimation of the natural recharge decrease in the NorSGA ......... 155 



 Table of contents 
 

Marija R. Tutulić | The University Of Auckland xiii 
 

7.2.2 Evaluating the effects of urbanisation on groundwater levels in the 
NorSGA ......................................................................................... 156 

7.2.3 Evaluating the effects of deep-well MAR on groundwater levels in 
the NorSGA ................................................................................... 158 

7.2.4 Evaluating the effects of deep-well MAR with stormwater on 
groundwater levels in the HGMZ .................................................. 166 

7.3 Framework for MAR with stormwater in urbanising catchments using deep 
wells ........................................................................................................... 166 

7.3.1 Stage 1 – Data Collection and Model Development ..................... 169 

7.3.2 Stage 2 – Design and Implementation ........................................... 170 

7.3.3 Stage 3 – Operation and Maintenance ........................................... 171 

7.4 Summary .................................................................................................... 172 

CHAPTER 8 Conclusions and Recommendations 

8.1 Conclusions ............................................................................................... 173 

8.1.1 The NorSGA conclusions and recommendations .......................... 173 

8.1.2 The HGMZ conclusions and recommendations ............................ 176 

8.1.3 Framework for MAR with stormwater in urbanising areas using deep 
wells- Conclusions ......................................................................... 178 

8.2 Recommendations for future research ....................................................... 179 

List of References .............................................................................................................. 181 

Appendix A ....................................................................................................................... 197 

Appendix B ........................................................................................................................ 201 

Appendix C ........................................................................................................................ 209 

Appendix D ....................................................................................................................... 239 

 





List of Tables  
 

Marija R. Tutulić | The University Of Auckland xv 
 

List of Tables 

Table 2-1 Methods for estimating groundwater recharge depending on climate and 

hydrologic zone (after (Scanlon et al., 2005)) 

Table 2-2 Summary of MAR methods, their advantages and use 

Table 2-3 Summary of MAR studies/projects around the World 

Table 2-4 Number of studies/projects on MAR with stormwater by continent  

Table 2-5 Summary of MAR projects and research in New Zealand  

Table 2-6 Summary of boundary conditions and their application 

Table 3-1 Summary of records and range of transmissivity values in the HGMZ 

Table 4-1 Summary of MODFOLW and FEFLOW key features 

Table 4-2 Examples of MODFLOW and FEFLOW application, basic model 

characteristics and the model purpose 

Table 4-3 Summary of A Priori Parameter Values for the NorSGA Groundwater Model 

Table 4-4 Summary of A Priori Parameter Values for the HGMZ Groundwater Model 

Table 4-5 Summary of calibrated hydraulic values in the HGM 

Table 6-1 Summary of the groundwater elevations for the NorSGA at observation wells 

Table 6-2 Summary of the groundwater elevations for the HGMZ at observation wells 

Table 7-1 Classification of change in position of groundwater table  

Table 7-2 Scenarios for investigating the impact of MAR 

Table 7-3 Summary of MAR simulation results – Areas classified by changes in 

groundwater level 





 List of Figures 
 

Marija R. Tutulić | The University Of Auckland xvii 
 

List of Figures 

Figure 1.1 Changes in catchment’s evapotranspiration, runoff and groundwater 

infiltration due to urbanization (FISRWG, 1998) 

Figure 1.2 Differences in water balance between a) pre-development (natural) 

catchment and b) developed (urbanised) catchment (after (Hardy et al., 

2005)) 

Figure 1.3 Catchment stream runoff hydrographs for the same rainfall event: pre- and 

post- urban development 

Figure 1.4 Thesis organisational diagram 

Figure 2.1 Ground water system (adapted from (Heath, 1993)) 

Figure 2.2 Hydraulic conductivity values for different types of rocks (after (Bear, 1972, 

Heath, 1993)) 

Figure 2.3 Percentage of MAR studies/projects around the World 

Figure 2.4 Steps in hydrogeological modelling 

Figure 2.5  Grid type: a) finite-difference rectangular grid b) finite-element grid 

(adapted from (Mercer and Faust, 1980a)) 

Figure 2.6  a) Regular grid b) Irregular grid 

Figure 2.7 Grid type: a) mesh centred and b) block centred  

Figure 3.1 Locations of the Research Sites a) The Northern Strategic Growth Area 

(NorSGA) b) Horowhenua Groundwater Management Zone (HGMZ)) 

Figure 3.2 Location of The Northern Strategic Growth Area (NorSGA) 

Figure 3.3 NorSGA regions and proposed urban development  

Figure 3.4 Groundwater demand in the KWHUAMA (after (Crowcroft and Bowden, 

2002)) 



List of Figures 

xviii Marija R. Tutulić | The University Of Auckland 

Figure 3.5 Rainfall distribution in the NorSGA 

Figure 3.6 Geological context of the Auckland region (after (Kay, 2008)) 

Figure 3.7 Exposures of Waitemata Group Formations a) Gently dipping, alternating 

layers of mudstone and sandstone (Edbrooke, 2001) b) Highly deformed 

alternating layers of mudstone and sandstone, resulting from submarine 

slumping (Science, 1992) 

Figure 3.8 Simplified Geology of the NorSGA Area (after (Edbrooke, 2006)) 

Figure 3.9 Waitemata Group and the Waitakere Group (FO: first occurrence; LO-last 

occurrence (after (Allen et al., 2007)) 

Figure 3.10 Coastal Exposures of Waitemata Sandstone and Alluvium a) East Coast Bays 

Formation at Brigham Creek, Whenuapai - interbedded sandstone and 

mudstone, with about one metre of soil formed in-situ. 36° 47.5' S, 174° 35.5' 

E b) Puketoka Formation at Te Atatu North - re-worked, pumiceous material, 

the original source of which is volcanic material from the Taupo Volcanic 

Area. 36° 50.0' S, 174° 39.7' E 

Figure 3.11 Possible Localised Recharge Mechanism at Sandstone Outcrops (after 

(Davidson, 1990)) 

Figure 3.12 Groundwater flow directions in KWHUAMA 

Figure 3.13 NorSGA and KWHUAMA represented by digital elevation model (DEM) 

Figure 3.14 Available Scanned Bore Logs 

Figure 3.15 Bores with pumping aquifer test data in KWHUAMA 

Figure 3.16 Available bores with time-series of groundwater levels in KWHUAMA 

Figure 3.17 Average summer water levels contour plot (Scoble and Millar, 1995) 

Figure 3.18 Average winter water levels contour plot (Scoble and Millar, 1995) 

Figure 3.19 Horowhenua Groundwater Management Zone (HGMZ) 



 List of Figures 
 

Marija R. Tutulić | The University Of Auckland xix 
 

Figure 3.20 Topography of Horowhenua Groundwater Management Zone (HGMZ) 

represented by a digital elevation model (DEM) 

Figure 3.21 Rainfall distribution in the HGMZ 

Figure 3.22 Mean annual evapotranspiration contours in the HGMZ 

Figure 3.23 Simplified geology of the HGMZ 

Figure 3.24 Groundwater flow directions in HGMZ 

Figure 3.25 Geological Model of the Horowhenua Area (White et al., 2010b) 

Figure 3.26 Bores with Aquifer test data in the HGMZ 

Figure 3.27 Available bores with time-series of groundwater levels in HGMZ 

Figure 3.28 Potentiometric Contour Map of the HGMZ 

Figure 4.1 Detailed Modelling Methodology 

Figure 4.2 NorSGA Conceptual model 

Figure 4.3 Groundwater ridge in the NorSGA 

Figure 4.4 Topographic ridge in the NorSGA 

Figure 4.5 Sandstone outcrop in the NorSGA 

Figure 4.6 Three-dimensional model of the NorSGA 

Figure 4.7 NorSGA Boundary conditions 

Figure 4.8 Map of steady state recharge values for the NorSGA 

Figure 4.9 NorSGA Steady State Model Results: a) Comparison of simulated and 

observed groundwater levels b) Comparison including ground elevations 

Figure 4.10 NorSGA transient model Results: a) Comparison of simulated and observed 

groundwater levels b) Comparison including ground elevations 



List of Figures 

xx Marija R. Tutulić | The University Of Auckland 

Figure 4.11 HGMZ Conceptual model 

Figure 4.12 HGMZ Boundary conditions 

Figure 4.13 Map of steady state recharge values for the HGMZ 

Figure 4.14 HGMZ Steady State Model Results: Comparison of simulated and observed 

groundwater levels 

Figure 4.15 HGMZ Steady State Model Results: Comparison including ground elevation 

Figure 7.1 Groundwater Use – Development – Recharge Zones 

Figure 7.2 Changes in groundwater levels due to urbanisation 

Figure 7.3 Changes in groundwater levels with Scenario 1: Managed artificial recharge 

of 10% of the increase in stormwater runoff 

Figure 7.3 Changes in groundwater levels Scenario 1: Managed artificial recharge with 

10% of the increase in stormwater runoff 

Figure 7.4 Changes in groundwater levels Scenario 2: Managed artificial recharge with 

20% of the increase in stormwater runoff 

Figure 7.5 Changes in groundwater levels Scenario 3: Managed artificial recharge with 

40% of the increase in stormwater runoff 

Figure 7.6 Changes in groundwater levels Scenario 4: Managed artificial recharge with 

80% of the increase in stormwater runoff 

Figure 7.7 Changes in groundwater levels Scenario 5: Managed artificial recharge with 

100% of the increase in stormwater runoff 

Figure 7.8 Framework for managed aquifer recharge with stormwater in urbanising 

catchment 



 List of Abbreviations 
 

Marija R. Tutulić | The University Of Auckland xxi 
 

List of Abbreviations 

AC Auckland Council 

AR Artificial Recharge  

ARC Auckland Regional Council 

ASR Aquifer Storage and Recovery  

BC(s) Boundary Condition(s) 

DEM Digital Elevation Model 

E Nash-Sutcliffe efficiency coefficient 

ECAN Environment Canterbury 

GGIS Global Groundwater Information System 

GUI Graphical User Interface 

HGMZ Horowhenua Groundwater Management Zone 

IC(s) Initial Condition(s) 

HRC Horiszons Regional Council 

IGRAC International Groundwater Resources Assessment Centre 

IMPs Integrated Management Practices 

LID Low Impact Development 

Ma Million years  

MAR Managed Artificial Recharge 

MPD Maximum Probable Development 

masl meters above sea level 

mbsl meters below sea level 



List of Abbreviations 

xxii Marija R. Tutulić | The University Of Auckland 

NorSGA Northern Strategic Growth Area 

PDE Partial Differential Equations 

PEST Parameter ESTimation 

PGC Prince George’s County 

QMAP Quarter Million Mapping Programme 



 List of Symbols 
 

Marija R. Tutulić | The University Of Auckland xxiii 
 

List of Symbols1 

𝐴𝐴  cross-sectional area  L2 

Br,s, Dr,s , Er,s , Fr,s 
Hr,s 

coefficients that represent contributions 
from  adjacent nodes ̶ 

d dependent unknown value  ̶ 

E The Nash-Sutcliffe efficiency coefficient ̶ 

𝐸𝐸𝐸𝐸  evapotranspiration L3t-1 or L3 or L 

𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎  actual monthly evapotranspiration L 

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚  modified evapotranspiration L3t-1 or L3 or L 

𝐺𝐺  monthly deep-aquifer recharge L 

𝐺𝐺𝑛𝑛𝑎𝑎𝑎𝑎  natural groundwater recharge L3t-1 or L3 or L 

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚  modified groundwater recharge L3t-1 or L3 or L 

h hydraulic head L 

h(x,y,z,t) potentiometric (piezometric) head L 

h0, h1, h2 specified functions ̶ 

𝑖𝑖  hydraulic gradient (change of head per unit 
of distance) ̶ 

𝐼𝐼𝑔𝑔𝑔𝑔  groundwater inflow from adjacent 
aquifer(s) L3t-1 or L3 or L 

𝐾𝐾�  hydraulic conductivity tensor Lt-1 

 

                                                           
1 The dimensions of all symbols are expressed in terms of the basic physical dimensions of length [L] and time 
[t] 



List of Symbols 

xxiv Marija R. Tutulić | The University Of Auckland 

𝐾𝐾  hydraulic conductivity Lt-1 

Kxx, Kyy, Kzz 
components of hydraulic conductivities 
tensor along x, y and z axes Lt-1 

MSE The Mean Squared Error ̶ 

n time level ̶ 

𝑛𝑛 porosity ̶ 

𝑂𝑂� mean of observed potentiometric heads L 

𝑂𝑂𝑖𝑖 observed potentiometric head L 

𝑂𝑂𝑔𝑔𝑔𝑔 groundwater outflow to adjacent aquifer(s) L3t-1 or L3 or L 

𝑃𝑃𝑖𝑖 simulated potentiometric head L 

𝑃𝑃 precipitation L3t-1 or L3 or L 

𝑄𝑄 flow rate  L3t-1 

R source/sink function of fluid (R<0 outflow 
and R>0 inflow from/to the system) t-1

𝑅𝑅𝑛𝑛𝑎𝑎𝑎𝑎  natural runoff L3t-1 or L3 or L 

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 modified (enhanced) runoff L3t-1 or L3 or L 

𝑆𝑆𝑦𝑦 specific yield ̶ 

SS specific storage of the porous medium L-1

𝑆𝑆𝑟𝑟 specific retention ̶ 

∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 change in stored water in the system L3 

t time t 

𝑉𝑉𝑎𝑎  total volume of sample L3 

𝑉𝑉𝑠𝑠 volume solids in sample L3 

𝑉𝑉𝑣𝑣 volume of voids L3 
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CHAPTER 1 Introduction and research scope 

Chapter1. Introduction and research scope 

This chapter provides an introduction to the thesis, outlines the research problem addressed, 

and defines the aim of the research presented in this thesis. Furthermore, it gives a 

description of the statement, research objectives and hypothesis. An organisational diagram 

of research and a brief description of each chapter are given. 
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1.1 Outline of the problem 

This PhD project focuses on exploring sustainable stormwater management and its 

relationship with urban development. In recent years, humankind has experienced a 

global-wide rapid rise in urban population. At the beginning of the 20th century only 10 

per cent of the total world's population lived in the urban areas (Garcia-Fresca and Sharp, 

2005). By the 1950s urban population was 30 per cent, and it has now reached 54 per cent 

of the total world's population (UN, 2014). By 2050, it is estimated that 66 per cent of the 

world's population will inhabit urban areas (UN, 2014). The population of New Zealand 

(NZ) follows the same trend as that of the rest of the world. 86 % of NZ’s population lives 

in an urban area (NZS, 2014), which makes NZ a mainly urban country. NZ’s urban 

population is well above the world average, and is expected to grow rapidly in the future, 

resulting in considerable pressure on the environment. 

Furthermore, rapid population growth results in rapid urban development of catchments, 

which in turn increases the area of impervious surfaces such as roads, walkways, roofs, 

etc. (Davis, 2005). 

In a pre-development (natural) catchment/conditions (Figure 1.1), the total natural 

groundwater recharge (combined shallow and deep aquifer recharge) normally ranges 

from 35 to 50 percent of the total annual rainfall, depending on catchments characteristics, 

and natural runoff ranges from 10 to 30 percent (PGC, 1999; Bouwer, 2002).  

For a developed (urban) catchment/conditions (Figure 1.1), as a consequence of an 

increase in impervious surfaces, these values are significantly altered: total natural 

groundwater recharge declines to about only 15 percent and runoff increases to about 55 

percent of the total annual runoff (PGC, 1999). 

In addition, because of the need to meet the higher water demand caused by population 
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growth, abstraction rates from the urban aquifers increase. Changes in population and in 

a catchment’s characteristics both affect aquifers beneath - urban aquifers. An urban 

aquifer plays a significant role in the urban catchment (Sophocleous, 2002; Shanahan, 

2009): 

• It is a source of fresh water for water supply

• It feeds surface water bodies

• It has a geotechnical role because the water and soil create structural elements

beneath the ground surface.

Figure 1.1 Changes in catchment’s evapotranspiration, runoff and groundwater 

infiltration due to urbanization (FISRWG, 1998) 
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Increased groundwater extraction and reduced recharge, as a consequence of urbanisation, 

can lead to decline in groundwater table. This groundwater table decline has adverse 

effects on the following (Simpson, 1994; Shanahan, 2009; Baker, 2009). 

• The environment: reduced abstraction rates for water supply, drying-up of 

surface water bodies (damage to aquatic systems), reduction of stream base-

flows, damage to wetlands, and damage to trees and plants 

• Structures: damage to buildings, instability of build-up, damage to 

underground structures (underground pipes, tunnels, ducts). 

Urban development alters catchment hydrology as well; it brings new components 

(imported water and exported wastewater) to the water balance and significantly changes 

some of the existing components (Figure 1.2). The changes in existing components, such 

as runoff, evapotranspiration, soil moisture content, stream base-flow, and natural 

groundwater recharge (Figure 1.1), are a direct consequence of the increase in impervious 

surfaces. Besides, rapid population growth puts additional pressure on the urban water 

supply. 

In order to meet increasing demand due to population growth, water needs to be imported 

to the catchment (Figure 1.2) (Drangert and Cronin, 2004; Welty, 2009). 
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Figure 1.2 Differences in water balance between a) pre-development (natural) 

catchment and b) developed (urbanised) catchment (after (Hardy et al., 2005)) 

The alteration of the catchments hydrology is also reflected in a change in the volume and 

timing of the catchment’s runoff (Figure 1.3). 

Comparing a catchment’s runoff hydrograph for pre-development (natural) conditions and 

developed (urbanised) conditions, peak flow is higher and occurs earlier, stream base-flow 

is lower, and runoff volume is greater after the development (PGC, 1999). Furthermore, 

enhanced stormwater runoff in urbanised areas creates considerable flood risk. 

Traditional management of stormwater in urban areas is by end-of-pipe systems. The 

system is designed in such a manner that runoff is collected by a piped network to rapidly 

remove water out of the catchment to an end of pipe treatment plant or receiving waters 

(PGC, 1999; Holman-Dodds et al., 2003; Williams and Wise, 2006; Baker, 2009). The 

aim of this approach was to prevent flooding problems within the catchment. 

Runoff created due to excess stormwater was considered to be nuisance that has to be 

removed. This approach results in adverse effects both on the urban area and on the end-

of-pipe treatment plant or receiving waters. 
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Figure 1.3 Catchment stream runoff hydrographs for the same rainfall event: pre- and 

post- urban development 

These effects include the following (Marsalek, 1998; Brander et al., 2004): 

• downstream flooding 

• poor water quality 

• erosion 

• sedimentation 

• environmental degradation (water temperature rise, species succession, 

dissolved oxygen depletion, nutrient enrichment, eutrophication, toxicity, 

reduced biodiversity). 

Moreover, this approach resulted in over-draining for small frequent events, as the systems 
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for removing stormwater were designed in order to efficiently alleviate a single flood 

storm event that has return period between 2 and 100 years. 

It has been shown that the traditional end-of-pipe stormwater management approach has 

failed to effectively mitigate the adverse effects of urban stormwater runoff (Andoh and 

Declerck, 1999; Holman-Dodds et al., 2003; Goonetilleke et al., 2005; Chocat et al., 

2007). 

In recent years, a new, sustainable, low impact (LI) approach for stormwater management 

has been introduced. The aim of this approach is to preserve hydrologic neutrality in the 

catchment, to mitigate change to the hydrological cycle of the catchment, or to keep the 

change to a minimum or nil. It uses distributed, decentralized controls to manage 

stormwater runoff at source, by combining landscape features with green-engineered 

technologies, to maintain hydrologic neutrality (i.e. the site’s natural hydrology). 

This approach has been advocated internationally as Low Impact Development (LID) 

(PGC, 1999) in USA and Canada, Water Sensitive Urban Design (WSUD) (Lloyd, 2001) 

in Australia, Sustainable Drainage Systems (SuDS) in United Kingdom (Charlesworth et 

al., 2003) and locally in NZ initially as LID (Shaver, 2000) and later as Low impact urban 

design and development (LIUDD) (van Roon and Moore, 2004). The approach combines 

stormwater management devices with land use planning. 

Urban aquifers have a great potential for supplying towns and cities with water, and they 

can be regarded as a treasured reserve of fresh water in the near future for meeting short-

term, seasonal, or long-term urban water demand (Garcia-Fresca and Sharp, 2005). Excess 

stormwater runoff in urban areas has already been acknowledged as valuable a resource 

(Mitchell et al., 2002; Wright, 1996), reaching total annual volumes equivalent to annual 

demands (Wright, 1996). It has been estimated that only 4% of total rainfall is recycled in 
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the urban areas (Dillon and Ellis, 2004). Clearly, management of the excess stormwater 

in urban or urbanising areas should become the main objective for future strategies, 

because it is a valuable resource. This can be done by using artificial recharge (AR), a 

technique of introducing water into the aquifers. 

As outlined earlier, urban development affects both quality and quantity of groundwater 

recharge. This research will explore aquifer AR, using stormwater, as the option to 

compensate for reduced groundwater recharge to urban aquifers. If AR uses excess 

stormwater runoff, it can be considered to be a viable LI option for managing stormwater, 

it can be expected to mitigate some of the adverse impacts of urban development, and it 

can be regarded as a “source control” option for disposal of excess stormwater. The 

research will investigate the possibilities for AR by using numerical models, which enable 

analysis and improvement of proposed AR schemes (Latinopoulos, 1981; Peters, 1998). 

1.2 Aim of the research 

Based on the comprehensive literature review presented in CHAPTER 2, aims, objectives 

and hypotheses of this study are defined and presented in this chapter. 

Previous studies on artificial groundwater recharge have mainly focused on artificial 

groundwater recharge in rural areas, with the aim of improving aquifer yield to satisfy 

agricultural water needs. There are very few studies investigating the cumulative effects 

of artificial recharge in urbanising catchments. Furthermore, the role of artificial recharge 

in maintaining hydrologic neutrality in the urbanising catchment has not been addressed 

before. This study will, for the first time, examine the use of managed artificial recharge 

as a method of mitigating the effects of urbanization, by maintaining catchment pre-

development hydrology (hydrologic neutrality) during urbanisation. The research will 

involve two case studies based in the North Island of NZ: The Northern Strategic Growth 
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Area (NorSGA) west of Auckland, and Lake Horowhenua in the Manawatu-Wanganui 

Region. 

The first case study, NorSGA, is based in the Kumeu-Hobsonville area, where 

considerable urban development will take place within the next 50 years (Scoble and 

Millar, 1995). The study catchment is located within the extent of the Waitemata 

Sandstone aquifer; it is complex catchment, with significant spatial variability in geology, 

topography and rainfall. The second case study, Horowhenua Groundwater Management 

Zone (HGMZ), is located in the Horowhenua groundwater zone in the Manawatu-

Wanganui Region, in western part of the lower Northern Island. The study area includes 

the Levin urban area which is located within, Lake Horowhenua groundwater catchment. 

It is expected that urban development will take place within the Levin urban area within 

the next 30 to 40 years (pers. comm (Meyer, 2014)). The Levin urban area is located within 

Lake Horowhenua groundwater catchment is an urbanising catchment surrounded by rural 

catchments, and is part of a larger groundwater system in the region. It is complex 

catchment with significant spatial variability in geology, topography and rainfall. The 

complexity of both catchments is further addressed in CHAPTER 3: The Study Area and 

Data. 

The aims of this research can be summarised as follows: 

1. Explore managed artificial recharge as a method for maintaining hydrological

neutrality in urbanising catchment using LID principles and to develop a framework

for it.

2. Explore the level of model complexity required for modelling urbanising catchments

for 1) understanding their natural state and 2) investigation of potential MAR as a

method for mitigating adverse effects on hydrological cycle of the catchment due to
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urbanisation. Model complexity hugely depends on the required model purpose. If 

the model is oversimplified, it will not yield the required results; if the model is 

under-simplified, there will not be enough resources it will not produce required 

outputs. 

3. Perform a comparison of the performance of two different numerical schemes for the 

specific case studies. Numerical modelling is a crucial part for the research 

undertaken in this PhD research and is very important to choose an appropriate 

numerical scheme, both for understanding the natural state of the catchment as well 

as for prediction of the consequences for the proposed AR scheme(s) for maintaining 

hydrological neutrality. 

4. Perform a comparison of the performance of two different numerical schemes for the 

specific case studies. Numerical modelling is a crucial part for the research 

undertaken in this PhD research and is very important to choose an appropriate 

numerical scheme, both for understanding the natural state of the catchment as well 

as for prediction of the consequences for the proposed AR scheme(s) for maintaining 

hydrological neutrality. 

5. Enhance knowledge about the Waitemata Sandstone aquifer. There is very limited 

knowledge about the Waitemata Sandstone aquifer and its natural recharge 

mechanism. Only a few studies have been done in the region located in West 

Auckland and there are no comprehensive groundwater modelling studies. 

6. Enhance knowledge about the Horowhenua groundwater zone. There is very limited 

knowledge about the groundwater system and its natural recharge mechanism. At the 

present time, there are no groundwater modelling studies for the Horowhenua area. 
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1.3 Objectives and Hypotheses 

1.3.1 Objectives and research questions 

The general objective of this study is to investigate groundwater systems and enhance 

knowledge about two urbanising catchments: Northern Strategic Growth Area (NorSGA), 

in the west of Auckland, and Horowhenua Groundwater Management Zone (HGMZ) in 

the Manawatu-Wanganui Region. 

The more specific objectives of this research study are: 

• Investigation of the regional effects of urbanisation on the groundwater

system in small urbanising complex catchment;

• Development of a framework for managed artificial recharge, using

stormwater, in urbanising areas to maintain the catchment water balance as

close as possible to the water balance prior to urban development;

• Comparison of two software packages with different numerical methods, for

two specific cases.

In defining the objectives, the following research questions have been formulated: 

1. Is a simplified conceptual and numerical model sufficient for representation of the

aquifer system and will it improve our knowledge about underground flows?

2. What are the regional impacts of managed artificial recharge in urbanising areas?

3. Which numerical method, finite element or finite difference, is better for representing

a complex groundwater system?

1.3.2 Hypotheses 

Based on the comprehensive literature review (CHAPTER 2), the following hypotheses 

are defined: 
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1. For representing the groundwater systems in small complex urbanising catchments 

that have complex geology with spatial variability of topography and rainfall 

patterns, software packages that use finite element method are better, than software 

packages that use finite difference method and are therefore better for investigating 

the recharge mechanism and other aspects of groundwater dynamics. 

2. Artificial recharge can be used as technique to maintain the predevelopment 

hydrology of the urban catchment. 

1.4 Thesis outline 

The doctoral thesis is divided into eight chapters. A brief summary of each chapter is given 

below. 

CHAPTER 1: Introduces the thesis, with an outline of the problem addressed. It also 

states the aims of the research and research objectives, questions and hypothesis based on 

literature review presented in Chapter 2. 

CHAPTER 2: This chapter provides a comprehensive literature review of previous 

research on groundwater systems, governing equations and the methods for solving them, 

managed artificial recharge, and LI options. The chapter discusses the natural water 

balance and the effects of urbanisation on it. It also provides a full description of the two 

types of software that are used for research purposes and discusses the advantages and 

disadvantages of each type of software. 

CHAPTER 3: A description of the study areas and characteristics of the selected 

groundwater catchments are given in this chapter. Chapter 3 also presents sources and 

formats of available data for water balance and groundwater modelling. 

CHAPTER 4: This Chapter describes numerical groundwater modelling of the NorSGA 

and HGMZ catchments. The chapter gives all the steps of the modelling process:  
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development of a conceptual model, numerical model setup, selection of the initial 

parameters and the calibration process. In addition, the water balance and the groundwater 

recharge estimation are discussed. Finally, the analysis of modelling results and 

concluding remarks about the research site are given. 

CHAPTER 5: Analysis of different levels of complexity of the groundwater models for 

the NorSGA and HGMZ catchments and a report about the findings are presented in this 

chapter. 

CHAPTER 6: Based on the numerical modelling done and reported in Chapter 4, a 

comparative analysis of two different numerical schemes is given in this chapter. Findings 

and conclusions from the analysis are given. 

CHAPTER 7: This chapter discusses regional impacts of the artificial recharge in 

urbanising catchment. The chapter proposes a framework for managed artificial recharge 

aimed at maintaining hydrological neutrality for the two different cases. 

CHAPTER 8: The final chapter of the thesis provides a summary of conclusions drawn 

from doctoral research presented in previous chapters, as well as concluding remarks on 

the research. Chapter 8 also highlights matters that have not been addressed in this 

research for various reasons, but which should be looked at in future research in order to 

improve knowledge about groundwater systems and their modelling, and about managed 

artificial recharge in urbanising areas. 

The overall organisation of the thesis is graphically presented in Figure 1.4. 
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CHAPTER 2 Literature review 

This chapter provides the research background and a comprehensive description of the major 

research concepts. Gaps in the literature are recognised in order to support the rationale for 

the research presented in this thesis. 
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2.1 Groundwater in urban areas 

2.1.1 Urban aquifer and its relation to urban development 

Many urban settlements originated in close proximity to an available groundwater source. 

Most of these settlements have dynamic forms that are growing and changing over time. As 

they grow they change the natural state of both surface catchments and groundwater systems. 

(Shanahan, 2009) identified three phases of interaction between an urban area (city) and an 

underlying aquifer: 

• pre- industrial 

• industrial 

• post-industrial. 

In the first phase, pre-industrial, there is no infrastructure, and water supply and disposal of 

wastewater is local. Both groundwater abstraction and wastewater disposal, through 

cesspools and septic systems, take place in shallow aquifers. The adverse effects of this phase 

are contamination of the shallow aquifers and groundwater quality decline due to wastewater 

infiltration. 

The industrial phase is characterised by groundwater level decline. In this phase, the city has 

a well-developed infrastructure with a high percentage of impervious surfaces. Because of 

shallow aquifer contamination, groundwater is abstracted extensively from deep aquifers. 

Reduced recharge due to an increase in impervious surfaces and extensive abstraction lead 

to groundwater table decline. This phase leads to numerous problems such as increase in 

cost of a water supply, land subsidence and saltwater intrusion in coastal areas. 
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Lastly, the post-industrial phase is a phase of "deliberate restoration of past groundwater 

levels" (Shanahan, 2009). In post-industrial cities the requirement for groundwater 

abstraction is significantly reduced and measures for renewal of groundwater resources are 

implemented. This can result in swelling, hydrostatic uplift pressure and loss of soil 

structural properties. 

2.1.2 Aquifer Fundamentals 

Groundwater is a hidden source of water, stored below the ground surface in different porous 

geological formations. Some of geological formations are not capable of storing and/or 

transmitting water. Geological formations able to transmit and yield water in usable 

quantities are called aquifers. There are two types of aquifers depending on whether the 

water in aquifers is under pressure (confined) or not (unconfined) (Figure 2.1) (Heath, 1993, 

Alley, 2009).  

Figure 2.1 Ground water system (adapted from (Heath, 1993)) 

Unconfined aquifers are not completely filled with water and the freely fluctuating water 

table or phreatic surface is sensitive to any change in storage, either recharge or discharge 

(i.e. the water surface is not under pressure). On the other hand, confined or artesian aquifers 
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are totally filled with water that is under pressure (Figure 2.1). The pressure is created by an 

overlying confining geological formation (formations) that has significantly lower 

permeability than the aquifer. Most aquifers cannot be described as completely unconfined 

or confined, but are intermediate between those two basic groups. 

2.1.3 Aquifer Properties 

An aquifer is defined by the following properties (Heath, 1993): 

• porosity 

• specific yield and specific retention 

• hydraulic conductivity. 

Porosity is the ratio of volume of voids to the total volume of the rock. 

 𝑛𝑛 =
𝑉𝑉𝑡𝑡 − 𝑉𝑉𝑠𝑠
𝑉𝑉𝑡𝑡

=
𝑉𝑉𝑣𝑣
𝑉𝑉𝑡𝑡

 Eq 2.1 

where: 𝑛𝑛  porosity [−] 

 𝑉𝑉𝑡𝑡   total volume of sample [−] 

 𝑉𝑉𝑠𝑠  volume of solids in sample [−] 

 𝑉𝑉𝑣𝑣  volume of voids [−] 

Porosity can be expressed as a decimal fraction or percentage. The maximum amount of 

water that a rock contains in saturated conditions is defined by porosity, but not all the water 

is available. 

Specific yield and specific retention define how much of water stored in voids is available 

for use. Specific yield (Sy) defines the amount of water available for use, while specific 
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retention (Sr) defines the amount of water that remains in the rock. The relationship between 

porosity, specific yield and specific retention is expressed by the following equation: 

𝑛𝑛 = 𝑆𝑆𝑦𝑦 + 𝑆𝑆𝑟𝑟 Eq 2.2 

where: 𝑛𝑛 porosity [−] 
𝑆𝑆𝑦𝑦 specific yield [−] 

𝑆𝑆𝑟𝑟 specific retention [−] 

Hydraulic conductivity defines the ability of the geological formation to transmit water. In 

1856 French engineer Henry Darcy published the equation that defines groundwater 

movement (Darcy, 1856/2004): 

𝑄𝑄 = −𝐾𝐾𝐾𝐾𝐾𝐾 Eq 2.3 

where: 𝑄𝑄 flow rate [L3 t-1] 

𝐾𝐾 hydraulic conductivity [L t-1] 

𝐾𝐾  cross-sectional area [L2] 

𝐾𝐾  hydraulic gradient (change of head per unit of distance) [−] 

Figure 2.2 shows that the K value varies over at least 12 orders of magnitude from 10-8 to 

104 (Bear, 1972, Heath, 1993, Simpson, 1994). Geological formations with greater hydraulic 

conductivity values transmit water easier than the ones with lesser values. Depending on the 

order of magnitude of K, the following geological formations can be distinguished (Figure 

2.2): 

• aquifer – permeable formation able to yield and transmit water in usable quantities;

• aquiclude – pervious formation that can yield water, but transmits only a small quantity

of water over long period of time;
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• aquitard – semi-pervious formation with insignificant yield; 

• aquifuge – impervious formation incapable to store and transmit water.  

Hydraulic conductivity in an aquifer1 is variable both in all directions (anisotropic) and in 

different parts of the formation (heterogeneous). For simple aquifer analysis it is usually 

assumed that the aquifer is homogenous and isotropic, although this is not the case in the 

real world. In recent years, expansion of the use of fast computers (Prickett, 1979, Huyakorn 

and Pinder, 1983) and consequent development of different software packages (Holzbecher 

and Sorek, 2006, Kumar, 2006) have allowed the inclusion of anisotropy in mathematical 

analyses. 

Figure 2.2 Hydraulic conductivity values for different types of rocks (after (Bear, 1972, 

Heath, 1993)) 

2.1.4 Water balance 

The hydrological cycle of any catchment can be described by the water balance equation. 

The equation takes into account all the catchments’ water fluxes and storage changes, and it 

                                                 
1 From this chapter onwards the author will consider and discuss only aquifers. 
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can be described as follows (Freeze and Cherry, 1979, Rushton and Ward, 1979, Alley, 2009, 

Welty, 2009): 

 𝐼𝐼𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − 𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  ∆𝑆𝑆𝑂𝑂𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 Eq 2.4 

For any time period Eq 2.4 describes continuous flow of water in the catchment assuming 

that the groundwater catchment boundary coincides with surface catchment’s boundary 

(Freeze and Cherry, 1979). ∆Storage represents the change in stored water in the catchment, 

that is, in both surface basins and groundwater storage (Freeze and Cherry, 1979, Welty, 

2009). 

Depending on the level of urban development in a catchment there are two distinct forms of 

the water balance equation: natural and urban. A natural water balance describes undisturbed 

hydrological processes of the pre-developed (natural) catchment, while an urban water 

balance describes disturbed hydrological processes of the developed (urbanized) catchment. 

There are significant differences in the equations that define the hydrological process for 

these two forms and therefore each of them will be described separately. 

2.1.4.1 Natural water balance 

For a pre-developed (natural) catchment, the water balance equation (Eq 2.4) can be 

expanded into the following form (Scanlon et al., 2002): 

 

 

 

 

 𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑛𝑛𝑛𝑛𝑡𝑡 − 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑡𝑡 − 𝑅𝑅𝑛𝑛𝑆𝑆𝑂𝑂 − 𝑂𝑂𝑔𝑔𝑔𝑔 =  ∆𝑆𝑆𝑂𝑂𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  Eq 2.5 
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where: 𝑃𝑃  precipitation 

 𝐼𝐼𝑔𝑔𝑔𝑔  groundwater inflow from adjacent aquifer(s) 

 𝐺𝐺𝑛𝑛𝑛𝑛𝑡𝑡   natural groundwater recharge 

 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑡𝑡  natural evapotranspiration 

 𝑅𝑅𝑛𝑛𝑛𝑛𝑡𝑡  natural runoff 

 𝑂𝑂𝑔𝑔𝑔𝑔  groundwater outflow to adjacent aquifer(s) 

 ∆𝑆𝑆𝑂𝑂𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆   change in stored water in the system 

For a natural catchment the primary inflows are natural rainfall and groundwater inflow from 

adjacent aquifer(s). The outflows are natural runoff, groundwater outflow to adjacent 

aquifer(s) and evapotranspiration (evaporation from surface water, soils, and vegetation, and 

transpiration from plants). All the terms of the water balance equation (Eq 2.6) can be 

expressed as flow rates [L3t-1]. 

The change in storage for un-urbanised catchments is generally equal to zero (for periods of 

a year or more) due to the fact that natural catchments have reached long-term equilibrium 

(Freeze and Cherry, 1979, Alley, 2009). Most of the components of the water balance are 

usually known because they are historically monitored and recorded by governmental 

institutions, or they can be estimated from empirical equations. 

2.1.4.2 Urban water balance 

For the developed (urbanised) catchment equation (Eq 2.4) expands into following form: 

 

 

 

 
𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 +𝑊𝑊𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡 − 𝐸𝐸𝐸𝐸𝑚𝑚𝐼𝐼𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑂𝑂𝑔𝑔𝑔𝑔 −𝑊𝑊𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡

=  ∆𝑆𝑆𝑂𝑂𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 Eq 2.7 
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where: 𝑃𝑃  precipitation 

 𝐼𝐼𝑔𝑔𝑔𝑔  groundwater inflow from adjacent aquifer(s) 

 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚   modified groundwater recharge 

 𝑊𝑊𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡  imported water 

 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚  modified evapotranspiration 

 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚  modified (enhanced) runoff 

 𝑂𝑂𝑔𝑔𝑔𝑔  groundwater outflow to adjacent aquifer(s) 

 𝑊𝑊𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡  exported water 

 ∆𝑆𝑆𝑂𝑂𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆   change in stored water in the system 

As in the natural water balance equation (Eq 2.8), all the components of urban water balance 

equation (Eq 2.6) are expressed either as flow rates [L3t-1] or as volumes [L3] for specified 

time period. 

The consequence of urban development of a natural catchment is that the water balance is 

disturbed, and therefore equation Eq 2.9 must be significantly modified. Groundwater 

recharge, evapotranspiration and runoff are modified. The increase of impervious surfaces 

within the catchment inhibits natural groundwater recharge and enhances evapotranspiration 

and runoff (PGC, 1999). Also, new elements are introduced into equation (Eq 2.6): imported 

water (W𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡) and exported water (𝑊𝑊𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑟𝑟𝑡𝑡). For urbanised catchments potable water 

usually needs to be imported from other catchments so that water demand can be satisfied 

and the imported water represents an inflow into the catchment (Welty, 2009). Likewise, 

wastewater might be disposed of within the catchment, but usually most of it is collected 

and exported (piped) from the catchment; it represented by the outflow in the urban water 

balance equation (Eq 2.6). 
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2.2 Aquifer Recharge 

Aquifer recharge is part of both the natural and urbanised water balance (Eq 2.10 Eq 2.6). If 

the recharge is occurring under natural conditions then it is natural recharge. But if recharge 

occurs as a deliberate managed activity or it is a consequence of another activity (e.g. 

irrigation or waste disposal) then it is an artificial recharge (Alley, 2009). 

Recharge (either natural or artificial) may be diffuse or localized. Diffuse recharge occurs 

over a large area and involves infiltration through an unsaturated zone above the aquifer. 

Localised recharge is less uniform in space than diffuse and implies recharge directly to the 

aquifer. Most groundwater systems are recharged by both types (Alley, 2009). 

2.2.1 Recharge estimation 

Recharge rates and therefore aquifer water levels, usually vary over the year. During the 

periods of the year when precipitation is high and evapotranspiration low, recharge rates are 

high. High recharge rates result in groundwater level rise. On the contrary, recharge rates 

decrease and subsequently groundwater levels decline during periods with less precipitation 

and high evapotranspiration. It is important to estimate groundwater recharge rates to know 

how much water is available for abstraction, especially during the dry periods when 

abstraction rates are higher because of higher water demands. If the recharge rates are known 

then abstraction rates can be set in such a way that aquifer overexploitation can be prevented. 

There are many different methods for estimating aquifer recharge to the aquifer depending 

on the zone where data is collected: surface, unsaturated zone and saturated zone and the 

methods can be grouped as follows (Scanlon et al., 2002): 

1. physical methods (water balance analyses, lysimeters, zero-flux plane, Darcy's law, 

water-table fluctuation) 

2. tracer methods (heat, historical (contaminants), applied (chemical or isotopic), 

environmental (chloride), isotopic (stable isotopes of oxygen and hydrogen), etc.) 

3. numerical modelling methods (rainfall-runoff models). 
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The application of more than one method and combining methods based on data from 

different zones is advisable because every method has some uncertainties. The choice of 

method depends partly on climate (Table 2-1): 

Table 2-1 Methods for estimating groundwater recharge depending on climate and 

hydrologic zone (after (Scanlon et al., 2005)) 

Zone Climate/ Method 

Arid/semi-arid Humid 

Surface 

• physical (water balance, 

seepage meters) 

• tracers (heat, isotropic) 

• catchment water balance 

modelling 

• physical (water balance, 

seepage meters) 

• tracers (heat, isotropic) 

• catchment water balance 

modelling 

Unsaturated 

• physical (lysimeters, zero- flux 

plane) 

• tracers (historical, 

environmental) 

• numerical modelling 

• physical (lysimeters, zero- flux 

plane, Darcy's law) 

• tracers (applied) 

• numerical modelling 

Saturated 

• tracers (historical, 

environmental) 

• numerical modelling 

• / 

• physical (water-table 

fluctuations , Darcy's law) 

• tracers (historical, 

environmental) 

• numerical modelling 

 

Based on New Zealand climatic conditions, observed data that are available (Chapter 3: 

Research Site Description and Data.), and guidance from Table 2-1, the water balance 

method was chosen for estimating groundwater recharge in this study. The water balance 

method is most frequently used because surface water data are commonly monitored and 
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available (Rushton and Ward, 1979, Caro and Eagleson, 1981, Maréchal et al., 2006, 

Carrera-Hernández and Gaskin, 2008, Erickson and Stefan, 2009, Manghi et al., 2009). 

Monthly recharge values will be calculated using a spreadsheet-based Thornthwaite-type 

water balance model (Dingman, 2002). The model was originally developed by 

(Thornthwaite, 1948), later revised by (Thornthwaite and Mather, 1955) and further 

developed by (Dingman, 2002). It can be written as: 

 𝑃𝑃 = 𝐸𝐸𝐸𝐸𝑛𝑛𝑎𝑎𝑡𝑡 + 𝑄𝑄 + 𝐺𝐺 + ∆𝑆𝑆 
Eq 

2.11 

   

where: 𝑃𝑃  monthly precipitation [L] 

 𝐸𝐸𝐸𝐸𝑛𝑛𝑎𝑎𝑡𝑡  actual monthly evapotranspiration [L] 

 𝑄𝑄  monthly water yield [L] 

 𝐺𝐺  monthly deep-aquifer recharge [L] 

 ∆𝑆𝑆   monthly change in soil-water content [L] 

2.3 Low Impact development 

The traditional end-of-pipe approach for stormwater management involves a constructed 

piped drainage system for rapid collection and removal of excess stormwater runoff to the 

receiving waters or to a treatment plant (PGC, 1999, Holman-Dodds et al., 2003, Williams 

and Wise, 2006). This approach results in adverse effects both on the urban area and on the 

receiving waters or end-of-pipe treatment plant (Chocat et al., 2007). Negative effects to the 

urban area are reflected both in environmental damage and structural damage to the built 

environment (Marsalek, 1998, Holman-Dodds et al., 2003, Williams and Wise, 2006). 

In 1999, the Department of Environmental Resources in Prince George’s County (PGC), 

Maryland introduced a novel approach called Low Impact Development (LID) for 
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stormwater management. The objective of this approach is to "mimic predevelopment site 

hydrology by using design techniques that store, infiltrate, evaporate, transpire and detain 

runoff“(PGC, 1999). Predevelopment hydrology or hydrological neutrality, the reference 

condition, is considered to be the catchment hydrology for natural land cover. The basis of 

the LID principle is that predevelopment hydrology or hydrologic neutrality can be achieved 

by addressing the problem of excess stormwater at its source (PGC, 1999, Coffman, 2002). 

The aim of LID is to manage stormwater at its source at the small-catchment scale, to achieve 

the following objectives (Davis, 2005):  

• reduction in runoff volume, 

• peak flow reduction, 

• water quality improvement. 

The majority of urbanised catchments already have traditional piped drainage systems for 

stormwater removal. Therefore, LID cannot completely replicate predevelopment 

hydrology, but it can improve stromwater management and prevent further degradation of 

receiving waters. 

Throughout the site planning process where LID is going to be implemented, it is crucial to 

follow five concepts identified by (PGC, 1999): 

1. Using hydrology as an integrated framework, 

2. Thinking micromanagement: the key is to apply management techniques on a small-

catchment scale (integrated management practices (IMPs)), 

3. Controlling stormwater at its source, 
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4. Using simplistic non-structural methods: for some circumstances these need to be 

combined with traditional techniques (PGC, 1999), 

5. Creating a multifunctional landscape. 

Furthermore, it is very important to preserve a high percentage of pervious area (Shaver, 

2000, Davis, 2005). 

2.4 Managed Artificial Recharge 

Aquifers can be regarded as natural reservoirs for storing additional water for future supply. 

Managed artificial recharge (MAR) can be described as “any engineered system designed to 

introduce and store water in aquifer systems” (Reddy, 2008). It is deliberate treatment and 

recharge of the aquifers (Bouwer, 2002, Dillon, 2005) in order to restore groundwater table 

levels. MAR can be done with different types of water such as stormwater, reclaimed water, 

rainwater, recycled water, surface water from lakes/rivers etc. 

MAR have an important role in water reuse since it can improve water quality (e.g., Soil 

aquifer treatment (SAT)) and absorb seasonal differences between supply and demand 

through storage opportunities (Bouwer, 2002, Dillon, 2005). 

In urban areas, water recovered from aquifers after MAR can be used both for potable 

purposes (drinking water) and non-potable (irrigation, toilet flushing, industrial water etc.) 

if the water is appropriately treated before MAR process and, if necessary after the recovery 

from the aquifer (Dillon, 2009). 

The reasons for MAR include the following (Dillon, 2009):  
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• securing and enhancing water supplies  

• improving groundwater quality,  

• preventing salt water from intruding into coastal aquifers,  

• reducing evaporation of stored water, 

• maintaining environmental flows and groundwater-dependent ecosystems, which 

improve local amenity, land value and biodiversity, 

• improving coastal water quality by reducing urban discharges,  

• mitigating floods and flood damage, 

• facilitating urban landscape improvements that increase land value. 

The following sub-chapters will summarise the techniques for applying MAR and research 

and work that has been done up-to-date on MAR worldwide and locally in New Zealand. 

2.4.1 MAR techniques 

MAR methods can be classified into the following groups (Bouwer, 2002, Reddy, 2008, 

Alley, 2009):  

1. surface infiltration methods, 

2. vadose zone (subsurface) infiltration methods 

3. direct injection methods. 

Surface infiltration methods are simple and low-cost methods. In this method, depressions 

that could be either natural or artificial (Bouwer, 2002) are used for temporary surface 

storage of untreated surface water. Because these methods are applied to unconfined aquifers 

with soils that have high vertical conductivity values, water percolates to deeper zones of the 
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aquifer resulting in a rise of the water table. Surface infiltration methods for groundwater 

recharge include the following techniques (Bouwer, 2002, Topper et al., 2004, Dillon, 2005): 

• infiltration ponds and spreading basins, 

• infiltration ditches, 

• stream channels, 

• land applications (over-irrigation). 

The main weaknesses of these methods are surface contamination (maintenance is required 

to prevent clogging) and high evaporation losses (Bouwer, 2002). 

Subsurface methods are applied to unconfined aquifers that have impermeable layers on the 

top or when land use is not compatible with surface methods (Topper et al., 2004). In this 

method water is introduced into the vadose zone from where it infiltrates into the aquifer. 

Subsurface methods include (Bouwer, 2002, Topper et al., 2004, Dillon, 2005):  

• infiltration trenches, 

• infiltration galleries, 

• dry wells, 

• infiltration pits. 

The drawback of these methods is that infiltration areas are limited in size, but the advantage 

is that the methods can be used in combination with other land uses (recreational fields, 

parking lots) (Topper et al., 2004). Further evaporation losses are minimised. 

Lastly, direct injection methods introduce water directly into a deep aquifer using injection 

wells (Topper et al., 2004, Dillon, 2005). These techniques are used for confined aquifers 

where overlaying layers have extremely low vertical conductivity or if available space at the 
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ground surface is limited (Topper et al., 2004). These methods include (Topper et al., 2004, 

Dillon, 2005): 

• injection wells, 

• aquifer storage and recovery (ASR) wells, 

• radial wells, 

• horizontal wells. 

These methods can be used with any land use and they do not require large areas of the 

ground. The disadvantage of this method is high costs (Topper et al., 2004). 

A schematic overview of all methods is given in Appendix A and summary in Table 2-2 
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2.4.2 Studies and Projects on MAR Worldwide 

MAR is researched and practised successfully in all parts of the World (IGRAC, 2017). The 

aim of the studies/projects was to: 

• increase groundwater storage and restore groundwater levels for irrigation or for 

municipal water supply in order to meet peak demands or for emergency purposes, 

• to recover groundwater quality, 

• prevent saltwater intrusion, 

• testing purposes.  

There are ~1100 recorded studies/projects in 62 countries around the world that are presented 

on MAR web-based portal and included into International Groundwater Resources 

Assessment (IGRAC) Global Groundwater Information System (GGIS) (Stefan and 

Ansems, 2017). 78% of the reported studies/projects were done in North America, Europe 

and Asia, while only 22% were done in Africa, Oceania and South America (Table 2-3 and 

Figure 2.3). 

Table 2-3 Summary of MAR studies/projects around the World 

Continent Total number of studies/projects 

Africa 42 

Asia 279 

Europe 273 

North America 307 

Oceania 91 

South America 112 

 Total 1104 
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Figure 2.3 Percentage of MAR studies/projects around the World 

In the United States MAR has been practiced for more than 50 years (Drewes, 2009) with 

the purpose of replenishing groundwater with recycled water (municipal wastewater 

effluents) as a viable method of increasing drinking water supply. There is growing interest 

in the arid western United States in increasing ground water recharge with recycled water. 

As a result of intensive scientific research on the effectiveness of aquifers as sustainable 

treatment systems, managed aquifer recharge are now able to be recognized alongside 

engineered treatment systems for water recycling (Dillon et al., 2010). The consequence of 

this recognition is a rapid increase in the use of MAR as an efficient mean for recycling 

stormwater/treated sewage effluent for non-potable and indirect potable reuse both in urban 

and rural areas in Australia, USA, and Europe. Still, only 17% of recorded studies/projects 

(Table 2-4) were using stormwater as sources for MAR. Moreover, more than half of 

studies/projects focused on MAR with stormwater and final use for domestic purpose (Table 

2-4).  
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Table 2-4 Number of studies/projects on MAR with stormwater by continent  

Continent 

Total number 
of 

studies/projects 
Domestic 

use 
Agricultural 

use 

Ecological 
use  /Industrial 
use / No data 

Africa 5 3 0 2 

Asia 62 25 17 20 

Europe 5 1 3 1 

North 
America 23 6 2 15 

Oceania 45 41 0 4 

South 
America 48 23 14 11 

 Total 188 99 36 53 

MAR has been practised since 1960s in Australia (Dillon et al., 2009) mostly for rural water 

supply. The beginnings of MAR in Australia's urban areas are dating since 1900s, although 

stormwater disposal wells in Mt Gambier, SA are operational since the 1880s and in the 

1990s their contribution to the city's water supply was proved (Dillon et al., 2009). Several 

MAR projects with urban stormwater in Australia have commenced since 1990 (Dillon et 

al., 2009): 

• in 1992 ASR was initiated at Andrews Farm, SA; 

•  in 1994 at Regent Gardens in fractured rock, WA;  

• in 2007 an infiltration gallery for stormwater recharge was established at Kensington, 

NSW; 

• in 2008 injection trials for stormwater ASR were commenced at several sites in 

Melbourne, VIC; 
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• in 2008 SAT of reclaimed water began in Alice Springs, NT.  

Helm et al. (2009) investigated the potential for harvesting stormwater in Adelaide, SA for 

ASR. Three potential constraints were taken into account: the volume of stormwater runoff, 

availability of the open space for stormwater detention to permit groundwater recharge, and 

capacity of the aquifers to store additional water. The authors concluded that water 

harvesting should be declared as a potential future land use for all possible sites. Thus, in 

future urban land use planning stormwater harvesting land use should have priority to other 

future uses, for example formation of green-corridors along streams will create harvesting 

opportunities, mitigate flood damage and increase amenity and value of neighbouring land. 

The potential for harvesting and treating stormwater to a potable standard in a Throsby Creek 

catchment in Newcastle, NSW, case study was investigated by McArdle et al. (2011). They 

highlighted in their paper that locating the sites for stormwater harvesting and storage is the 

biggest issue that a planner could face. Furthermore, the public acceptance of drinking 

treated stormwater could be a challenge as well. On the other hand, this approach could lead 

to reducing the ecologic footprint. 

Alternative approaches for stromwater and wastewater management are gaining attention all 

over the World (Mitchell et al., 2002). These methods include treating the stormwater and 

wastewater as a resource, which can be of benefit in stabilizing and/or decreasing the 

demand, reducing the need to import water into the urban areas, and reducing the amount of 

discharged stormwater and wastewater to waterways, coastal waters and, (to a lesser extent) 

land. 
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Vanderzalm et al. (2010) suggested that stromwater induced by urbanisation and increase in 

impervious surface can be recycled via MAR in order to enhance traditional surface or 

ground water supplies. 

The tabular summary of MAR recharge studies/projects done with stormwater around the 

World is presented in Appendix B. 

2.4.3 Previous Studies and Projects on MAR in New Zealand 

Despite extensive MAR application and use around the World (Mitchell et al., 2002, Dillon 

et al., 2010 (IGRAC, 2017)), application of this technique is still at a pioneering stage in 

New Zealand. To date MAR web-based portal contains no record no studies/project in the 

global MAR inventory (IGRAC, 2017) . 

The first MAR project in New Zealand was piloted in the Heretanuga Plains in 1984 

(Koutsos and McBryde, 1989). The goal of this project was to replenish declining 

groundwater levels caused by over-exploitation of the aquifer caused by extensive domestic, 

agricultural and industrial use. Koutsos and McBryde, described the design of the MAR, 

monitoring of its performance and evaluating its effectiveness. The MAR was done by 

constructing four infiltration ponds that resulted in a 20% recharge increase. 

A MAR trial was conducted in 1986 in the Levels Plains Area near Washdyke South, 

Canterbury (Bird, 1986). It was shown that MAR increased natural recharge by 0.5 m3/s. 

Additional recharge was performed through a water supply bore at the Levels Golf Course 

and no well clogging was reported. 

In early 1990’s two MAR recharge trials were conducted in the West Melton-Yaldhurst Area 

by a Technical Advisory Group. First investigation was conducted from June to September 

1991 when ~110 l/s was introduced into recharge basin at the corner of Old West Coast Road 
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and State Highway 73 (Callander et al., 1991). The results of this exercise showed that 

groundwater levels within 3weeks of recharge increased at least 0.2 m over approximately 

4km2 area. 

Second study was piloted in period from August till October 1992 at Bells Road west Melton 

(Moore, 1992). During this period a flow of ~ 112 l/s was diverted from the Paparua 

Stockwater Race into a infiltration basin at Bells Road in West Melton Area. Groundwater 

was monitored in 25 bores and the result showed no significant groundwater level rise due 

to additional recharge. The rise in groundwater levels was credited to seasonal water level 

increase. Fruther investigation of MAR at this site was invatigated from June till September 

1993 (Moore, 1994). The results of this trial showed groundwater levels in shallow bores 

incresed ~0.5m and that there was  no response in deeper bores. Finding in both studies 

indicated that use of deep aquifer recharge instead of surface recharge would probbaly result 

in inprovment of low groundwter levels in the area 

MAR was tesed on the Eyere River , Horreville area, in September 2005 (Callander and 

Steffens, 2007). The trial was conducted by releasing continous flow of 2.7m3/s over 24 

days, from the Waimakariri Irrigation Scheme, during the time when river bed is naturally 

dry. As a consequence, groundwater levels in closest monitoring bores  incresed up to 6.9 m 

and at lesat 2.5m over the whole area (4300ha). 

Williams (2011) reported the result of analytical modelling of stream discharges and 

groundwater levels under a series of different recharge and groundwater use scenarios in the 

Te Waihora / Lake Ellesmere Catchment in order to support developing management plan 

in the area developed by former Canterbury Regional Council (now ECAN). The modelling 

results showed that even infiltration rate small as 5m3/s have measureable effects in lowland 
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Strems. It was concluded that MAR is preferred technique for restoring flows in lowland 

streams. 

Environment Canterbury performed an assessment of replenishment of the Selwyn-Te 

Waihora groundwater zone using MAR (Golder Associates, 2013). The scenario modelling 

provides catchment-scale water budget responses for a potential MAR scheme. The scenario 

confirmed that MAR will enhance recharge and offset the aquifer over-abstraction. 

MAR was considered as an option to mitigate imbalance in both quality and quantity of 

groundwater for the Hinds Plains (ECAN, 2013). Modelling was performed with different 

recharge rates in order to find a recharge rate that will produce a "healthy" lowland 

streamflow. The aim of this project was to offset the shortfall in both quality and quantity of 

the aquifer. 

Summary of previous studies in New Zealand is given in Table 2-5.
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2.5 Hydrogeological modelling 

Any real groundwater system can be converted into a hydrogeological model. A model 

represents a transformation of the real system or process into a form that enables 

investigation and evaluation of the system or prediction of the system behaviour for some 

future possible events (scenarios). 

Several types of models have been used in groundwater hydrology: physical models (porous 

models), analogue models, analytical methods, and numerical models (Prickett, 1979, Todd, 

1980, Wang and Anderson, 1982). 

Physical and analogue models are very expensive and site-specific. Physical groundwater 

models are scaled models made in laboratory conditions in waterproof tanks. Model 

boundaries are scaled down with the aquifer properties and their distribution is modified 

(Todd, 1980). Physical models provide good understanding of the groundwater flow, but the 

downside of this approach is that once the groundwater model is built it has restricted 

application. 

Analogue models are based on a fact that flow in porous medium is described by the same 

laws that apply as in other systems such as heat flow, laminar flow of fluids, and flow of 

electricity. These models reached a peak of popularity in the 1950’s and 1960’s (Prickett, 

1979) and there are few examples of recent use (see (Wang and Anderson, 1982, Todd, 

1980)). 

Analytical methods and numerical models are actually specific types of mathematical 

models. A mathematical model uses mathematical equations to describe the groundwater 
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system. This type of model is robust, with many variables, and complicated equations that 

need to be solved. There are two approaches for solving these mathematical equations. 

For the first approach, the analytical method, restrictive simplifications based on experience 

are applied, allowing an analytical solution. The simplifications include assumptions such 

as that the medium is homogeneous and isotropic (Mercer and Faust, 1980a, Konikow and 

Glynn, 2013).  

The second approach, a numerical model, uses numerical methods for solving the 

mathematical equations. It enables a groundwater system to be represented more accurately 

and to obtain a solution that is more realistic. This approach can include the heterogeneity 

of the model domain and the irregular shape of boundaries; it is not possible for these to be 

included in analytical models. 

The adequate evaluation of a groundwater system using a numerical model would still be 

very difficult if there were no fast, powerful and accessible computer-based tools. Although 

numerical models have been used since the 19th century, they came into extensive use in the 

mid-20th century with the advent of fast computers (Moore, 1979, Prickett, 1979, Mercer 

and Faust, 1980a, Wang and Anderson, 1982, Ferziger and Perić, 1999, Konikow and Glynn, 

2013). 

Hydrogeological modelling is a continuous process that involves the steps shown in Figure 

2.4.  
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Figure 2.4 Steps in hydrogeological modelling 

Once the purpose of the model is defined the next step is to collect necessary data about 

topography, climate, geology, and hydrogeology of the groundwater system of interest. A 

more specific description of the data necessary for the modelling in this research will be 

given in Chapter 3: Research Site Description and Data. 

2.5.1 Conceptual model 

The first step in hydrogeological modelling is to create a conceptual model of the 

groundwater system. All relevant information about the model is contained in the conceptual 

model (Anderson and Woessner, 1992b, Konikow and Bredehoeft, 1992, Refsgaard and 

Henriksen, 2004). One can say that the conceptual model is a “description of reality” 

(Refsgaard and Henriksen, 2004) that takes into account all information about geology, 

stratigraphy, boundaries, hydraulic properties, recharge mechanism etc., but also defines 

relations between model elements (Scholten et al., 2000). 
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The conceptual model is a set of simplified assumptions about the hydrogeological system-

the flow processes inside the system and interactions with adjoining systems. Since the 

conceptual model depends on the set of simplifying assumptions, different sets will produce 

different conceptual models. Simplifications will depend as well on the purpose of the 

model. It is very important not to oversimplify or under-simplify the conceptual model. If 

the model is oversimplified it will not yield the required results; if the model is under-

simplified there won’t be enough resources for it to produce required information (Bear and 

Cheng, 2010). These issues can be avoided by using the principle of parsimony. The 

parsimony principle suggests that models should be as simple as possible, but still taking 

into account all relevant properties and information about the system that is modelled 

(Scholten et al., 2000). The principle suggests that dominant processes and characteristics 

should be considered first. Features that could increase complexity of the system can be 

added later, but the importance of added features should be analysed before they are added. 

The conceptual model holds the following information about the groundwater system (Bear 

and Cheng, 2010): 

• topography, hydrogeology, and stratigraphy of the problem domain; 

• whether the model is one-, two- or three-dimensional (1D, 2D 3D respectively); 

• the boundary and boundary condition(s) (BC(s)); 

• the initial condition(s) (IC(s)); 

• model type (steady state or transient) 

• water source/sinks 

• material properties, etc. 

2.5.2 Numerical model 

Once creation of the conceptual model is completed the next step is to create the numerical 

model. As stated before, a numerical model is a special case of a mathematical model that is 

described with mathematical equations. The following sub-chapters will give a description 

of: 
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• the governing equations, BCs and ICs in the mathematical model of the groundwater 

system 

• methods for translating the mathematical model into the numerical model (FDM and 

FEM). 

2.5.2.1 Governing equations 

The three dimensional flow in porous media can be described by the following general 

equation (Mercer and Faust, 1980b, Huyakorn et al., 1986, Konikow, 1996, Beckers and 

Frind, 2000): 

 ∇� ∗ K� ∗ ∇�h + R = Ss
∂h
∂t

 
Eq 

2.12 

   

where: ∇�  differential operator [L-1] 

 h hydraulic head [L] 

 𝐾𝐾�  hydraulic conductivity tensor [Lt-1] 

 R source/sink function of fluid (R<0 outflow from (R>0 inflow to) 
the system) [t-1] 

 SS  specific storage of the porous medium [L-1]2 

Assuming that hydraulic conductivities are parallel to the axes, Eq 2.8 can be developed into 

a system of second-order partial differential equations (PDE) (Mercer and Faust, 1980b, 

McDonald and Harbaugh, 1988, Anderson and Woessner, 1992a, De Smedt, 2006, Bear and 

Cheng, 2010, Dong et al., 2012, Smith and Whetcraft, 1993): 

  

                                                 
2 Specific storage defines the volume of water that an aquifer releases from storage, per volume of aquifer, per 
unit decline in hydraulic head (Freeze and Cherry, 1979) 

http://en.wikipedia.org/wiki/Aquifer
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∂
∂x
�Kxx

∂h
∂x
� +

∂
∂y
�Kyy

∂h
∂y
� +

∂
∂z
�Kzz

∂h
∂z
� + R = SS

∂h
∂t

 

x, y, z ∈ ∂Ω, t ≥ 0 

Eq 

2.13 

where: KxxKyyKzz  
components of the hydraulic conductivity tensor along x, y and z 
axes 

[Lt-1] 

 ∂Ω  aquifer boundary 

 t time 

The system of PDE described by (Eq 2.9) has a vast number of solutions since the equations 

are not related to any specific flow problem and do not contain the information about the 

boundary of the problem domain. Additional information, in the form of boundary and initial 

conditions, is necessary so that a unique solution of the PDE (Eq 2.9) is reached. Therefore, 

the system of PDE defined by equation (Eq 2.9) will provide a unique solution when 

subjected to boundary conditions and initial conditions (Mercer and Faust, 1980b, Yeh, 

1986, De Smedt, 2006, Diersch, 2009, Bear and Cheng, 2010, Dong et al., 2012). 

BCs define how the considered system interacts with the outer environment, while the ICs 

represent the system’s known state at the initial time. 

Clearly, a problem is completely defined by the set of PDE (Eq 2.9) and a set of BCs and 

ICs. 

2.5.2.2 Boundary conditions 

BCs define the geometry of the boundary and the values of dependant variable at the 

boundary. There are three types of BC (Mercer and Faust, 1980b, Bear and Verruijt, 1987, 

NRC, 1990, Diersch, 2009): 

• First type: Dirichlet boundary (specified value) condition; 
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• Second type: Neumann boundary (specified flux) condition; 

• Third type: Cauchy boundary (value dependent flux) condition. 

A Dirichlet boundary condition (specified value) defines known specific values of a 

dependant variable along the boundary (e.g., piezometric head) and can be expressed as 

(Yeh, 1986, De Smedt, 2006, Diersch, 2009): 

 
ℎ(𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏 , 𝑂𝑂)|Ω𝑖𝑖 = ℎ𝑏𝑏(𝑂𝑂) 

𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏 ∈ 𝜕𝜕Ω𝑖𝑖 , 𝑂𝑂 ≥ 0 

Eq 

2.14 

where: 𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏  point on the boundary 

 ℎ𝑏𝑏  known function of time [L] 

 t time [t] 

It is also called a potential BC as it defines the potential ℎ𝑏𝑏 on the contact boundary of the 

observed system and any kind of water body (river, lake). The main assumption for this BC 

is that the potential ℎ𝑏𝑏 will remain constant; flow inside the groundwater system will have 

no influence on the potential of the adjoining system (De Smedt, 2006). 

A Neumann boundary condition (specified flux) defines flux through the boundary (e.g. 

groundwater recharge) (Yeh, 1986, De Smedt, 2006, Diersch, 2009): 

 

qn(xb, yb, zb, t)|Ωi = qb(t) 

xb, yb, zb ∈ ∂Ωi, t ≥ 0 
 

Eq 2.15 

or 
−K

∂h
∂n

|Ωi = qb(t) 

t ≥ 0 
Eq 2.16 
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where: 𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏  point on the boundary 

 𝑞𝑞𝑛𝑛  flux component perpendicular to the boundary [Lt-1] 

 𝜕𝜕ℎ
𝜕𝜕𝑛𝑛

  the derivative of the potential perpendicular to the boundary 

 𝐾𝐾  hydraulic conductivity [L t-1] 

 Ω𝑖𝑖  aquifer boundary 

 t time [t] 

In other words, the second BC assumption is that normal flux is constant and defined by 

external conditions regardless of the flow state inside the groundwater system. Inflows to 

the groundwater system have positive sign and outflows have negative sign. A special case 

of this BC is a no-flow boundary, where the flux component perpendicular to the boundary 

is zero. 

A Cauchy boundary condition (value dependent flux) is a combination of Direlcht and 

Neumann BCs. This BC expresses flux dependent on a primary variable (e.g., piezometric 

head) (Yeh, 1986, De Smedt, 2006, Diersch, 2009): 

 
𝑞𝑞𝑛𝑛(𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏 , 𝑂𝑂)|Ω𝑖𝑖 = 𝐶𝐶𝑏𝑏[ℎ𝑏𝑏(𝑂𝑂) − ℎ(𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏 , 𝑂𝑂)]|Ω𝑖𝑖 

𝑥𝑥𝑏𝑏 ,𝑦𝑦𝑏𝑏 , 𝑧𝑧𝑏𝑏 ∈ 𝜕𝜕Ω𝑖𝑖, 𝑂𝑂 ≥ 0 

Eq 

2.17 

and 𝐶𝐶𝑏𝑏 = 𝐾𝐾𝑏𝑏
𝐷𝐷𝑏𝑏�  

Eq 

2.18 

   

where: 𝐶𝐶𝑏𝑏  boundary conductance [t−1] 

 𝐾𝐾𝑏𝑏  hydraulic conductivity of the boundary layer [Lt-1] 

 𝐷𝐷𝑏𝑏  thickness of the boundary layer [L] 

The third type of BC is applied to a groundwater system’s boundary that is in contact with 

water body (river, lake) that has fixed potential but the exchange between them is restricted. 
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The restriction is caused by a permeable boundary layer (e.g. a mud layer in a river, a clogged 

filter in a well) that lies between the system and water body (De Smedt, 2006). The flux 

reduction is defined by 𝐶𝐶𝑏𝑏 in the Eq 2.14, which represents the conductive capacity of the 

permeable boundary layer. 

Summary of all boundary conditions and their application can be found in Table 2-6: 

Table 2-6 Summary of boundary conditions and their application 

Type of boundary condition Application 

Dirichlet boundary condition (specified 

value) 

piezometric head 

Neumann boundary condition (specified 

flux) 

groundwater recharge 

Cauchy boundary condition (value 

dependent flux) 

groundwater recharge dependant on 

piezometric head 

2.5.2.3 Initial conditions 

The IC defines values of a dependant variable (e.g. piezometric head) at an initial time within 

a defined boundary: 

 h(x, y, z, 0) = h0(x, y, z)                           x, y, z ∈ Ω, t = 0 
Eq 

2.19 

   

where: h(x,y,z,t) potentiometric (piezometric) head [L] at time t 

 Ω flow region 

For steady state flow the IC is not needed. 
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2.5.2.4 Methods for solving governing equations 

The solution of the differential equations (Eq 2.9 ) under the initial and boundary conditions 

defined by Eq 2.15 can be achieved by using one of the following numerical methods 

(Diersch, 2014): 

• Finite difference method 

• Method of characteristics 

• Finite element method 

• Finite volume method 

• Boundary element method 

• Meshless method 

• Spectral element method. 

The difference between these seven techniques is how the partial differential equations are 

approximated. For solving Eq 2.9, the FDM uses a differential approach and the FEM uses 

an integral approach. Both approaches require discretization of the problem domain in order 

for the groundwater flow equations (Eq 2.9) to be solved. The discretization is achieved by 

creating a system of nodal points that form a grid over the region. The grid consists of non-

overlapping elements that are either rectangular (Figure 2.5a) or triangular (Figure 2.5b). 

The type of grid depends on which numerical method is used. The FDM uses a rectangular 

grid and the FEM uses an irregular triangular grid. 
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Figure 2.5  Grid type: a) finite-difference rectangular grid b) finite-element grid 

(adapted from (Mercer and Faust, 1980a)) 

2.5.2.5 Finite difference method 

For the FDM, once the conceptual model is defined and translated into mathematical form 

(Eq 2.9 and Eq 2.15), the model domain is discretized by creating a rectangular grid. A 

rectangular grid can be regular or irregular, depending on the spacing between grid points. 

If the spacings Δx and Δy are constant in directions x and y, respectively, then the mesh is 

regular (Figure 2.6a), otherwise the mesh is irregular (Figure 2.6b). The rectangular grid type 

used depends on required detail in the modelling: an irregular grid is often applied when 

more detail is required in only part of model, such as near wells or the boundary. 

  

Figure 2.6  a) Regular grid b) Irregular grid 

Depending on the location of points where solution is obtained (Figure 2.7), rectangular grid 

can be mesh-centred or block-centred (Faust and Mercer, 1980, Wang and Anderson, 1982, 
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Konikow, 1996). If the points are located at gridline intersections, the grid is mesh-centred 

(Figure 2.7a); if the points are between grid lines, the grid is block-centred (Figure 2.7b). 

 

Figure 2.7 Grid type: a) mesh centred and b) block centred  

The next step in the FDM is to apply a finite difference approximation to the space and time 

derivate. No matter which approach is used (mesh centred or block centred) the equation for 

the arbitrary node (r,s) can be written as: 

Br,sdr−1,s
n + Dr,sdr,s−1

n + Er,sdr,s
n + Fr,sdr,s+1

n + Hr,sdr+1,s
n ≈  Qr,s

n−1 Eq 2.20 

 

where: d dependent unknown value at a specific node at the new time 
level n 

 Br,s, Dr,s , Er,s ,
Fr,s, Hr,s 

coefficients that represent contributions from adjacent nodes 
calculated at the new time level (n) (further explanation of the 
coefficients can be found in (Freeze and Cherry, 1979)) 

 Qr,s
n−1  value computed from information at the old-time level (n-1 ). 

 n, n-1 time levels 

Writing Eq 2.16 for N nodes will result in N algebraic equations with N unknown dependent 

variables. 
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2.5.2.6 Finite element method 

The finite difference approach is somewhat more complex because it requires a couple of 

additional steps for solving Eq 2.9 under the initial and boundary conditions defined by Eq 

2.15. Once the mathematical equations for the groundwater system are defined (Eq 2.9 and 

Eq 2.15) they are transformed into integral form by applying the method of weighted 

residuals or the variation method (further reading can be found in (Faust and Mercer, 1980, 

Wang and Anderson, 1982, Huyakorn and Pinder, 1983, Lee, 1999). The problem domain is 

then subdivided into triangular elements (other types of elements can be used as well, such 

as lines for 1-D problems, quadrilaterals for 2-D problems and prisms or tetrahedrons for 3-

D problems). Once the problem domain is discretised dependent variables need to be defined 

in terms of interpolation functions. These functions are introduced to fulfil certain 

mathematical requirements and to reduce computation (Faust and Mercer, 1980); they are 

called basis functions (further reading can be found in (Zienkiewicz et al., 2005)). The next 

step is to express an integral relationship for each element in terms of coordinates of all node 

points for the element. The system of first-order linear differential equations, in combination 

with the boundary conditions, is then defined. As in the FDM, the finite difference technique 

is then applied in order to obtain a set of N algebraic equations with N unknown dependent 

variables. 

2.5.2.7 Solution techniques 

This complex system of algebraic equations derived by applying either FDM or FEM can be 

solved by introducing matrix solution techniques: a) direct methods and b) iterative methods 

(Faust and Mercer, 1980, Anderson and Woessner, 1992a). Solving techniques won’t be 

addressed in this thesis and further reading can be found in (Smith, 1985, Zienkiewicz et al., 

2005, Diersch, 2014). 
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2.5.3 Model Calibration 

Calibration is a process of determining if the model is able to re-produce observed (field) 

values (e.g. heads, flow) (Anderson and Woessner, 1992a). The model outputs after 

calibration are called calibrated values, and they should match observed values within a 

predetermined error extent (Anderson and Woessner, 1992a). The model is calibrated if, for 

a specific set of: a) parameters (hydraulic conductivity, specific storage), b) boundary 

conditions, and c) stresses (e.g., recharge), the model outputs (e.g., heads and flows) are 

within a predetermined range of observed values. 

There are two types of calibration problems: 

1. inverse problem – optimal values of parameters and stresses are determined from 

observed dependent variable/values; 

2. forward problem- dependent variable/values determined from specified parameters 

and stresses. 

Most of the models are inverse problems, because a dependent variable (head) is observed, 

and the task is to find parameter values for a set of boundary conditions. Calibration can be 

done in two ways: manually by trial and error or by automated calibration (using specially 

developed code, e.g., PEST) (STOWA/RIZA, 1999, ASTM, 2018).  

Calibration can be done for both steady-state and transient conditions. Generally initial 

calibration is done for steady-state conditions and then the transient calibration is performed, 

especially in cases of large seasonal fluctuations. 

After calibration is done, model outputs need to be evaluated both qualitatively and 

quantitatively (Anderson and Woessner, 1992a). The qualitative evaluation of the model 

outputs is done by visual comparison of measured and computed values (e.g. contour maps) 

(Chapter 4). 
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The quantification of the error is objective, but the selection of an acceptable level of error 

is less objective and requires a degree of subjective judgement. The goal is to quantify the 

average error of the model outputs compared with the observed values, and this can be done 

by several methods. The methods for quantifying the error will be addressed in more detail 

in Chapter 4. 

Lastly, once calibrated a model has to be validated. Validation should be done with a separate 

set of data, to test if the model with the calibration set of parameters and under the same 

boundary conditions, but under a different stress is able to produce output values that match 

observed values within the previously predefined limits. 

Often, models cannot be validated because there is only one set of observed data. In this 

case, it is necessary to perform a sensitivity analysis. The main goal of a sensitivity analysis 

is to quantify the effects on model outputs of a change of parameter. The sensitivity analysis 

is preformed systematically; one parameter at a time, within the predefined realistic range 

for each parameter of the model. 

2.6 Concluding Remarks 

Previous studies of managed artificial groundwater recharge have mainly focused on 

recharge in rural areas with the aim of improving aquifer yield to satisfy agricultural water 

needs (Getchell and Wiley, 1995, Dillon et al., 2009) or on identifying some of the factors 

that might influence the community support of a novel water source (stormwater) for MAR, 

and which have been overlooked in stormwater research to date (e.g. (Leviston et al., 2006, 

Nancarrow et al., 2010). There are few studies investigating the cumulative effects of 

artificial recharge at the urban catchment scale. 
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Authorities worldwide are still facing the challenge of maintaining water capacity in existing 

reservoirs and providing storage for supplementary water supplies (McArdle et al., 2011). 

MAR using stormwater is a novel approach preferred by water experts since it is addressing 

both water supply and excess stormwater storage issues (Mankad et al., 2015). On the other 

hand, MAR using excess urban stormwater for domestic (potable and non-potable) use is a 

practice unknown to the general public, and that can raise issues relating to its acceptance 

(Wu et al., 2012). But it is most likely that this novel approach will become accepted by 

general public (Mankad et al., 2015). Furthermore, MAR with excess stormwater can be 

applied to varying scales, it has capability for producing high quality water, and it can cost 

less than alternative approaches (Dillon et al., 2009). 

Since the need to capture natural recharge and/or to reuse treated water is increasing, MAR 

as an important water supply management tool will result in improved recharge techniques 

(Getchell and Wiley, 1995). Furthermore, growing number of innovative aquifer storage and 

recovery installations undoubtedly will become common in the future. 

Moreover, the role of artificial recharge in maintaining the hydrologic neutrality at the urban 

catchment scale has not been addressed before. This study will, for the first time, examine 

the use of MAR as a method to mitigate the effects of urbanization in a complex urbanising 

catchment in order to maintain catchments-scale predevelopment hydrology. 

There are a few recommendations that models that have complex topography should use 

packages that use a finite element scheme (e.g. Brown, 2002). However, to the author’s 

knowledge, at present the time there have been no studies comparing the performance of two 

numerical schemes and there is no general recommendation when to use one or the other 

scheme (Prickett, 1979, Konikow, 1996). Both numerical schemes have been used widely 

for groundwater investigations Table 4.2. Groundwater modelling is valuable tool for 
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analysis and further development of proposed AR schemes (Latinopoulos, 1981, Peters, 

1998). 



 

CHAPTER 3 The Study Area and Data 

This chapter gives a description of the study areas presented in this thesis. The main 

hydrogeological characteristics of the selected groundwater catchments are described. This 

chapter also presents available data for water balance and groundwater modelling used in 

this research study.  
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This research involved two case studies located in the New Zealand’s North Island; The 

Northern Strategic Growth Area (NorSGA) west of Auckland and the Horowhenua 

Groundwater Management Zone (HGMZ) in the Manawatu-Wanganui Region shown in 

Figure 3.1 a) and b), respectively. 

 

Figure 3.1 Locations of the Research Sites a) The Northern Strategic Growth Area 

(NorSGA) b) Horowhenua Groundwater Management Zone (HGMZ)) 



CHAPTER 3: Study Area and Data  
 

58 Marija R. Tutulić | The University Of Auckland 
 

3.1 Northern Strategic Growth Area (NorSGA) 

3.1.1 Location 

The Northern Strategic Growth Area (NorSGA) is located in the Kumeu-Hobsonville area 

in the north-western part of Auckland, NZ (Figure 3.2). The majority of urban development 

in the Kumeu Hobsonville area will take place in the NorSGA within the next 50 years 

(Figure 3.3). 

The NorSGA consists of the following regions (Figure 3.3): Redhills, Massey North, 

Whenuapai, Hobsonville Road Corridor, Hobsonville Peninsula (including the previous 

Hobsonville Airbase), and Scotts Point (WCC, 2009). 

The NorSGA is located within the Kumeu Waitemata (Sandstone) High Use Aquifer 

Management Area (KWHUAMA) (AC, 2013). If the more than 50 percent of available 

groundwater is allocated or it is going to be allocated over the life of Auckland Council 

Regional Plan (AC, 2013) the area is designated as High Use Aquifer Management Area. 

The total groundwater demand within the KWHUAMA is about half of the total available 

groundwater. Based on the localised demand in the KWHUAMA three zones can be 

distinguished (Figure 3.4) (Crowcroft and Bowden, 2002): 

1. zone with high demand: demand exceeds availability (red zone); 

2. zone with moderate demand: demand is almost equal to availability (orange zone); 

3. zone with low demand: demand is significantly less than the availability (green 

zone). 
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Figure 3.2 Location of The Northern Strategic Growth Area (NorSGA) 

 

Figure 3.3 NorSGA regions and proposed urban development  
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Figure 3.4 Groundwater demand in the KWHUAMA (after (Crowcroft and Bowden, 

2002)) 
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3.1.2 Salient Features of the NorSGA 

The NorSGA is a complex catchment, having significant spatial variability in geology 

(Figure 3.8), topography (Figure 3.13) and rainfall (Figure 3.5). 

 

Figure 3.5 Rainfall distribution in the NorSGA 

The regional geology of the Auckland area has been described by (Edbrooke, 2001). In the 

greater Auckland region two parallel volcanic belts were formed (Figure 3.6): Waitemata 

Group and Waitakere Group. 

The Waitemata Group rocks were formed by a combination of subduction, related volcanic 

belts, and compressional tectonics in the Auckland and Northland regions. During the Late 

Oligocene to Early Miocene (c.25 to 16 million years [Ma] ago) the oceanic Pacific Plate 

was sub ducting in a south-westerly direction beneath the Australian Plate. From the late 

Oligocene (c.25 Ma ago) an arc of mainly submarine volcanoes was formed to the west of 

present West Coast (Figure 3.6), later producing a line of volcanic islands. In the east there 
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was an arc of younger, more terrestrial, volcanoes in the line of present-day Coromandel 

Peninsula and Great Barrier Island. The Waitemata basin, a deep marine basin (1000 to 2000 

m deep) was formed between them. The basin filled with sediment from higher ground to 

the north, west and east, to give the present-day rocks of the Waitemata Group. 

 

Figure 3.6 Geological context of the Auckland region (after (Kay, 2008)) 

Most of the sediment in the Waitemata Basin was mud, deposited slowly in the deepening 

Waitemata Basin, but intermittently strong turbidity currents flowed rapidly across the sea 

floor depositing layers of silt and sand (Kermode, 1992). The coarse layers can have 

permeability several orders of magnitude greater than that of the mudstone layers. The 

Waitemata Group deposits are up to 2000 m thick. Within the KWHUAMA they are of the 

order of several hundred meters thick (Kermode, 1992). 
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Although much of the Waitemata group consists of semi-parallel gently dipping strata, there 

is extreme localized folding and faulting of the sedimentary material resulting from 

submarine slumping of strata during, or soon after, deposition (Strachan, 2008) (Figure 3.7). 

The combination of alternating layers of fine and corase material, deformations that occurred 

during deposition, and later minor folding and faulting have resulted in a complex geological 

formation with variations over small distances. 

In the east and centre of the KWHUAMA (and for nearly all the NorSGA) the Waitemata 

Group is represented by the East Coast Bays Formation derived from sediment from older 

rocks in the higher ground to the north and east of the basin (or possibly from volcanic ocean 

islands - see (Shane et al., 2010))( Figure 3.8). 

 

Figure 3.7 Exposures of Waitemata Group Formations a) Gently dipping, alternating 

layers of mudstone and sandstone (Edbrooke, 2001) b) Highly deformed alternating layers 

of mudstone and sandstone, resulting from submarine slumping (GNS, 1992) 
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Figure 3.8 Simplified Geology of the NorSGA Area (after (Edbrooke, 2006)) 

The present-day expression of the East Coast Bays Formation is the gently rolling 

topography of generally low relief over much of the Auckland Region. In the west of the 

KWHUAMA, the Waitemata Group is represented by the Cornwallis Formation, derived 

from sediments from the contemporaneous volcanic area to the west of the Waitemata Basin. 

The Cornwallis Formation overlies and interdigitates with Warkworth Subgroup rocks to the 

east (Figure 3.8). The present-day expression of the Cornwallis Formation is the north-

eastern foothills of the Waitakere Ranges. 

On western fringe of the KWHUAMA, the volcaniclastic flysch of the Waitakere Group 

(Nihotupu Formation) was formed during the Early to Mid-Miocene (c.24 to 11 Ma ago) as 

marine sediments at some distance from the contemporaneous volcanic arc. The sandstones 

and mudstones of the Nihotupu Formation are derived from erosional material from volcanic 

rock and were formed in a similar manner to the Waitemata Group. The present-day 
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expression of the Nihotupu Formation is in the eastern part of the Waitakere Ranges. The 

Waitakere Group overlies the Waitemata Group (Figure 3.9). 

 

Figure 3.9 Waitemata Group and the Waitakere Group (FO: first occurrence; LO-last 

occurrence (after (Allen et al., 2007)) 

Beneath nearly all the NorSGA, the local basement material is the East Coast Bays 

Formation (Figure 3.7a and Figure 3.10a). Beneath about 1% of the area of NorSGA (the 

south-west corner of the Massey post-1921 development area), the basement material is the 

Cornwallis Formation (Figure 3.8). 

In areas of low relief in the lower parts of stream catchments, much of the material overlying 

the sandstone is composed of relatively recent (less than 2 million years old) thinly bedded 

alluvial deposits. These alluvial deposits are mainly re-worked pumiceous material, the 

original source of which is volcanic material from the Taupo Volcanic Area (Figure 3.10b). 



CHAPTER 3: Study Area and Data  
 

66 Marija R. Tutulić | The University Of Auckland 
 

There are also beds of peat and lignite. The alluvial deposits are up to 60 m thick in the 

NorSGA area (Kermode, 1992) but the average thickness is about 20 m. Soils that have 

formed in-situ on the Waitemata Sandstone are clay rich and only a few metres thick (Figure 

3.10a). 

 

Figure 3.10 Coastal Exposures of Waitemata Sandstone and Alluvium a) East Coast Bays 

Formation at Brigham Creek, Whenuapai - interbedded sandstone and mudstone, with about 

one metre of soil formed in-situ. 36° 47.5' S, 174° 35.5' E b) Puketoka Formation at Te Atatu 

North - re-worked, pumiceous material, the original source of which is volcanic material 

from the Taupo Volcanic Area. 36° 50.0' S, 174° 39.7' E 

The general form of the Waitemata Sandstone layers is known from exposures (e.g. Figure 

3.7a and Figure 3.10) but the detailed form in the KWHUAMA is not known. It is not known 

if localised complex structures resulting from faulting or from debri flows or turbidity 
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currents (Strachan, 2008) are present in the KWHUAMA. It is also not known if any such 

structures would inhibit or enhance groundwater flow through the aquifer. 

There are two distinct sources of groundwater in the KWHUAMA: the shallow, unconfined, 

surface aquifer (the alluvium aquifer); and the deep, confined (or possibly semi-confined) 

aquifer (the Waitemata Sandstone aquifer). The alluvium aquifer is low yielding and prone 

to contamination from surface water; it is not addressed further in this report in terms of a 

source of water supply, but it is a possible route for recharge of the Waitemata Sandstone 

aquifer. 

The route by which rainfall recharges the Waitemata Sandstone aquifer is not known. There 

are twomain, and contradictory, hypotheses. The first hypothesis is that recharge occurs 

directly into outcrops of the sandstone aquifer, with recharge water then flowing laterally 

through the more permeable sandstone layers (Figure 3.11). 

 

Figure 3.11 Possible Localised Recharge Mechanism at Sandstone Outcrops (after 

(Davidson, 1990)) 

The second hypothesis is that recharge is vertically down through the overlying deposits and 

travels vertically down through the Waitemata Sandstone through fractures in the rock. 

Groundwater flow within the Waitemata Sandstone aquifer is controlled more by lithologic 

properties of the beds, such as porosity and permeability, than by tectonic structures such as 

faults and fractures induced by folding of the beds (Davidson, 1990). The Waitemata 

Sandstone aquifer is actually a composite of alternating, relatively thin, aquifers and 

aquitards. The groundwater flow is mainly within discrete permeable sandstone layers which 
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are separated vertically from each other by low-permeability mudstone layers (Scoble and 

Millar, 1995). The sandstone and mudstone layers are usually less than 1 m thick. The 

permeability of the sandstone layers is variable; some contain coarse material and are highly 

permeable, with permeability several orders of magnitude greater than that of the mudstone 

layers. The highly permeable layers are irregularly distributed within the total depth of the 

Waitemata Sandstone. Drillers' reports, however, suggest that useful groundwater yields are 

from zones (tens-of-metres thick) with higher average permeability rather than from discrete 

high-permeability beds. 

The flow rate of groundwater through the Waitemata Sandstone aquifer in the KWHUAMA 

is not known. For assumed transmissivity of 2 m3 per day and assumed thickness of 300 m 

(Scoble and Millar, 1995), the lateral flow rate through the aquifer would be about 7 mm per 

day or 2.4 m per year. This gives a recharge time (time for flow from the recharge zone to 

an extraction well) of the order of 400 years for a recharge distance of the order of 1 km. 

Carryer (1978) estimated the recharge time of the Waitemata Sandstone aquifer at Orewa to 

be 100 years and estimated the groundwater residence time to be of the order of 1,000 years. 

Groundwater levels are mainly controlled by topography but with local depressions in areas 

of high abstraction rates. There are two groundwater divides, both trending north-east to 

south-west. One of the divides is in the general vicinity of Huapai and Kumeu and the other 

is in the Whenuapai, Hobsonville and West Harbour area. It appears that regional 

groundwater flow is generally towards the West Coast, the Ngongetepara Stream (western 

Whenuapai), and the Upper Waitemata Harbour (Figure 3.12). 
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Figure 3.12 Groundwater flow directions in KWHUAMA 

The sandstone aquifer is used as a source of water for rural domestic supply, stock watering, 

industry supply and irrigation. Yields are low to moderate (a few cubic meters per day to 

over 1,000 m3/day, with most less than 200 m3/day) and it is mostly drinking water quality. 

The alluvium aquifer is low-yielding and is prone to contamination from surface water. 

3.1.3 Available Data 

In this section available data for the research is presented. The following data required for 

conducting the study are available to the author: 

• Digital elevation model 

• Geological maps 

• Land use maps 
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• Bore logs 

• Hydrological data for water balance 

• Pumping test data 

• Calibration data 

3.1.3.1 Digital Elevation Model 

The digital elevation model (DEM) was obtained from Landcare Research (Landcare 

Research, 2010). It is a 25 m digital model of the greater Auckland region that includes the 

research site (Figure 3.13). 

3.1.3.2 Geological Maps 

Geological maps required for the research are available from Geology of the Auckland Area 

Quarter Million Mapping Programme (QMAP)) (Edbrooke, 2006). It is digital geological 

map of greater Auckland region with scale 1:250 000 (Figure 3.8 after (Edbrooke, 2006)). 

3.1.3.3 Land Use Maps 

Land use maps are obtained from Land Cover Database 4 (LCDB 4) (Landcare Research, 

2015). In this database land cover and land use are classified in 33 classes covering mainland 

New Zealand, the near shore islands and the Chatham Islands. 
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Figure 3.13 NorSGA and KWHUAMA represented by digital elevation model (DEM) 

3.1.3.4 Bore Logs 

There are more than 500 bore logs in greater KWHUAMA area for which Auckland Council 

(AC) (former Auckland Regional Council (ARC)) has records (pers. comm., R. Samuel, 

former ARC, Dec 2009). Within the KWHUAMA domain there are about 210 bores but only 

107 scanned copies of these bore logs were obtained from the former ARC (Figure 3.14). 

These bore loges contain stratigraphic information of an area that is greater than the research 

area. Most of the stratigraphic information recorded in the bore logs is of poor quality, but it 

provided an estimate of depth from ground level to the top of the sandstone aquifer and an 

estimate of the lower limit of the sandstone aquifer. 

Most of the stratigraphic information recorded in the bore logs is of poor quality. Strata 

recorded in the bore logs with descriptions such as "sandstone" or "mudstone" could not be 

correlated, even for bores within a few hundred meters of each other. This reflects the 
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difficulty of logging complex formations, such as those in the Waitemata Group, from the 

washings from rotary wash drilling. It also highlights the general poor quality of logging by 

drillers. 

Bore logs within the NorSGA boundary are appended to this thesis (Appendix C). 

3.1.3.5 Hydrological Data for Water Balance 

Data necessary for estimation of recharge from monthly water balance model were obtained 

from two different sources. Streamflow data was obtained from the former ARC. Rainfall 

and evapotranspiration data were obtained from the NZ National Climate Database (CliFlo) 

(NIWA, 2010). 

3.1.3.6 Pumping Aquifer Test Data 

Pumping test results were also obtained from the former ARC’s paper based files. There are 

records from 12 locations (Figure 3.15). Most of the tests were single well tests and for most 

tests transmissivity values were available from both the pumping and recovery stages of the 

test. These tests provided an estimate of average values of transmissivity and storativity 

(Appendix C). The results were available from 12 pumping tests within the KWHUAMA 

(Figure 3.15).  
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Figure 3.14 Available Scanned Bore Logs 

 

Figure 3.15 Bores with pumping aquifer test data in KWHUAMA 



CHAPTER 3: Study Area and Data  
 

74 Marija R. Tutulić | The University Of Auckland 
 

3.1.3.7 Calibration Data 

Ground-water levels for model calibration were available from two sources: 

• Time-series of ground-water levels (Figure 3.16); 

• Contours of average summer ground-water levels (Figure 3.17) and winter 

ground-water levels (Figure 3.18) 

Time series of ground-water levels were available from the former ARC for ten bores within 

the KWHUAMA, and five of these bores are within the model domain (Figure 3.16). The 

length of the time series of ground water levels varies from 8.6 to 25.8 years. The time-step 

of the records varies from 15 minutes to monthly (Appendix C). 

 

Figure 3.16 Available bores with time-series of groundwater levels in KWHUAMA 

Contours of average summer ground-water levels (Figure 3.17) and average winter ground-

water levels (Figure 3.18) are sourced from ARC’s TP60 (Scoble and Millar, 1995) and then 

manually digitized for use in calibration. 
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Figure 3.17 Average summer water levels contour plot (Scoble and Millar, 1995) 

 

Figure 3.18 Average winter water levels contour plot (Scoble and Millar, 1995) 
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3.2 Horowhenua Groundwater Management Zone (HGMZ) 

3.2.1 Location 

The second case study, the Horowhenua Groundwater Management Zone (HGMZ) is 

located in Manawatu-Wanganui Region, in the western part of the lower Northern Island 

(Figure 3.19). In this area the distance between the Tararu Ranges and the sea is smallest, 

around 10 km. The HGMZ consists of the following groundwater sub catchments: Waitare 

North, Poroutawhao, Koputaroa West, Koputaroa East, Waitare South, Lake Horowhenua, 

Waiwiri, Ohau and Waikawa (Figure 3.19). 

 

Figure 3.19 Horowhenua Groundwater Management Zone (HGMZ) 

Levin is the major urban area, and there are other significantly smaller beach settlements 

along the coast Waitarere, Hokio Beach, Waikawa Beach. The majority of the HGMZ area 
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is used for agriculture purposes (dairy, horticulture, pastoral, etc.) and its rapid growth is 

undergoing at present time (HRC, 2007). 

For the HGMZ catchment it is expected that urban development will take place in Levin 

urban area, Lake Horowhenua (LH) sub catchment, within next 30 to 40 years (pers. comm. 

(Meyer, 2014)). The LH groundwater sub-catchment is urbanising area of the HGMZ. 

3.2.2 Salient features of the Horowhenua Groundwater Management 

Zone (HGMZ) 

The HGMZ is a complex catchment, having significant spatial variability in geology (Figure 

3.23), topography (Figure 3.25) and rainfall (Figure 3.20). 

The HGMZ area has been well studied by (Hughes, 2005, Zarour, 2008, White et al., 2010a, 

White et al., 2010b) and many others (see (Zarour, 2008)). 

The topography of the Horowhenua area slopes steeply from the Tararua Range west towards 

Levin (Figure 3.20). From Levin towards the coast on the west the topography consists of a 

series of low‐lying hills and shallow valleys. 
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Figure 3.20 Topography of Horowhenua Groundwater Management Zone (HGMZ) 

represented by a digital elevation model (DEM) 
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Figure 3.21 Rainfall distribution in the HGMZ 

The climate of the HGMZ is mild in the coastal area with greater climatic extremes inland. 



CHAPTER 3: Study Area and Data  
 

80 Marija R. Tutulić | The University Of Auckland 
 

There is a significant spatial variability of the rainfall in the catchment over small distance 

(Figure 3.21) 

 

Figure 3.22 Mean annual evapotranspiration contours in the HGMZ 
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The mean annual evapotranspiration in the HGMZ has a significant spatial variability 

(Figure 3.22) The mean annual ETactual in the HGMZ is estimated to be 751 mm (Woods et 

al., 2006). 

 

Figure 3.23 Simplified geology of the HGMZ 
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The regional geology of the Manawatu-Wanganui Region was described as a part of the 

QMAP series in Geology of the Wellington Area (Begg and Johnston, 2000). 

The major rock groups in the HGMZ from oldest to youngest include (White et al., 2010a) 

(Figure 3.23): 

• Triassic‐Jurassic greywacke basement; 

• Quaternary sediments of Pleistocene age (Q2-Q6); 

• Quaternary sediments of Holocene age (Q1). 

Q1 to Q6 units follow the nomenclature given by (Begg and Johnston, 2000) in Geology of 

the Wellington Area. 

Greywacke rock is the oldest rock in the HGMZ (c. 235 to 208 Ma ago) and it forms the 

basement of the HGMZ. In the HGMZ, greywacke basement rock consists of hard 

quartzofeldspathic sandstone interbedded by mudstone with mineralised cement deposited 

in a marine environment (Begg et al., 2005). Tectonic uplift caused greywacke to outcrop 

during the Pleistocene (White et al., 2010a). The greywacke outcrop formed the Tararua 

range that extends from south of Manawatu George to north of Wellington (White et al., 

2010a). The greywacke is steeply dipping from the Tararua range on the east towards the 

coastline on the west (Figure 3.25), as a result of several generations of folding and faulting 

in the HGMZ area. The bottom of greywacke rock in the HGZM is considered to be deeper 

than 100 m below sea level (mbsl). 

Quaternary sediments of Pleistocene age (Q2-Q6 and older units) hugely present in the 

HGMZ, were deposited up to 1.81 million years ago (c 1.8 Ma to 12ka) during a cycle of 

alternating climatic periods of colder climate (glacial periods) and warmer climate 

(interglacial period) (Berggren et al., 1995). As a consequence of cyclic change in climate 

from cool to warm periods during Pleistocene age, these deposits consist of alternating layers 
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of gravels and layers of sands and muds inter-bedded with shells (Hughes, 2005). Thinner 

gravel layers were formed during cold periods when the sea levels were lower, while thicker 

sand and mud layers were formed during warmer periods when sea levels were higher 

(Hughes, 2005). Therefore the sediments were grouped into following groups: 

• Q6 and older sediments (Q6, Q7 and Q8 units), 

• Q5 units, 

• Q2‐Q4 (Q2, Q3 and Q4 units) and  

• Q1 units. 

Q6 and older sediments were deposited during cold period (c. 128 to 300ka ago). They were 

formed by the erosion of Tararua Range and extend to the west from the foothill of the range. 

The sediments are relatively thick and consist of gravel. These sediments can be found at 

depth ~ 60 bmsl to 70 bmsl within the HGMZ (Carter and Naish, 1998). The thickness of 

deposits is approximately 30 m around area and is increases form ~30 m Lake Horowhenua 

towards the north of the study area (Hughes, 2005). 

Q5 units were deposited during warm climate (c. 71‐128 ka ago). This unit, also known as 

Otaki Sandstone (Oliver, 1948), consists of sand and marine deposits. The Q5 units can be 

found at the ground surface in the area near the south-eastern part of the HGMZ (Figure 3.23 

and Figure 3.25). 

Q2-Q4 units, can be found at the surface close to the foothills of the Tarura Range and in 

Levin region (Figure 3.23 and Figure 3.25) at a depth of ~ 40 m below ground (Hughes, 

2005). These sediments formed during last cold period (17 to 21 ka ago) and consists of 

thick alluvial deposits of gravel, sand and silt.  

Lastly, Q1 was deposited during the current warm period from ~ 12 ka to present day. The 

thickness of Holocene sediments varies from 10 m to 20 m at the coast in the western part 
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of the HGMZ and decreasing towards the Tararua range at the east of the study area. 

Holocene sediments (sand, silt and gravels) are present throughout the study area as the 

surface lithology especially in the coastal plain and extend inland towards the foothills of 

the Tarurua ranges (Figure 3.23 and Figure 3.25). 

Groundwater levels are mainly controlled by topography. It appears that regional 

groundwater flow is generally towards the west Coast, the Manawatu River (Koputaroa West 

and Poroutawhao), and towards Lake Horowhenua and Lake Papaitonga (Figure 3.24). 

Due to extensive outcroping of the last glacial aggradational gravel, from the coast to the 

foothills of the Tararua Range, all effective rainfall transforms into groundwater recharge in 

the HGMZ (Zarour, 2008, Begg and Johnston, 2000). In addition to excess rainfall, losses 

form surface waters, mainly from the rivers, also contribute to the groundwater recharge in 

the HGMZ (Zarour, 2008, Begg and Johnston, 2000). 

Most of the wells in the HGMZ are shallower than 80 m with abstraction rates less than 

50m3/day (Zarour, 2008). But the demand for higher groundwater abstraction rates has 

increased recently, especially during summer periods (Zarour, 2008). Even though the 

groundwater resources in the HGMZ are stable, they are not showing the deterioration, a 

small decline has been observed, in the Lake Horowhenua sub-catchment, the urban area of 

the HGMZ (Zarour, 2008). This is due the land use change in in Lake Horowhenua area, 

because this catchment is urbanising. 
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Figure 3.24 Groundwater flow directions in HGMZ 
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3.2.3 Available Data 

In this section available data for the research is presented. The following data required for 

conducting the study are available to the author. 

• Digital elevation model 

• Geological maps 

• Geological model 

• Land use maps 

• Hydrological data for water balance 

• Pumping test data 

• Calibration data 

3.2.3.1 Digital Elevation Model 

The digital elevation model (DEM) was obtained from Horizons Regional Council. It is a 30 

m resolution model of the HGMZ region that includes the research site (Figure 3.20). 

3.2.3.2 Geological Maps 

Geological maps required for the research are available as a part of the QMAP series in 

Geology of the Wellington Area (Begg and Johnston, 2008). It is digital geological map of 

greater Wellington region with scale 1:250 000 (Figure 3.23). 

3.2.3.3 Geological Model 

The three-dimensional (3D) geological model of the Horowhenua area was developed and 

reported by GNS Science, Taupo, NZ for Horzions Regional Council, Palmestorn North, NZ 

(White et al., 2010a). The 3D geological model of the Horowehnua area (Figure 3.25) was 
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developed for the purpose of investigating and understanding better the regional 

groundwater system. 

The model consists of five modelled layers that represent major geological units in the 

Horowhenua region: greywacke impermeable basement, three Pleistocene units (Q6 and 

older Pleistocene, Q5 and Q2, Q3 and Q4 ) and Holocene sediments The layers are as follows 

(from oldest to youngest) (White et al., 2010a) (Figure 3.25) : 

• Greywacke: dips steeply from Tararua Ranage (Figure 3.19) towards the 

coastline within the Horowhenua area. Top surface elevations range from 28.5 

mabsl to ~72 mbsl; 

• Q6 and older Pleistocene units: the top of the layer lies approximately 140 

mbsl in the northern coastal area of the study area and rises to 20 masl in 

vicinity of the Ohau River; 

• Q5 of the last interglacial period (Pleistocene unit): the top surface of this 

layer lies approximately 50 mbsl in south Manawatu Plains and raises to 

ground surface elevations along the foothills of the Tararua Range; 

• Q2, Q3 and Q4 of the last glacial period (Pleistocene unit): the elevation of 

the top surface ranges from 10 mbsl to 45 mbsl; 

• Holocene sediments; top surface lies above sea level and coincides with 

ground surface elevations. 

ESRI shape files of the top surfaces for each modelled layer were obtained from GNS 

Science. 
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Figure 3.25 Geological Model of the Horowhenua Area (White et al., 2010b) 
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3.2.3.4 Land Use Maps 

Land use maps are obtained from Land Cover Database 4 (LCDB 4) (Landcare Research, 

2015). In this database land cover and land use are classified in 33 classes covering mainland 

New Zealand, the near shore islands and the Chatham Islands. 

3.2.3.5 Hydrological Data for Water Balance 

Data necessary for estimation of recharge in HGMZ was obtained from the Horowhenua 

water resources: water budget and groundwater-surface water interaction (White et al., 

2010b) and from Horizons Regional Council (HRC). 

3.2.3.6 Transsmisivity Data 

Pumping test results were also obtained from the HRC. There are records from 41 locations 

(Figure 3.26). These records provide either test data or estimated values of transmissivity 

on the variable bore depths (Table 3.1). 

Table 3.1 Summary of records and range of transmissivity values in the HGMZ 

Layer Number of records Transmissivity Range (m2d-1) 

 

 

 

 

Holocene 1 1012 

Q2Q3Q4 9 79 - 1553 

Q5 21 20 - 1500 

Q6 + Older Pleistocene 10 10 - 500 

 

Records of the transmissivity data are included in Appendix C 

3.2.3.7 Calibration Data 

Ground-water levels for model calibration were available from three sources, all provided 

by HRC: 
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• 891 static water level monitoring bores; 

• Time-series of ground-water levels for 23 bores, 21 of which are within the 

HGMZ model domain (Figure 3.27), the obtained water levels are recorded 

from February 1990 till October 2012. 

• Map of the potentiometric contours in the Horowhenua area (Figure 3.28). 

All calibration data is included in Appendix C. 
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Figure 3.26 Bores with Aquifer test data in the HGMZ 
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Figure 3.27 Available bores with time-series of groundwater levels in HGMZ 
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Figure 3.28 Potentiometric Contour Map of the HGMZ 

 





 

 

CHAPTER 4 Numerical Model Development and 
Calibration 

This chapter includes partial reproduction from the paper: 

Tutulić MR, Adams, K. N., Shamseldin, A. Y., & Melville, B. W. (2011). Modelling aquifer 

recharge with stormwater in urban areas. Paper presented at 7th South Pacific Stormwater 

Conference 2011, Auckland, New Zealand. 4 May - 6 May 2011 

This chapter provides a description of the methodology used for groundwater flow modelling 

of the study areas used in this thesis. It further presents detailed descriptions of modelling 

steps and results for both study areas, the NorSGA and the HGMZ. 
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4.1 Groundwater model development methodology 

The methodology for groundwater model development used in this research study is based 

on methodologies and procedures presented by (STOWA/RIZA, 1999), and (ASTM, 2017a). 

The process of the groundwater model development can be split into three stages: 

1. Stage1: Study objectives definition; 

2. Stage 2: Model development, which comprises of the following steps: 

2 a.   conceptual model development; 

2 b.   computer code selection; and 

2 c.   numerical model construction, calibration and sensitivity analysis. 

3. Stage 3: Predictive simulations, post-audit and modelling study documentation. 

In Stage 1, the objectives of the modelling study and the purpose of the groundwater model 

are defined, and thus the required level of detail and accuracy of the model is identified. 

Stage 2 involves development of the conceptual model, and its transformation into a 

numerical model, including numerical model calibration and validation. 

Firstly, the conceptual model needs to be defined. The conceptual model considers all 

available and relevant hydrogeological and hydrologic properties of the groundwater system 

under investigation and transforms them into a set of assumptions and concepts:  

• geologic properties: distribution and configuration of geological units, their 

thickness, continuity, lithology, and geologic structure. 

• hydrologic properties: 

 the physical extents of the aquifer system - model domain; 

 hydrologic features that impact and control the groundwater flow system, e.g. 

groundwater divides; 

 analysis of groundwater flow directions - potential head measurements, 
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flows, etc.; 

 media type - transmissivity, hydraulic conductivity, storativity and specific 

yield; 

 sources and sinks - water budget data. 

Furthermore, spatial and temporal dimensionality are defined in the conceptual model. 

Spatial dimensionality defines the model as one-, two- or three- dimensional, and it is 

determined by the objectives outlined in Stage 1 of the modelling process. Temporal 

dimensionality defines whether the flow conditions are steady-state or transient depending 

on required model results. If average or long-term results are required, the model is set as 

steady- state model. The model is set as transient if model output is required at different 

times or if the boundary conditions are not constant. Some groundwater systems can have 

more than one possible conceptual model; in these cases, all of the possible conceptual 

models are evaluated, in order to select the most appropriate one. 

Next, the computer code is selected. The computer code must be tested and well documented, 

but most importantly must be capable of simulating the characteristics of a groundwater 

system defined by the conceptual model. 

Once the appropriate computer code is selected, the process of converting the conceptual 

model into numerical model commences. The numerical model comprises two parts, a data 

set and computer code – the data set being utilised by the computer code. The conversion 

process includes the following: 

• Spatial discretization of the model domain: the model domain is transformed into a 

grid of elements. The elements are either triangular or rectangular depending on the 

chosen code (see Chapter 2). The maximum number of elements is limited by the 

chosen code. More elements usually produce more accurate results, but with a greater 

computational time. Hence, to obtain adequate results with the minimum number of 
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elements, the areas of interest (e.g. near wells, areas with large spatial changes in 

hydrogeological properties) should have finer discretisation. 

• Temporal discretization: This defines the number and size of computational time 

steps for the simulation, and is used only if transient simulations are required. The 

time-step should be chosen to minimise errors due to sudden changes in boundary 

conditions, and is constrained by a maximum time-step in order to avoid numerical 

instability. 

• Boundary conditions: In this step, boundary conditions are applied to all elements 

along the physical boundaries of the aquifer system and to internal sources and sinks. 

Types of boundary condition are discussed in Chapter 2 and will not be addressed 

further in this chapter. Even though it is desirable to have only natural hydrological 

boundaries set as boundary conditions, this is not always possible. Consequently, 

arbitrary boundaries at the edges of the model domain must be applied. To avoid any 

effect on the model, these boundaries should be significantly distant from the areas 

of interest. 

• Initial conditions: Initial conditions are applied to all elements as a starting point in 

a transient model simulation. Usually initial conditions in transient groundwater flow 

model consist of hydraulic heads and in fact represent a steady state solution of the 

same model. 

• Hydraulic properties: Hydraulic properties are obtained from aquifer testing data and 

are assigned to all elements within the model domain. Hydraulic properties are 

horizontal and vertical hydraulic conductivities (transmissivities) and storage 

coefficients. 

After the numerical model is set up, the next step is to calibrate and validate the model. The 

process of calibration is done either by trial-and-error or by an automatic technique. Either 

way, the process includes the adjustment of the parameters (boundary and initial conditions 
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as well as hydraulic properties) within reasonable range to match simulated and observed 

values of hydraulic heads and/or flows, followed by analysis of the residual errors. The 

model is considered calibrated when the mean of the differences between simulated and 

observed values is close to zero and the objective function value is within acceptable limits. 

Additionally, sensitivity analysis is done in order to identify parameters that have most 

weight on model outputs. 

Normally the calibration is performed with a single set of observed data, which does not 

necessary produce a unique solution. Model validation is then carried out with a separate 

observed data set. If model outputs for a validation data set match observed data to a 

satisfactory degree, then the model is validated and can be used for predictive model 

simulations, otherwise further calibration is required. 

The last stage of the modelling, Stage 3, is operational use of the model. In this stage model 

is used for predictive simulations that are defined in Stage 1 and takes place only after the 

model is calibrated and verified. Furthermore, in this stage each modelling study should be 

documented and model post-audit is performed few years after the predictive simulations. 

Unlike the second stage of calibration and validation, in which the numerical model is tested 

to see whether it can simulate past events, the post-audit in the third stage tests how well the 

model can predict future events. 

The detailed modelling methodology with all steps is graphically presented in Figure 4.1. 
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Figure 4.1 Detailed Modelling Methodology 
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4.2 Study objective definition 

The purpose of the groundwater model for both case studies is to investigate the groundwater 

systems and increase knowledge about urbanising catchments: the NorSGA, in the west of 

Auckland, and Lake Horowhenua in the Manawatu-Wanganui Region that is sub-catchment 

of the HGMZ. 

The more specific objectives are: 

• investigation of whether the simplified model is sufficient for representation of the 

aquifer system and whether it can improve our knowledge about underground flows 

in small urbanising complex catchments; 

• investigation of the regional effects of urbanisation on the groundwater system in 

small urbanising complex catchments; 

• investigation of impacts of managed artificial recharge in urbanising areas. 

4.3 Model Calibration 

4.3.1 Techniques for model calibration 

Model calibration is a process of matching simulated time series of potentiometric head to 

observations of potentiometric head, by varying parameter inputs to the model until 

satisfactory correspondence is obtained. Techniques for model calibration can be split into 

two groups (STOWA/RIZA, 1999, ASTM, 2018): 

• manual (trial-and-error) calibration, and 

• automated calibration. 

Manual calibration involves the process of changing the parameter values (parameter input), 

running the model and observing their effects on the values of simulated potentiometric head 
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compared to calibration targets (in this case observations of potentiometric head). The whole 

process is repeated until satisfactory simulated potentiometric heads are achieved, by 

adjusting parameter values systematically within realistic limits. Parameter values are 

adjusted until a selected objective function reaches its optimal value within acceptable range. 

There are two techniques for automated calibration: indirect solution and direct solution. The 

automated inverse technique involves the use of computer code that uses pre-defined 

strategies for parameter adjustment instead of modeller. After each simulation, the computer 

code compares simulated and observed values of potentiometric head and systematically 

adjusts input parameter values until an objective function reaches optimal value within 

acceptable range. On the other hand, the direct solution calculates parameter values with the 

use of reformulated partial differential flow equations. This technique requires an observed 

potentiometric head value at every node thus, it is more prone to instability than the indirect 

solution technique (ASTM, 2018). 

At present, most model calibrations are performed manually, whereas automated techniques 

remain experimental in practice. 

4.3.2 Criteria for Evaluation of Model Performance 

Successful model calibration is more likely with both quantitative and qualitative evaluation. 

Quantitative evaluation comprises both statistical and graphical criteria for comparison of 

the observed and simulated potentiometric heads (ASTM, 1993) as well as a residuals 

analysis: 

• statistical criterion – statistical analysis of potentiometric heads residuals (difference 

between observed and simulated observed potentiometric heads) - minimum and 

maximum residual, residual mean and second order statistics (further discussed in 

4.2.2.1); 
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• graphical criterion – comparison of observed and simulated potentiometric heads; 

• flow related residuals analysis – comparison of observed and simulated water budget 

components. 

Qualitative (pattern-matching) evaluation is the application of subjective criteria and 

involves evaluating the goodness of fit between observed and simulated patterns of: 

• groundwater level contours; and 

• hydrographs at each monitoring site. 

4.3.2.1 Statistical Criteria - The Nash-Sutcliffe efficiency coefficient (E) 

The Nash-Sutcliffe efficiency coefficient (E) (Nash and Sutcliffe, 1970) is a second-order 

coefficient (Eq 4.1) that is closely related to the mean squared error (MSE) criterion. Along 

with MSE, it is the most widely used criterion for calibrating hydrological models against 

observed data. In contrast to MSE, E does not depend on the units of the simulated variable, 

i.e. the value of E is dimensionless: 

 𝐸𝐸 = 1 −
∑ (𝑂𝑂𝑖𝑖 − 𝑃𝑃𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

∑ (𝑂𝑂𝑖𝑖 − 𝑂𝑂�)2𝑛𝑛
𝑖𝑖=1

 Eq 4.1 

 −∞ < 𝐸𝐸 ≤ 1  

   

where: n total number of observations 

 𝑂𝑂𝑖𝑖  observed potentiometric head (mabsl) 

 𝑃𝑃𝑖𝑖  simulated potentiometric head (mabsl) 

 𝑂𝑂�  mean of observed potentiometric heads (mabsl) 

 

Values of E between 0 and 1 are indicating that model performance is acceptable: 
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• E=1 indicates a perfect fit between simulated and observed potentiometric heads; 

• E=0 indicates that on average the simulated potentiometric head and the mean of 

observed potentiometric head data represent the observed potentiometric heads 

equally well; 

and 

• E values that are less than 0 indicate that model performance is unacceptable, because 

on average the mean of the observed potentiometric heads represents the observed 

potentiometric heads better than the simulated potentiometric heads. 

4.3.2.2 Graphical Criteria 

Graphical criteria have the ability to identify inadequacies of the model output that are not 

noticeable through statistical analysis. For graphical presentation, a scattergram of observed 

versus simulated potentiometric heads for each monitoring site is used. Points are plotted 

and compared to a perfect match line (1:1 line - observed and simulated values are equal). 

The data points are usually scattered around the perfect match line, and the smaller the degree 

of scatter the better. Furthermore, the plotted points in any area of the scattergram should 

not be grouped either below or above the perfect match line, since this indicates 

underestimation or overestimation of simulated potentiometric heads respectively. 

This criterion is preferred by hydrogeological modelling practitioners. 

4.4 Groundwater Modelling Software Selection 

4.4.1 Criteria for Selecting Groundwater Modelling Software 

Groundwater Modelling Software selection is a crucial step in modelling. There are many 

different codes available for groundwater modelling, all with different capabilities, 
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operational characteristics and limitations. Moreover, each groundwater modelling study has 

its own set of requirements that must be fulfilled. For the present studies, it was important 

to choose the most appropriate software for investigating the potentiometric head response 

to changes in spatially distributed groundwater recharge. Therefore, the selection of 

groundwater modelling software for this thesis was based on two types of criterion (Adams, 

2010): 

1. criteria about intrinsic features of the software; and 

2. criteria about the use of software. 

4.4.1.1 Criteria about intrinsic features of the modelling software 

Representation of Processes. Having sound representation of the processes related to 

groundwater recharge and potentiometric heads in a catchment is the most important and 

essential feature for modelling software when investigating the effects of groundwater 

recharge. Representation of mathematical processes in the conceptual model should be well 

schematised, with more significant processes represented in more detail than less important 

ones. The conceptual model should include explicit representation of all hydrological 

processes in the catchment that are affected by the groundwater recharge. Furthermore, these 

should also be included in the conceptual model, a model where the modeller’s perception 

of the storages and fluxes are encompassed (Kasier-Hill Company, 2001). 

Spatial Distribution. Good representation of spatially distributed groundwater recharge is 

critical for the modelling software to be useful in investigating changes in potentiometric 

heads. Groundwater recharge varies in space and time, and potentiometric heads can be 

variable throughout the catchment, so the modelling software needs to be able to account for 

both spatial and temporal variability of groundwater recharge in the catchment (Kasier-Hill 

Company, 2001, ASTM, 2017b). 



 CHAPTER 4: Numerical Model Development and Calibration 
 

Marija R. Tutulić | The University Of Auckland 105 
 

Representation of Stratigraphy. The representation of the stratigraphy in a groundwater 

model can be achieved by using different type of grids, such as rectilinear squared grids 

(DEM) and irregular triangular grids. It is important to maintain comparability between 

spatial representation of the stratigraphy and modelling software. 

Representation of Aquifer Properties. The modelling software must be able to represent 

horizontal and vertical variability of geological layers. This is achieved by using as many 

layers as needed to accurately represent each stratigraphic layer.  

Temporal Resolution. Temporal resolution is important when trying to fully simulate 

recharge dynamics in the catchment. The computational time step should be of the same 

order of magnitude as the catchment’s responsiveness to recharge (STOWA/RIZA, 1999). 

Transparency. All characteristics of the software structure are required to be clear and 

understandable. These characteristics include the source code (desirable because it allows 

all other aspects of transparency to be checked), limitations of the modelling software, and 

correspondence between documented and actual capabilities of the software (Adams, 2010). 

Simplicity. The software should be as robust as required for its intended purpose (Adams, 

2010). 

Required Inputs. Model inputs and their availability should be considered when modelling 

software is selected. These inputs include: soil parameter values, meteorological data, water 

balance data and bore logs that are used in calibration and validation of the model (Kasier-

Hill Company, 2001). 

Types of Outputs. It is crucial that model outputs include all aspects of the aquifer that is 

investigated, such as hydraulic heads. Additional outputs that are not directly related to an 

investigation are always useful in assessing model performance (Adams, 2010). 
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4.4.1.2 Criteria about the use of software 

Availability. Software availability is evaluated by considering: software and maintenance 

costs, available software support, ease of procurement, and licencing options (Kasier-Hill 

Company, 2001). 

Documentation. It is essential that software documentation is understandable and complete. 

Moreover, software documentation should contain: both a user manual and a reference 

(scientific) manual, hardware requirements and general software description. In addition, it 

is desirable that documentation contains a description of perceptual model, process theory 

and conceptual models, described calibration, validation and sensitivity analysis, references 

of previous model use, and recommendations for future use of the model including potential 

model improvements (Kasier-Hill Company, 2001). 

Ease of Use. Graphical user interface (GUI) and clear and straightforward processes to create 

a model, integration with geographical information system (GIS), version control system 

(VCS), and tools for pre- and post- processing of the outputs are just a few of the important 

contributors to the software ease of use. Furthermore, execution and simulation speed, clear 

and useful validation and error messages are also important contributing factors. Finally, 

software vendors and developers can further contribute by providing user support, training 

material and hands-on training for users, examples, guidelines for parameter estimation, 

input and output file formats, and best modelling practice advice (Kasier-Hill Company, 

2001). 

Reliability. One of the definitions of the reliability of modelling software states that it is a 

freedom from bias (i.e. accuracy), results consistency and numerical stability of the software 

during simulation runs. Reliability depends on many different aspects, one of which is the 

extensiveness of pre-release testing (Adams, 2010). 
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4.4.2 FEFLOW 

FEFLOW was developed in Germany in 1979 by Dr. Hans-Jörg G. Diersch based on a 

program for computing potential flow called FINEL (DHI-WASY, 2009). It is a three-

dimensional finite-element software package for modelling water flow and mass and heat 

transfer in porous media for both saturated and unsaturated conditions. FEFLOW can be 

used to build 1D, 2D or 3D steady-state or transient models. For model building, model 

input, and post-processing of model output the software includes a graphical user interface 

(GUI) (DHI-WASY, 2012). The software comes with a viewer, a component that does not 

require a license and which is suitable for results analysis. Major characteristics of the 

software are summarised in Table 4-1. 

4.4.3 Visual MODFLOW Flex 

MODFLOW is software package that uses the finite-difference method for simulating three-

dimensional groundwater flows (Harbaugh, 2005). The software was developed by Michael 

G. McDonald and Arlen W. Harbaugh between 1981 and 1983 and published in 1984 by the 

United States Geological Survey (McDonald and Harbaugh, 2003). The original code is 

public domain free, but it does not include a graphical user interface (GUI). GUI platforms 

have been developed for enabling model set-up. For the purpose of this research Visual 

MODFLOW Flex was used. Visual MODFLOW Flex was developed by Waterloo 

Hydrogeologic, which has been operating since 2005 under the name Schlumberger Water 

Services (SWS).  

A summary of the major characteristic of the software is given in Table 4-1, followed by 

examples of MODFLOW and FEFLOW application, basic model characteristics and the 

model purpose in Table 4-2 .  
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Table 4-1 Summary of MODFOLW and FEFLOW key features 

 MODFLOW (USGS) FEFLOW (Mike by DHI) 

Method Finite difference Finite element 

Grid type Rectangular Triangular /Quadrilateral 

Mesh generation 

algorithm 
N/A 

3 different algorithms (Advancing 

front, Triangle and grid builder) 

Finer model grid 

Yes, by adding columns and/or rows 

(recent release of Visual 

MODFLOW supports local 

refinement in the area of interest) 

Yes, locally in the area of interest 

Model type Quasi 2-D, 3-D 2-D, 3-D 

Layer type 
Unconfined, Confined/Unconfined, 

and Confined  

Free, Phreatic, Confined and 

Dependant 

Hydraulic conductivity 

Anisotropic with limitations only to 

principle components of the 

hydraulic conductivity tensor 

Anisotropic; fully represents 

conductivity tensor 

Saturated/Unsaturated 

Zone Modelling 
Not supported Supported 

Flow conditions Steady state, transient Steady state, transient 

Calibration Against observed hydraulic heads Against observed hydraulic heads 

Limitations 

Maximum number of rows and of 

columns is 499 and maximum 

number of layers is 200 

500,000 nodes 

Graphical user interface 

(GUI) 

Original code does not have a GUI; 

GUI has been developed by other 

companies (Visual MODFLOW 

Flex, Groundwater Vistas). Easy to 

use 

Yes. Easy 
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4.5 Model development 

4.5.1 Northern Strategic Growth Area (NorSGA) Case study 

4.5.1.1 Conceptual Model 

The conceptual model for the NorSGA case study consists of two geological units, alluvium 

above sandstone, with unconfined aquifers and saturated conditions (Figure 4.2). This is a 

simple conceptual model, but appropriate for the current state of knowledge of the 

Waitemata Sandstone aquifer and for the amount of data available for model calibration. 

 
Figure 4.2 NorSGA Conceptual model 

The domain of the adopted model was determined from the topography, the geology, and 

the shape of the water table surface. Early modelling, with the domain boundary 

approximately the same as the KWHUAMA, failed to simulate the high ground-water ridge 

just to the west of the NorSGA (Figure 4.3) 

Perusal of the topographic map revealed a ridge just to the west of the NorSGA, with ground 

surface levels ranging between about 40 and 115 m. This ridge is the divide between small 

Waitemata Harbour catchments and the Kumeu River catchment, and coincides with an 

outcrop of Waitemata Sandstone. The western boundary was, therefore, defined by the best 
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fit to the groundwater ridge, the topographic ridge, and the outcrop of sandstone (Figure 4.3, 

Figure 4.4 and Figure 4.5). This suggests that the position of the groundwater table is 

controlled by, topography, climate and geology. 

 
Figure 4.3 Groundwater ridge in the NorSGA 
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Figure 4.4 Topographic ridge in the NorSGA 

 

Figure 4.5 Sandstone outcrop in the NorSGA 
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Groundwater levels in the NorSGAare mainly controlled by topography, but with local 

depressions in areas of high abstraction rates. There are two groundwater divides, both 

trending north-east to south-west. One of the divides is in the general vicinity of Huapai and 

Kumeu, and the other is in the Whenuapai, Hobsonville, West Harbour area. It appears that 

regional groundwater flow is generally towards the West Coast, the Ngongetepara Stream 

(western Whenuapai), and the Upper Waitemata Harbour (Figure 4.3). 

The western end of the southern boundary of the domain was also defined by groundwater 

levels, topography, and geology; it is the best fit to the ground-water flow direction (assumed 

to be at right angles the groundwater surface contours) and the topographic ridge. The 

resulting southern boundary is located within an outcrop of Waitemata Sandstone. The 

eastern end of the southern boundary is the northern coastline of Lawsons Creek estuary. 

The short northern boundary of the model domain is defined at its western end by a small 

spur coming off the ridge that defines the western boundary, and at its eastern end by a small 

un-named stream to the north of Riverhead. The eastern boundary is defined by the coastline 

of the Waitemata Harbour. 

The model domain defined by these boundaries encloses the NorSGA. 

Upper and Lower Boundaries 

The upper boundary of the conceptual model is defined by the elevations of the land surface. 

This was obtained from the Landcare Research 25 m digital elevation model (Landcare 

Research, 2010). The lower boundary was set at 445 m below sea level, which is at about 

the level of the deepest bores that extract water from the Waitemata Sandstone aquifer. 

Representation of Stratigraphy 

Although the Waitemata Sandstone consists of many alternating layers of fine and coarse 

material, there is insufficient data to model this complexity. It was decided, as a first 

approximation, to include only two layers in the model, a top layer approximately 20 m thick 
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representing the alluvium aquifer and a lower layer approximately 445 m thick representing 

the sandstone aquifer (Figure 4.6). It was assumed that both model layers in the model are 

unconfined; not filled with water with water table freely fluctuating and sensitive to any 

change (recharge or discharge). 

4.5.1.2 Boundary Conditions 

Boundaries of the NorSGa groundwater model were defined as follows (Figure 4.7): 

• north-eastern: fixed head, with the nodal values set at the mean of values from 

average winter and average summer water level contours (Scoble and Millar, 1995); 

• eastern boundary (coast line): fixed head, set at a value of 0.0 m above sea level; 

• northern, southern and western boundaries: assumed to be no flow boundaries. 
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Figure 4.6 Three-dimensional model of the NorSGA 

 

Figure 4.7 NorSGA Boundary conditions 

4.5.1.3 Parameter Values 

If the initial parameters values can be estimated either form field measurements, or 

previously published data or literature, then this parameter values can be used as A Priori 

Parameter Values. 

The parameters required for the FEFLOW input for each of the alluvium and sandstone 

aquifers are: (a) horizontal saturated hydraulic conductivity (Kxy), the ratio of vertical to 

horizontal saturated conductivity (Kz/Kxy) and drainable/fillable porosity (specific yield). 

It was assumed that both aquifers are isotropic in the horizontal plane (i.e., Kx = Ky, hence 

Kxy). 

Alluvium Hydraulic Conductivity 

No soil properties were available specifically for the NorSGA catchment alluvium 
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aquifer. The a priori Kxy value was, therefore, adopted from (Rawls et al., 1993) as 

0.36 m/day. 

Sandstone Hydraulic Conductivity 

The results were available from 12 pumping tests within the KWHUAMA (Figure 3.15, 

Table C-.2). Most of the tests were single-well tests and for most tests transmissivity values 

were available from both the pumping and recovery stages of the test. The means of the 

pumping and recovery stage values were calculated and the mean of these two means was 

1.93 m2/day. This is close to the transmissivity value of 2 m2/day suggested by (Scoble and 

Millar, 1995). The average elevation of the top of the sandstone is 5 m and the assumed level 

of the bottom of the sandstone is -445 m, giving an average thickness of 450 m and an 

average hydraulic conductivity Kxy of 0.0053 m/day. 

Drainable/Fillable Porosity (Specific Yield)  

No drainable/fillable specific yield values were available for either of the aquifers, so 

representative values were used (Table 4-3). ((Morris and Johnson, 1967): Table 12(Smith 

and Whetcraft, 1993): table 6.3.4, (Heath, 1993): 9). 

Table 4-3 Summary of A Priori Parameter Values for the NorSGA Groundwater 

Model  

Geological unit Saturated Hydraulic 
Conductivity Kxy 

Drainable/Fillable Porosity 
(Specific Yield)  

 m/day --- 
Alluvium 0.36 0.15 

Sandstone 0.0053 0.040 
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4.5.1.4 Problem settings 

Initially the model was set as a steady state problem, to determine approximate saturated 

hydraulic conductivity values (Ksat) for the Waitemata Sandstone Aquifer. These hydraulic 

conductivity Ksat values were then used as initial values for calibration of the transient model. 

4.5.1.5 Recharge Estimation 

4.5.1.5.1 Steady State Recharge  
Initially, the model was calibrated as a steady state model and for that purpose recharge was 

calculated using the following method: 

• A spatially uniform surface recharge was estimated using data in ARC’s TP60 

(Scoble and Millar, 1995); 

• To allow for extraction of groundwater, the recharge estimated in step 1 was reduced 

in each of the KWHUAMA management zones (Figure 3.4) by the amount of actual 

ground-water use in that zone (Scoble and Millar, 1995), subtracted as a uniform 

depth over the zone. 

Detailed recharge calculations can be found in Appendix D. 

The resulting surface recharge differed between zones but was spatially uniform within each 

zone (Figure 4.8). 
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Figure 4.8 Map of steady state recharge values for the NorSGA 

The zones are determined on the basis of density of bore consents, not on the basis of 

hydrogeological boundaries. Zone 1 was fully allocated (103% of available water) and other 

zones of the area are less than fully allocated and groundwater use in them is low. Overall, 

51% of the aquifer is allocated, and actual use is 27% ( (ARC, 2008): table 8). 

4.5.1.5.2 Transient Recharge 
Monthly recharge was estimated for each KWHUMA management zone within the model 

domain using a spreadsheet-based Thornthwaite-type (Thornthwaite and Mather, 1955) 

monthly water-balance model developed by (Dingman, 2002). Monthly values of rainfall, 

potential evapotranspiration (PET) and streamflow for the period 1998 to 2008 were required 

for estimation of the monthly recharge values. Rainfall and PET data were obtained from the 

NZ National Climate Database (CliFlo) (NIWA, 2010) and streamflow data were obtained 

from the Auckland Regional Council. The model was operated in continuous mode for the 
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period January 1998 to December 2008, with the 1998 year used for spin-up. The available 

water capacity was set at 75 mm for all calculations (Coulter, 1973) 

The water balance without groundwater abstraction can be written as (all terms in mm): 

 𝑃𝑃 = 𝐴𝐴𝐸𝐸𝐴𝐴 + 𝑄𝑄 + 𝐺𝐺 + 𝑑𝑑𝑑𝑑 Eq 4.2 

where:   

 P monthly rainfall 

 AET actual monthly evapotranspiration (obtained from the water 
balance model) 

 Q monthly water yield 

 G monthly deep-aquifer recharge 

 dS the change in soil-water content during a month (obtained from 
the water balance model) 

The monthly deep-aquifer recharge, in the absence of groundwater abstraction, was therefore 

estimated as: 

 𝐺𝐺 = 𝑃𝑃 − (𝐴𝐴𝐸𝐸𝐴𝐴 + 𝑄𝑄 + 𝑑𝑑𝑑𝑑) Eq 4.3 

   

To allow for groundwater abstraction, mean values of water use were estimated for each 

calendar month and for each KWHUAMA management zone within the model domain, 

using data presented by Scoble and Millar (1995). 

The monthly mean usage values were subtracted from the monthly recharge values (as 

estimated above) to give a time series of net monthly recharge values for years 1998 to 2008 

(the monthly mean usage values were repeated for successive years). 

4.5.1.6 Finite Element Model Building 

The model domain forms the outer boundary of the framework (called the "supermesh" in 

FEFLOW) for generation of the finite element mesh. The model domain was based on the 

conceptual model and was developed using ArcMap (ESRI, 2010). The outline was 
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smoothed, particularly around the coastline and around the north-eastern, northern and 

southern boundaries which follow streams, to eliminate complex fine detail such as acute re-

entrant or salient angles which could result in distorted elements (i.e., triangles with large 

obtuse angles). Distorted elements such as these can cause numerical problems during model 

runs. The two-dimensional finite element mesh was generated using the Gridbuilder mesh 

generation algorithm in FEFLOW. The nominal number of elements was specified as 3000, 

giving an actual number of 3151 elements. The mesh was adjusted by applying the 

mesh-smoothing tool in FEFLOW to the whole model domain. The mesh-smoothing tool 

adjusts the triangular elements so that they are closer in shape to an isosceles triangle. Mesh 

smoothing was applied repeatedly, until no further improvements could be observed. The 

resulting mesh was then applied to each of the three slices in the model (ground surface, the 

surface between the alluvium and sandstone aquifers, and the lower surface of the sandstone 

aquifer), giving a total of 9453 nodes. 

The Slice 1 elevations were set as ground surface level relative to mean sea level. To estimate 

Slice 2 elevations (the surface between the alluvium and sandstone aquifers), a first-order 

polynomial (planar), linear-regression trend of values of depth to sandstone was obtained 

from the bore logs of 107 bores (Figure 3.14). Values of this trend surface were determined 

at mesh nodes and the values were subtracted from the previously estimated Slice 1 

elevations to give Slice 2 elevations. The levels of all nodes in Slice 3 (the lower surface of 

the sandstone aquifer) were given the value -445 m. 

The "phreatic surface" option in FEFLOW was chosen for modelling the water table for both 

the steady state and the transient model runs. For this option, FEFLOW estimates the 

unsaturated hydraulic conductivity by linear interpolation between zero when a layer is 

completely dry and the specified value of saturated hydraulic conductivity when the layer is 

saturated. To ensure that the there is a residual conductivity in each model layer, a minimum 
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water content, as a total depth of water in the layer, must be specified. A value of 0.1 m was 

specified for both layers in the NorSGA model. 

4.5.1.7 Model Calibration 

4.5.1.7.1 Steady State Calibration 

Steady state calibration was performed systematically using the calibration matrix developed 

based on A priori values defined in Table 4-3. Calibration matrix and steps involved in the 

matrix development are presented in Appendix D. 

Calibration was based on comparison of simulated and observed water levels in five 

observation bores. The Nash-Sutcliffe efficiency coefficient (Nash and Sutcliffe, 1970) was 

also calculated for each model run.  

The model was accepted as suitable for use when the pattern of simulated and observed 

groundwater contours had similar shape, when there was the same number of overestimated 

and underestimated water levels in observation bores (Figure 4.9) and when the Nash-

Sutcliffe coefficient was a maximum. 

The Nash-Sutcliffe coefficient was calculated as follows: 

• Step1: for each observation point difference between 

o the observed and the simulated head was  determined and 

o the observed and the mean of the observed heads; 

• Step 2: all calculated values in Step1 were summed as per Eq 4.1, and the ratio of 

two sums was subtracted from 1. 
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Figure 4.9 NorSGA Steady State Model Results: a) Comparison of simulated and 

observed groundwater levels b) Comparison including ground elevations 

The steady state modelling increased our understanding of the extent of the aquifer beneath 

NorSGA and of aquifer natural dynamics and provided initial conductivity values. 

4.5.1.7.2 Transient Calibration 
The transient calibration was based on the same principle as in the steady state calibration. 

Calibration used the time-series for the period from January 1999 till December 2008 and 

the period from January 1998 till December 1998 was used for initialization of the system. 

Transient calibration provided better results than steady state calibration, in that simulated 

water levels were closer to observed levels (Figure 4.10). 

Transient calibration was done in order to observe seasonal changes and to calibrate the 

model when the groundwater table is at its highest elevation, at the end of the winter period. 
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Figure 4.10 NorSGA transient model Results: a) Comparison of simulated and observed 

groundwater levels b) Comparison including ground elevations 

4.5.1.8 Conclusions 

Model was calibrated initially as a steady state problem. This solution from steady state was 

used as an initial condition for a transient model. Transient model was calibrated in order to 

observe seasonal changes and to calibrate the model when the groundwater table is at its 

highest elevation. The model was calibrated manually and due to lack of data validation was 

not possible. Acceptance of the model was based on the credibility of both the model output 

and the calibrated parameter values and on the perceived usefulness of the model for 

investigating scenarios. 

The adopted hydraulic conductivity values for investigations of managed artificial recharge 

are Kxy= 0.0783 m/d and Kz= 0.0043 m/d 
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4.5.2 Horowhenua Groundwater Management Zone (HGMZ) 

4.5.2.1 Conceptual Model 

The conceptual model of the HGMZ was established on the basis of the geological model 

developed by (White et al., 2010a) for the purpose of groundwater modelling investigations 

to gain better understanding of the aquifer system. The model consists of five geological 

units, with unconfined aquifers and saturated conditions (Figure 4.11). 

 

Figure 4.11 HGMZ Conceptual model 

The model domain of the HMGZ coincides with the boundary of the water budget 

calculations (White et al., 2010b), that lies within the geological model boundary (Figure 

3.20).  

Within the HGMZ, the groundwater flow is controlled by topography and the flow direction 

is generally towards the East Coast coastline and northward towards the Manuwatu River - 

north (Figure 3.24). 
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The northern boundary of the HGMZ model is defined by the Manuwatu River (Figure 3.20). 

The eastern boundary is defined by the Tararua ranges and coincides with outcrops of the 

low-permeability Graywacke bedrock (Figure 3.23 and Figure 3.25). The southern boundary 

is perpendicular to groundwater contours and overlaps with the regional boundary of the 

HGMZ area. Lastly, the western boundary is defined by the coastline. 

Upper and Lower Boundaries 

The upper boundary of the conceptual model is defined by the elevations of the land surface. 

This was obtained from the Landcare Research 25 m digital elevation model (Landcare 

Research, 2010). The lower boundary elevation of the geological model, that represents the 

basis for numerical model was, was set at 100 mbsl. However, the shape files (files that 

contain data about upper surface of each geological unit) analysis revealed that there are 

some points that are slightly lower than 100 mbsl. In order to capture those points, a value 

of 105 mbsl was assigned as the lower boundary of the model  

Representation of Stratigraphy 

The stratigraphy of the HGMZ is represented by the geological model (Figure 3.25), which 

consists of the following 5 geological units (from top to bottom): 

• Unit 1 - Holocene sediments (Q1) including dune and shallow marine sands. This 

unit has moderate permeability and is 10 – 20 m thick (White et al., 2010a); 

• Unit 2: Last glacial sediments (Q2, Q3 and Q4) comprising gravel with a high 

transmissivity. The thickness of this layer varies from 10 m -to 20 m; 

• Unit 3: Last interglacial deposits (Q5). Thickness of this unit varies from 20 m to 

35 m (White et al., 2010a). This unit consist of Otaki Sandstone that has lower 

transmissivity than Unit 2; 

• Unit 4:  Q6 and older units,  30 m – 70 m thick (White et al., 2010a), with higher 
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transmissivity than Unit 3. It consists of Levin Gravels and some older sediments. 

• Unit 5: Greywacke basement rock. This unit is -impermeable. 

It was assumed that all units are unconfined. 

4.5.2.2 Boundary Conditions 

The boundary conditions for the HGMZ groundwater model are defined as follows (Figure 

4.12) 

• northern boundary: fixed fluid-flux with nodal values set as different values of 0.1 

*10-4 m/day and 0.784 * 10-4 m/day, for Poroutawhao and Koputaroa West sub 

catchments respectively; 

• eastern and southern boundaries: assumed to be no flow boundaries; 

• western boundary (coast line): fixed head, set at a value of 0.0 mabsl; 

 

Figure 4.12 HGMZ Boundary conditions 



 CHAPTER 4: Numerical Model Development and Calibration 
 

Marija R. Tutulić | The University Of Auckland 127 
 

4.5.2.3 Parameter values 

The initial parameters values A Priori Parameter Values for all geological units represented 

in HGMZ were obtained from field measurement (aquifer test) data and from the literature. 

For HGMZ it was assumed for all model runs that KXY/KZ= 10 (Todd and Mays, 2005). 

Unit 1 – Q1 Hydraulic Conductivity 

Only one transmissivity value for Holocene sands was available (Appendix C Table C-5), 

an estimated transmissivity value of 1012 m2/day. For the average aquifer thickness of 15 

m, the hydraulic conductivity KXY is therefore estimated to be 67.5 m/day. This estimated 

value is higher than typical (Figure 2.2), thus a value of 6 m/day was instead adopted from 

the literature (Heath, 1993, Smith and Whetcraft, 1993, Todd and Mays, 2005). 

Unit 2 – Q2Q3Q4 Hydraulic Conductivity 

Results were available from 12 pumping tests within Unit 2 of the HGMZ (Appendix C 

Table C-5). Only one transmissivity value was obtained from an aquifer test, the other 11 

transmissivity values being estimates. The mean value of the estimated values was 430 

m2/day and the value obtained from the test was 900 m2/day. Both values are within the 

range for gravel sediments, so an average value of these two transmissivity values of 665 

m2/day was therefore adopted (Heath, 1993, Smith and Whetcraft, 1993, Todd and Mays, 

2005). This provided an initial value of hydraulic conductivity KXY of 33.3 m/day for Unit 

2. 

Unit 3 – Q5 Hydraulic Conductivity 

There were 21 available records for Unit 3 (Appendix C Table C-5). The average value of 

estimated and tested transmissivity values are 71 m2/day and 277 m2/day respectively, giving 

average value of hydraulic conductivity KXY of 2.6 m /day and 10 m/day respectively for the 

average thickness of 27.5 m. Since both values are in the upper range for the sandstone 
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(Heath, 1993, Smith and Whetcraft, 1993, Todd and Mays, 2005), it was decided to adopt 

the lower value of 2.6 m /day for initial KXY for Unit 3. 

Unit 4 – Q6 Hydraulic Conductivity 

For Unit 4 there are 10 available records for determining transmissivity values (Appendix C 

Table C-5) averaged values of tested and estimated transmissivity values were 164 m2/day 

and 282 m2/day respectively. For an average aquifer thickness of 50 m the corresponding 

hydraulic conductivity values are 3 m/day and 5.5 m/day. Both values are realistic values for 

gravel deposits, thus an averaged value of 4.25 m/day was used as the initial hydraulic 

conductivity KXY. 

Unit 5 – Greywacke Basement Hydraulic Conductivity 

This unit cannot transmit water; therefore, no transmissivity data is available or needed for 

this unit.  

Drainable/Fillable Porosity (Specific Yield)  

No drainable/fillable specific yield values were available for either of the aquifers, so 

recommended representative values were used (Table 4-4). ((Morris and Johnson, 1967): 

table 12, :(Smith and Whetcraft, 1993) table 6.3.4, (Heath, 1993):9). 

Table 4-4 Summary of A Priori Parameter Values for the HGMZ Groundwater Model 

Aquifer Saturated Hydraulic 
Conductivity Kxy 

Drainable/Fillable Porosity 
(Specific Yield)  

 m/day --- 
Q1 6 0.3 

Q2Q3Q4e 33.3 0.2 

Q5 2.6 0.04 

Q6  0.04 

Greywacke Basement N/A N/A 
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4.5.2.4 Problem settings 

The HGMZ groundwater model was set as a steady state problem with the purpose, to 

determine approximate saturated hydraulic conductivity values (Ksat) for all five geological 

units (Figure 4.11). Values of the saturated hydraulic conductivity (Ksat) were not established 

for transient problem due to lack of data. 

4.5.2.5 Recharge Estimation 

Data for steady state groundwater recharge was available from GNS report ((White et al., 

2010b); Table 1). Recharge for the model calibration was calculated (Appendix D) using the 

following method: 

• A spatially uniform surface recharge was estimated using data in GNS’s report 

(White et al., 2010b); 

• To allow for extraction of groundwater, the recharge estimated in step 1 was reduced 

in each of the Horowhenua management zones by the amount of actual ground-water 

use in that zone, subtracted as a uniform depth over the zone. 

The resulting surface recharge therefore differed between zones but was spatially uniform 

within each zone (Figure 4.13) 
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Figure 4.13 Map of steady state recharge values for the HGMZ 
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4.5.2.6 Finite Element Model Building 

The method used for HGMZ finite model development was the same manner as for NorSGA 

model (Section 4.5.1.6 above). 

The model domain was based on the boundary accepted for water budget calculations 

((White et al., 2010b): Figure 1) and was developed using ArcGIS (ESRI, 2010). The outline 

was smoothed, particularly around the eastern and northern boundaries which follow the 

greywacke basement rock outcrop and the Manawatu River respectively, to eliminate 

complex fine detail such as acute re-entrant or salient angles which could result in distorted 

elements (i.e., triangles with large obtuse angles). Distorted elements such as these can cause 

numerical problems during model runs. The two-dimensional finite element mesh was 

generated using the Gridbuilder mesh generation algorithm in FEFLOW. The nominal 

number of elements was specified as 10000, giving an actual number of elements of 12020. 

The mesh was adjusted by applying the mesh smoothing tool in FEFLOW to the whole 

model domain. The mesh-smoothing tool adjusts the triangular elements so that they are 

closer in shape to an isosceles triangle. Mesh smoothing was applied repeatedly, until no 

further improvements could be observed. The resulting mesh was then applied to each of the 

six slices in the model, five representing the upper surface of each geological unit and the 

sixth representing the lower surface of the greywacke sandstone aquifer, giving a total of 

60100 elements. 

Before being imported into FEFLOW, ESRI shape files representing the top surface 

elevation for each geological unit (see Chapter 3.2.3.5), were examined and analysed. This 

analysis of the ESRI shape files concluded that data was not in suitable format for importing 

into the numerical model as the surfaces had rectangular spatial discretization (whereas the 

model has triangular elements). Further analysis found that some points had no values and 

some had values that were inconsistent when compared to neighbouring points. Lastly, it 
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was found that some of the top surfaces were not continuous over the model domain (layers 

were intersecting). 

To overcome these data gaps, data had to be corrected and new ESRI shape files suitable for 

import into FEFLOW had to be generated. 

Firstly, inconsistent values were deleted. The remaining data was then used to calculate the 

missing values, and corrected values for the points where inconsistent values were found for 

each top surface. This was carried out in ArcMap (ESRI, 2010) using the following 

procedure: 

• points with inconsistent data: new values were calculated by averaging values of the 

neighbouring points; 

• missing data within an area surrounded by known values: interpolation was used to 

calculate the missing values, 

• missing data outside the area with known values: a trend function was applied to 

calculate the missing values. 

This process provided new top surfaces that are continues over the model domain. The 

triangular mesh was exported from FEFLOW and imported into AcrMap in order to create 

six new slices with triangular spatial discretisation as follows: 

• Slice 1: elevations were set as ground surface level relative to mean sea level; 

• Slice 2 to Slice 5: elevations were obtained from the new top surface elevation ESRI 

shape files; 

• Slice 6: elevations representing the bottom of the model and all nodes in Slice (lower 

surface of the greywacke basement rock) were given the value -105 m. 
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Obviously, Slice 2 to Slice 5 do not represent the top surface for one geological unit, but can 

contain other units as well. Different geological units within the slice were distinguished by 

assigning appropriate conductivity values for each unit represented in the slice. 

The "phreatic surface" option in FEFLOW was chosen for modelling the water table for 

steady state conditions. A value of 0.1 m was specified for all layers in the HGMZ model; a 

minimum water content, as a total depth of water in the layer. 

4.5.2.7 Model Calibration 

Calibration was based on the comparison of simulated and observed water levels in 23 

observation bores. The Nash-Sutcliffe efficiency coefficient (Nash and Sutcliffe, 1970) was 

also calculated for each model run.  

The model was accepted as suitable for use when the pattern of simulated and observed 

groundwater contours had similar shape, when there was the same number of overestimated 

and underestimated water levels in observation bores (Figure 4.14 and Figure 4.15), and 

when the Nash-Sutcliffe coefficient was a maximum. 
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Figure 4.14 HGMZ Steady State Model Results: Comparison of simulated and observed 

groundwater levels 

 

Figure 4.15 HGMZ Steady State Model Results:Comparison including ground 

elevations 
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4.5.2.8 Conclusions 

The model was calibrated as a steady-state problem only, due to the lack of transient input 

data. Therefore, seasonal changes could not be modelled, nor could the model have been 

calibrated and tested when it is under the highest stress. The model was calibrated manually 

and, due to lack of data, validation was not possible. Acceptance of the model was based on 

the credibility of both the model output and the calibrated parameter values and on the 

perceived usefulness of the model for investigating scenarios. 

The adopted hydraulic conductivity values, to be applied in the model for investigations of 

managed artificial recharge, are presented in Table 4-5. 

Table 4-5 Summary of calibrated hydraulic values in the HGMZ 

 
m/day 

Geological unit KXY KZ 

Holocene 5.3 1.1 

Q2Q3Q4 29 3 

Q5 3.5 0.6 

Q6 + Older Pleistocene 3.4 1.2 

 





 

CHAPTER 5 Groundwater Model Complexity 

In this chapter a discussion about complexity level of a groundwater model required to 

understand the natural state of the groundwater aquifer and its further use for investigation 

purposes is presented. Complexity of the groundwater models for the NorSGA and HGMZ 

catchments is analysed and findings are reported. 

“Everything should be made as simple as possible, but not simpler.” - Albert Einstein 
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5.1 Introduction 

Numerical models are widely used for research purposes and in groundwater management 

for assessing and understanding of groundwater aquifers. In addition, numerical models, if 

used thoughtfully, can provide the answers for both to research and management questions 

as well as be used as a tool for management options evaluation for future water demand. 

When numerical models are used by experienced and knowledgeable modellers, they 

become very powerful and efficient tools which can save time and other resources. 

Groundwater aquifers are very important as they are valuable source of quality fresh water, 

providing significant amount of water to the urban areas. By its nature groundwater aquifers 

are very complex and the complexity is reflected both in geological context and 

hydrogeological flow conditions. Furthermore, they are concealed below the land surface 

which makes them very difficult to understand and visualise. In order to improve our 

knowledge about the aquifers and to understand the complexity, field measurements are 

performed to collect as much as possible data in order to develop conceptual and numerical 

models. Still, even before conceptual model is developed some simplification assumptions 

are usually made, e.g. assuming that there is no horizontal anisotropy (Kx=Kz). 

When developing groundwater models there is always an enduring question, what is 

acceptable complexity level to understand natural processes in the groundwater system and 

predictive management scenarios effects? Model complexity hugely depends on the required 

model purpose, e.g. is it used to investigate global effects or interest is focused on localised 

impacts within the catchment. If a model is oversimplified, it will not yield the required 

results – it won’t be able to assess localized changes; if the model is under-simplified, there 

will not be enough resources thus, it will not produce required outputs. 



CHAPTER 5: Groundwater Model Complexity  
 

138 Marija R. Tutulić | The University Of Auckland 
 

Moreover, building more complex model in some cases is not possible if there is not enough 

data available and therefore required level of complexity is not achievable.  

Therefore, in order to determine the level of complexity it is recommended to use the 

principle of parsimony when developing groundwater model. The main characteristics of the 

principle and its application are presented in the following section. 

5.2 The principle of Parsimony 

The parsimony principle suggests that models should be as simple as possible, but still taking 

into account all relevant properties and information about the system that is modelled 

(Scholten et al., 2000, Hill, 2006). The principle suggests that dominant processes and 

characteristics should be considered first. Features that could increase complexity of the 

system can be added later, but the importance of added features should be analysed before 

they are added. 

The complexity level of a groundwater model is defined in the process of conceptual model 

development, based on (Barnett et al., 2012): 

• data that is available and its quality; 

• model requirements; and 

• current knowledge based on previous investigation and historical observed data, if 

available. 

The main objective in applying this principle is to find a suitable balance between model 

simplicity and complexity (Barnett et al., 2012). The balance is achieved by adding 

complexity gradually to the groundwater model, until acceptable level of complexity is 

reached. 
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One of the research questions of this study is to explore the level of model complexity 

required for numerical modelling of small urbanising catchments in order to: 

1. understanding groundwater catchment’s natural state, 

2. investigation of deep well MAR with stormwater as a method for mitigating adverse 

effects on hydrological cycle in a catchment due to urbanisation.  

5.3 The NorSGA catchment model discussion 

The NorSGA groundwater catchment is a complex catchment located within the extent of 

the Waitemata Sandstone aquifer with significant spatial variability in geology, topography 

and rainfall. Although much of the Waitemata group consists of semi-parallel gently dipping 

strata, there is extreme localized folding and faulting of the sedimentary material resulting 

from submarine slumping of strata during, or soon after, deposition (Strachan, 2008). The 

combination of alternating layers of fine and coarse material, deformations that occurred 

during deposition, and later minor folding and faulting have resulted in a complex geological 

formation with variations over small distances (Figure 3.7 and Figure 3.10). Further there is 

a significant spatial variability in topography (Figure 3.13) and rainfall (Figure 3.5). 

Due to poor quality of stratigraphic data (bore logs) and limited hydrological data (Chapter 

3), a simple conceptual model, described in Chapter 4, was developed for investigating 

groundwater dynamics in the NorSGA (Figure 4.2). 

The model consists of two geological layers - alluvium and Waitemata Sandstone layer. First 

simplification applied to model was how the Watemata sandstone is represented in the 

conceptual model. Due to poor quality of available stratigraphic data (Appendix C), 

alternating layers of fine and coarse material could not be modelled adequately, accordingly 
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the Waitemata sandstone was represented as one layer in the model. Second simplification 

related to how abstraction of groundwater is considered in the model. Abstraction rates were 

not available for each abstraction point, only the lumped sum of actual groundwater use for 

each recharge zone. Therefore, recharge in each of the KWHUAMA management zones 

(Figure 3.4) was reduced by the amount of actual groundwater use in that zone (Scoble and 

Millar, 1995), subtracted as a uniform depth over the zone. Lastly, stream – aquifer inteaction 

was not taken into account since data was not available. The model was built and calibrated 

based on above mentioned simplifications, (detailed description presented and described in 

Chapter 4). 

Based on the simulation result from simplified model, it was concluded that the simplified 

conceptual and numerical model of the NorSGA is a valid representation of groundwater 

flow through the catchment and that it can be used for investigating the regional impact of 

deep-well MAR with storm water. 

5.3.1 Conclusions to groundwater modelling in the NorSGA 

The simplified model of the NorSGA was capable to replicate the similar pattern of 

simulated to observed groundwater contours for the steady state conditions. Additionally, 

the model was able to provide a solution for transient conditions and understanding on how 

groundwater table elevations are changing seasonally. 

In addition, the simple model of the NorSGA groundwater catchment was able to estimate 

the effect of reduced recharge due to urbanisation on groundwater table elevations. 

Furthermore, initial NorSGA simulation results indicate presence of strong stream - aquifer 

interaction and that deep-well MAR using stormwater can considerably enhance stream 

baseflow and aquifer yield. 
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However, the model does not give an accurate prediction of water levels in all parts of the 

model domain, due the fact that stream - aquifer interaction was not modelled because data 

was not available. In addition, the simplified model could not give accurate prediction of 

localised effects of groundwater abstractions on groundwater table elevations since the 

simplified approach was taken in this research of reducing recharge by the total abstraction 

rate within each zone (see Chapter 4). 

Overall, the simplified NorSGA model was able to enhance the knowledge about Waitemata 

sandstone aquifer and give an estimate of the long term regional effects of deep-well MAR 

with stormwater on groundwater table elevations. The model was fit for the purpose of 

investigating regional effect of deep-well MAR using stormwater. 

Nonetheless, obtaining additional data to increase complexity of the NorSGA groundwater 

model will result in better understanding of the aquifer geological structure and aquifer 

dynamics that wasn’t possible with simplified model. This will involve the following field 

work: 

• Continuous measurement of groundwater levels in at least four wells, three in the 

lower part of the catchment (one in the middle of the aquifer in the zone of Taupaki, one 

in the coastal area of Hobsonville and one in the coastal area of Whenuapai) and one in 

higher ground (in the foothills of the Waitakere Ranges). If continuous measurements of 

groundwater levels are not possible, then measurements should be made at least twice a 

year; towards the end of summer and the end of winter, when groundwater level 

elevations` are at their highest and lowest respectively. 

• Continuous monitoring of groundwater consumption wherever possible. This will 

enable more accurate assessment of localised impacts on groundwater levels. 
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• Additional bore drilling and/or acquisition of better quality bore logs. This will 

provide more accurate stratigraphic data about sandstone layers in the NorSGA 

 Further increase in model complexity that will increase model reliability as well will include 

following: 

• Modelling the stream-aquifer interaction; 

• Applying abstraction rates at the actual points where abstraction takes place, rather 

than the simplified approach taken in this research of reducing recharge by the total 

abstraction rate within each zone; and 

• Modelling Waitemata sandstone aquifer with more than one layer. 

5.4 The HGMZ catchment model discussion 

The HGMZ groundwater catchment is a complex catchment with significant spatial 

variability in geology, topography and rainfall (Chapter 3). The conceptual and numerical 

model of the HGMZ was developed based on the geological model that was developed by 

GNS (White et al., 2010a). This model compared to the NorSGA model has more complexity 

and it cannot be considered as a simple model because many characteristics are more 

complex. 

The model consists of five geological layers described in Chapter 4. Stream- aquifer data 

was available and it was taken into account in the model. Abstraction rates were not available 

for each abstraction point, only the lumped sum of actual groundwater use for each recharge 

zone. Therefore, recharge in each of the HGMZ sub catchment (Figure 4.13) was reduced 

by the amount of actual groundwater use in that zone, subtracted as a uniform depth over the 
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zone (White et al., 2010b). The model was built and calibrated based on above assumptions 

and detailed description is given in Chapter 4. 

Based on the simulation result from the model, it was concluded that the conceptual and 

numerical model of the HGMZ is a valid representation of groundwater catchment. 

However, it cannot be used for investigating of long term the regional impact of deep-well 

MAR with storm water. 

It was concluded that even though very complex due to availability of complex geological 

model and data for stream-aquifer interaction, the lack of adequate hydrological data 

(monthly values of rainfall, potential evapotranspiration (PET) and streamflow) did not 

increase current knowledge of the aquifer dynamics in HGMZ groundwater catchment. 

5.4.1 Conclusions to groundwater modelling in the HGMZ 

The HGMZ model is a valid representation of the groundwater flow in the catchment and 

could replicate the similar pattern of simulated and observed groundwater contours for the 

steady state conditions. Furthermore, the model of the HGMZ groundwater catchment was 

able to estimate the effect of 1) reduced recharge due to urbanisation and 2) deep-well MAR 

using stormwater on groundwater table elevations in urbanising part of the catchment only. 

However, due to fact that there is no data to simulate the model for transient conditions, 

model could not have been calibrated for transient conditions, nor the long-term effects of 

the reduced recharge could have been investigated. The effects of the ground water 

abstraction form the HGMZ were taken into account by reducing recharge by the total 

abstraction rate within each zone (see Chapter 4), thus local effects of the abstraction could 

not be investigated.  
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Generally, even though the model has significant complexity due to lack of transient data, 

the current knowledge of the aquifer dynamics in HGMZ groundwater catchment could not 

be significantly increased. It is recommended that the HGMZ model should be calibrated as 

transient model with the aim to: 

• Observe seasonal changes in groundwater level elevations in the HGMZ; 

• Acquire better calibrated groundwater levels in the HGMZ; and 

• Develop predictive scenarios that will be able to evaluate more accurately changes 

in groundwater levels due to changes in ratio of impervious area in the urbanising area. 

The model improvements can only be achieved by acquiring additional monitoring data that 

will enable transient calibration and simulations. 

Firstly, and most importantly it is essential to obtain monthly values of rainfall, potential 

evapotranspiration (PET) and streamflow for the estimation of the monthly recharge values, 

which will enable transient simulations. Secondly, continuous monitoring of groundwater 

consumption wherever possible to enable more accurate assessment of localised impacts on 

groundwater levels. 

5.5 Overall conclusions 

Even though the NorSGA model was simplified geologically due to lack of quality data, 

availability of transient hydrological data allowed adequate estimate of underground flows. 

On the other hand, the HGMZ model could not adequately assess underground flows, despite 

having more complex model. 

From the results analysis for two different models with different model complexity levels it 

can be concluded that simplified conceptual and numerical model can be sufficient to 



 CHAPTER 5: Groundwater Model Complexity 
 

Marija R. Tutulić | The University Of Auckland 145 
 

enhance the knowledge about the underground flows if adequate (transient) hydrological 

data is available. 





 

CHAPTER 6 Comparative analysis of the performance 

of two different numerical schemes in small complex 

urbanising catchment 

In this chapter comparative analysis of two numerical schemes used in this research study, 

Finite Element Method (FEM) and Finite Difference Method (FDM) is performed. Schemes 

were tested on both research sites NorSGA and HGMZ and findings are reported.
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6.1 Methodology 

In order to compare two numerical schemes used in this research study, Finite Element 

Method (FEM) and Finite Difference Method (FDM), it is essential to establish criteria by 

which the comparison will be implemented. FEFLOW and Visual Modfow were chosen 

software for testing FEM and FDM schemes respectively. 

The criteria used for comparing the results of the simulation runs involve the following 

(Faust and Mercer, 1980, Adams, 2010): 

• accuracy, 

• numerical stability, 

• efficiency, 

Accuracy:  Accuracy is measure of how good numerical solution is compared to observed 

values. Solving differential equations by using numerical methods means that the differential 

equations are discretised and that the solution is not exact (Faust and Mercer, 1980, 

Holzbecher and Sorek, 2006). Every numerical solution encompasses systematic errors 

which cannot be avoided such as:  modelling errors, discretization errors, iteration errors and 

truncation errors (Faust and Mercer, 1980, Ferziger and Perić, 1999, Holzbecher and Sorek, 

2006). These errors cannot be avoided and numerical solution always includes them. 

Principally accuracy is evaluated by comparing the simulated to observed values of the 

simulated output. 

Stability The approximation will produce truncation errors, which can be amplified by 

further calculation. Amplified approximation errors can lead to numerical instability. 
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Generally, numerical stability is indication of whether the solution is possible.  

Efficiency will consider the computational time and resources needed to reach the solution. 

Although the main focus is to compare the performance of two different numerical schemes, 

both software can be also compared in aspects that do not relate directly to performance of 

the numerical scheme: software availability, ease of use, documentation available and 

reliability. These additional criteria won’t be addressed further in this research, as both 

software package FEFLOW and Visual Modflow, are successfully fulfilling all additional 

criteria. 

6.2 Visual Modflow model development 

Approach for developing VisualModflow models for the NorSGA and the HGMZ was 

exactly the same as for FEFLOW. Same input data files were used in Visual Modflow and 

as in FEFLOW. The only difference was reflected in how model domain was discretised- in 

FEFLOW triangular elements and in Visual Modflow rectangular elements were used to 

approximate model domain. 

The approach used for calibrating FEFLOW models for the NorSGA and the HGMZ, 

described in Chapter 4 and Appendix D was used for calibrating Visual Modflow models. 

The NorSGA groundwater model simulation results were compared for transient flow 

conditions because they produced better results. For the HGMZ groundwater model results 

for steady state conditions were compared as there was no data to simulate the model for 

transient conditions. 
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6.3 The NorSGA Results 

6.3.1 Accuracy 

The results of the NorSGA model simulations for both software are presented in Table 6-1. 

Table 6-1 Summary of the groundwater elevations for the NorSGA at observation wells 

 Groundwater elevations (masl) 

Observation Bore No. Observed FEFLOW Visual Modflow 

139 18.96 25.93 25.65 

142 30.66 28.96 29.15 

232 9.71 18.71 12.36 

2552 23.85 22.13 22.45 

5262 7.69 4.20 3.98 
 

Both numerical schemes, FEFLOW and Visual Modflow, produced similar groundwater 

level elevations at observation bores in the NorSGA catchment. Similar performance of 

different numerical schemes in the NorSGA catchment is most likely a consequence of the 

fact that geological complexity could not have been modelled adequately as geological data 

was insufficient to take into account complex geology of the Waitemata Sandstone aquifer. 

6.3.2 Stability and efficiency 
Both numerical models of the NorSGA groundwater catchment, FEFLOW and Visual 

Modflow, produced the simulation results and therefore it can be concluded that they are 

both numerically stable. The simulation runs did not require significant amount of time and 

both software executed numerical calculations in almost the same amount of time. Both 

numerical schemes had similar performance for these two criteria, hence they were not 

compared against them.  
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6.4 The HGMZ Results 
6.4.1 Accuracy 

Results of the simulation runs for the HGMZ groundwater catchment with two different 

numerical schemes FEM and FDM, using FEFLOW and Visual Modflow repectevly, are 

presented in Table 6-2. 

Table 6-2 Summary of the groundwater elevations for the HGMZ at observation wells 

 Groundwater elevations (masl) 

Observation Bore No. Observed FEFLOW Visual Modflow 

352007 -1.0 -0.50 -0.23 

352131 -7.40 -9.00 -3.91 

352271 0.50 1.00 -0.11 

352311 -4.20 -2.58 -5.67 

361003 -2.80 -4.52 -1.42 

361041 -3.70 -6.00 -7.02 

362003 -0.80 2.00 3.44 

362017 -1.00 -0.95 -2.56 

362033 -4.50 -6.89 -2.35 

362331 -6.00 -4.19 -8.78 

362511 -10.00 -13.24 -14.02 

362521 6.80 8.00 3.32 

362541 -10.20 -8.00 -8.49 

362551 -0.20 0.75 -0.56 

362661 -19.40 -16.9 -13.91 

362711 -23.50 -18.75 -19.87 

362951 -3.96 -1.58 -2.77 

363251 -24.10 -22.4 -19.86 
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For the HGMZ groundwater catchment, FEFLOW that uses FEM numerical scheme, 

produced more accurate groundwater level elevations. FEM numerical scheme could better 

handle the geological complexity and subsequently confirm hypothesis that software 

packages that use finite element method are better, than software packages that use finite 

difference method and are therefore better for investigating the recharge mechanism and 

other aspects of groundwater dynamics in small complex urbanising catchments that have 

complex geology with spatial variability of topography and rainfall patterns. 

6.4.2 Stability and efficiency 

Similarly, to NorSGA, both numerical schemes could produce solution therefore they are 

stable. Time required to produce solution was minimal (couple of minutes) thus both 

software, FEFLOW and Visual Modflow were efficient for the HGMZ groundwater 

catchment.   

6.5 Conclusions 

Results were compared from applying two different software platforms, FEFLOW and 

Modflow, that use different numerical schemes, FEM and FDM respectively. Both provided 

equally satisfactory simulation results for the NorSGA. The likely main reason is that the 

geological complexity of the NorSGA was not considered due to insufficient data about 

alternating layers of fine and coarse material within Waitemata Sandstone aquifer. Once 

additional stratigraphic data is obtained, more geological complexity can be added to the 

model and further testing of both numerical schemes can then be undertaken to establish 

which scheme provides better results. 

In the HGMZ, simulations with two different numerical modelling software platforms, 

FEFLOW and Modflow, showed that FEFLOW provided more accurate results. This is 
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likely to be because the conceptual and numerical model of HGMZ complexity is better 

handled by FEFLOW. To better understand the reasons behind the improved performance 

of the FEFLOW model, more data needs to be collected and further simulations carried out. 



CHAPTER 7 Framework for managed artificial 

recharge in urbanizing catchments 

In this chapter, the hypothesis that hydrological neutrality can be achieved using MAR and 

the effects of deep-well MAR are investigated. Water balances for pre-developed and 

developed (urbanised) catchment state were compared to test the hypothesis. Effects of 

proposed scheme for MAR in the NorsGA is analysed and results are presented. The scheme 

could not be tested for HGMZ as data to simulate the model for transient conditions was not 

available. Moreover, this chapter provides the description of the proposed framework for 

managed artificial recharge in urbanizing areas.
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7.1 Maintaining hydrological neutrality 

One of the hypothesis stated in Chapter 1 is that Artificial recharge can be used as technique 

to maintain the predevelopment hydrology of the urban catchment. 

With the purpose of testing the hypothesis, water balances for pre-developed and developed 

(urbanised) catchment state were compared. 

Water balances for the pre-developed and developed catchment are defined by following 

equations (Chapter2: Eq 2.5 and Eq. 2.6): 

Pre-developed 𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑂𝑂𝑔𝑔𝑔𝑔 =  ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

Developed 
𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑊𝑊𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛 − 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑂𝑂𝑔𝑔𝑔𝑔 −𝑊𝑊𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛

=  ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

For a pre-developed catchment ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 tends to zero as the catchment reaches long term 

equilibrium, thus the equation becomes: 

Pre-developed 𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑂𝑂𝑔𝑔𝑔𝑔 =  0 Eq 7.1 

Similarly, for a developed catchment equation, assuming that the volume of imported water 

is equal to the volume of exported water (𝑊𝑊𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛 = 𝑊𝑊𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛), ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 will also tend to 

zero, thus the equation becomes: 

Developed 𝑃𝑃 + 𝐼𝐼𝑔𝑔𝑔𝑔 + 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑂𝑂𝑔𝑔𝑔𝑔 =  0 Eq 7.2 

Under the assumption that hydrologic neutrality is preserved, Eq 7.1 and Eq 7.2 can be 

rearranged and presented as follows: 

 𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 Eq 7.3 

The equation can be further transformed into following equation: 
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 𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 Eq 7.3 

which can be written: 

∆𝐺𝐺 = ∆𝐸𝐸𝐸𝐸 − ∆𝑅𝑅 

The term ∆𝐺𝐺 represents the decrease in natural groundwater recharge, ∆𝐸𝐸𝐸𝐸 the decrease in 

evapotranspiration and ∆𝑅𝑅 the increase in stormwater runoff. Considering that ∆𝐸𝐸𝐸𝐸 ≪ ∆𝑅𝑅 

(FISRWG, 1998; Tubau, 2017; Minnig, 2018), Eq 7.4 can be simplified further:  

 ∆𝐺𝐺 = −∆𝑅𝑅 Eq 7.5 

Therefore, the change in natural recharge∆𝐺𝐺, which is the amount of water that needs to be 

recharged to maintain hydrologic neutrality, is equal to the increase in stormwater runoff. 

The subsequent chapters summarised the methodology used to determine the increase in 

runoff. Moreover, results of model simulations that were carried out to test MAR schemes 

by injecting the estimated increase in runoff into the groundwater aquifer have been 

presented and analysed.  

7.2 Assessment of effects of deep-well MAR in the NorSGA 

The existing FEFLOW model (Chapter 4) was used to assess the effects of the proposed 

deep-well MAR scheme in the NorSGA. The investigation was carried out in three steps 

presented in the following sections. First, the increase in runoff was estimated. The second 

step included the analysis of the effects of urbanisation on groundwater levels in the NorSGA 

catchment. The analysis of the deep-well MAR to the sandstone aquifer followed in the third 

step. 
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7.2.1 Estimation of the natural recharge decrease in the NorSGA 

Based on the discussion in previous section (7.1), natural recharge decrease is assumed to 

equal to the increase in runoff in the catchment. Therefore, to estimate the increase in runoff 

in the NorSGA a simple rainfall-runoff relationship was used (BCHF, 1992):17) 

 R = (𝐶𝐶𝑣𝑣𝑚𝑚 − 𝐶𝐶𝑣𝑣𝑣𝑣) ∗ (P − D) Eq 7.6 

where: 𝑃𝑃  Precipitation (mm) 

 D  depression storage (mm) 

 𝐶𝐶𝑣𝑣𝑚𝑚  post-development volumetric runoff coefficient 

 𝐶𝐶𝑣𝑣𝑣𝑣  pre-development volumetric runoff coefficient 

   

Equation (Eq 7.6) assumes that the catchment is completely urbanised, with the entire area 

covered with impervious surfaces. Even in highly urbanised areas not all surfaces are 

impervious because there are still areas in which natural infiltration occurs (e.g. parks, sports 

fields). A conservative estimate that 85% of total catchment area is impervious (BCHF, 

1992), transforms the equation Eq. 7.6 to: 

 R = 0.85 ∗ (𝐶𝐶𝑣𝑣𝑚𝑚 − 𝐶𝐶𝑣𝑣𝑣𝑣) ∗ (P − D) Eq 7.7 

It is further assumed that 𝐶𝐶𝑣𝑣𝑚𝑚 = 1.0, 𝐶𝐶𝑣𝑣𝑣𝑣 = 0.3 and D = 0 mm. (BCHF, 1992) As a result, 

the estimated increase in runoff (mm) for each month can be calculated as follows: 

 R = 0.6 ∗ P Eq 7.8 

The increase in runoff, calculated using Eq 7.8, also represents the volume of water that 

needs to be injected into the aquifer to maintain hydrologic neutrality. 
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7.2.2 Evaluating the effects of urbanisation on groundwater levels in the NorSGA  

Using ten years of available rainfall data (1999 to 2008) (Appendix C, Table C1.3), 

decreased values in natural recharge due to urbanisation were calculated for each month. 

These values were applied to each development area from the year when development begins 

in that particular area, i.e. 2008+, 2016+, and 2021+ (Figure 7.1). 

 

Figure 7.1 Groundwater Use – Development – Recharge Zones 

The resulting time series represent the reduced recharge resulting from an increase in 

impervious surface area. The time series were applied to a FEFLOW model to evaluate 

changes in groundwater table elevations due to urbanisation, at the end of a 30-year period 

when catchment is completely urbanised. Since data was available for 10- year period only, 

for the simulation purposes the 10- year time series was repeated twice which made 30 years 

in total. The most significant output from the model is the groundwater table levels at the 

end of the 30-year computational period. 
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To evaluate the effects of the urbanisation, the modelled groundwater table elevations at the 

end of the 30-year period were compared to groundwater levels before urbanisation as 

determined by the calibrated model.  

The following four categories were introduced to classify the change in groundwater table 

levels (Table 7-1): 

• decrease in groundwater levels: there is a decrease in groundwater level  elevations 

of more than 5%; 

• no change in groundwater levels: the computed change in groundwater table 

elevations ranges from -5% to 5%; these minor changes can be regarded as fluctuations 

of the groundwater table; 

• increase in groundwater levels: there is an increase in groundwater level of between 

5% and 100%; and 

• significant increase in groundwater levels: the increase in groundwater table 

elevations is greater than 100%. 

Table 7-1 Classification of change in position of groundwater table 

Type of change Decrease No Change Increase 
Significant 

Increase 

Change (%) < -5 -5 to 5 5 to 100 > 100 

The do-nothing scenario simulation showed that a decrease in groundwater levels will occur 

at the end of a 30-year period if no remedial measures are introduced to alleviate the negative 

effect of urbanisation (Figure 7.2) The results of the simulation confirmed that the greatest 

decrease in levels will take place in areas that were urbanised first (Figure 7.1). 
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In addition, this scenario provides an insight into the response of groundwater to 

urbanisation, and it represents the baseline that will be used to evaluate proposed measures 

for mitigating adverse effect of urbanisation. 

The scenario was then simulated with reduced recharge for another 30 years, to investigate 

the further impacts of reduced recharge in an already urbanised catchment. The results at the 

end of this period confirmed that groundwater levels will continue to decrease throughout 

the catchment if no remedial measures are implemented. 

 

Figure 7.2 Changes in groundwater levels due to urbanisation 

7.2.3 Evaluating the effects of deep-well MAR on groundwater levels in the NorSGA  

To estimate the effects of the proposed artificial recharge, a network of wells was used for 

injecting excess stormwater into deep sandstone aquifer. Wells were evenly spaced on a 1 

km grid (Figure 7.1). 
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Five different scenarios were simulated with different volumes of injected stromwater to 

investigate the impact of MAR as presented in Table 7-2. 

Table 7-2 Scenarios for investigating the impact of MAR 

Scenario 1 2 3 4 5 

Total volume of injected 

stormwater 

(% of increase in runoff) 

10 20 40 80 100 

 

The defined volume of injected runoff for each scenario, was evenly divided between all 

wells. 

All five scenarios were compared against the do-nothing (baseline) scenario evaluated in 

section 7.2.2 and using the specified criteria presented in Table 7-1. 
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Scenario 1 

By injecting 10% of the increase in stormwater runoff volume, a significant increase in 

groundwater levels is evident in the already-urbanised area where the baseline scenario 

showed the decrease in groundwater levels (Figure 7.3).  

 

Figure 7.3 Changes in groundwater levels Scenario 1: Managed artificial recharge 
with 10% of the increase in stormwater runoff 

  



 CHAPTER 7: Framework for MAR in urbanizing catchments 
 

Marija R. Tutulić | The University Of Auckland 161 
 

Scenario 2 

From the analysis of the simulation results in Scenario 2 (Figure 7.4) it was concluded that 

a further increase in groundwater levels will take place in the already-urbanised area where 

the baseline scenario showed the decrease in groundwater levels. Some increase in 

groundwater levels will occur in more than half of the total model domain area. Similar to 

Scenario 1, significant increase in groundwater level elevations is occurring in the coastal 

zone close to Hobsonivle City Centre, but the area affected by this type of change is greater 

because more water is injected. 

 

Figure 7.4 Changes in groundwater levels Scenario 2: Managed artificial recharge 
with 20% of the increase in stormwater runoff 
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Scenario 3 

In Figure 7.5 simulation results of Scenario 3 are presented. Most of the total model domain 

area will have an increase in elevation of the groundwater table. Significant increases will 

occur not only in the urbanised part of the catchment, but also in parts of the catchment that 

are not yet urbanised.  

 

Figure 7.5 Changes in groundwater levels Scenario 3: Managed artificial recharge 
with 40% of the increase in stormwater runoff 
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Scenario 4 

In this scenario managed artificial recharge into the deep sandstone aquifer with 80 % of the 

increase in runoff (Figure 7.6) was undertaken. The results show that almost a third of the 

catchment, where most of the early urbanisation has taken place, is having a significant 

increase of groundwater table, with a further half of the catchment experiencing some 

increase in groundwater levels. 

 

Figure 7.6 Changes in groundwater levels Scenario 4: Managed artificial recharge 
with 80% of the increase in stormwater runoff 
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Scenario 5 

The final scenario (Scenario 5) assumed that the entire increased runoff volume is injected 

into the aquifer. Compared to Scenario 4, Figure 7.7 shows only minor improvements in 

groundwater levels. 

 

Figure 7.7 Changes in groundwater levels Scenario 5: Managed artificial recharge 
with 100% of the increase in stormwater runoff 

Summary of findings for the Scenario 1-5  

In summary, for all five scenarios the significant increase of groundwater level elevations is 

occurring in areas where urbanisation first took place (Figure 7.1). This is mainly because 

the groundwater levels in these areas had biggest decline as a consequence of reduced 

recharge and increased abstraction resulted from urbanisation. In addition, the stormwater is 

injected over entire simulation period, and therefore the highest volume of water for each 

scenario will be injected in areas where significant increase in groundwater level elevations 
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takes place. Moreover, the area of significant increase in groundwater level elevations for 

each scenario is increasing as more water is injected.  

A summary of MAR simulation results for all analysed scenarios is presented in Error! Not 

a valid bookmark self-reference.. 

Table 7-3 Summary of MAR simulation results – Areas classified by changes in 

groundwater level 

   Scenario 

  
 

do-

nothing 
1 2 3 4 5 
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e km2 6.39 / / / / / 

% 13.2 / / / / / 
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e km2 42.16 26.07 17.30 13.13 10.75 10.64 

% 86.8 53.7 35.6 27.00 22.1 21.9 
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 km2 / 21.46 28.11 29.11 23.72 22.55 

% / 44.2 57.9 60.0 48.9 46.5 
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In
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ea
se

 km2 / 1.02 3.14 6.31 14.08 15.36 

% / 2.1 6.5 13.0 29.0 31.6 
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7.2.4 Evaluating the effects of deep-well MAR with stormwater on groundwater 

levels in the HGMZ  

The deep –well MAR with stormawater could not be tested adequately due to lack of data to 

simulate the model for transient conditions. The groundwater systems have slow response to 

any changes and time to observe changes can be very long. In absence of time series of data 

needed to calculate recharge to groundwater system it is impossible to assess regional impact 

of deep- well MAR with excess stomwater. 

7.3 Framework for MAR with stormwater in urbanising 

catchments using deep wells 

The framework presented in this section has been based on work undertaken during the 

course of this research. The proposed framework is a general guidance for managed artificial 

recharge with stormwater in urbanising catchments, focusing on maintaining the water 

balance as close as possible to the water balance prior to urban development. When 

developing the framework, a few assumptions were made: 

• stormwater used for recharge is already treated and free of contaminants; 

• direct inject method with aquifer storage recovery (ASR) wells is the chosen recharge 

technique; 

• deep aquifer, that has the capability to store and transmit water, exists within the 

catchment 

ASR wells are convenient because they are used as injection wells when there is a surplus 

in water, and recovery wells when water is needed. In addition, they eliminate the need for 
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large surface reservoirs and therefore provide additional space that is already sparse within 

urbanising catchments and that could be used for parks, playgrounds or further development. 

The proposed framework can be applied to catchments that are in the early stages of 

urbanisation, with the aim of minimising or completely preventing the negative effects of 

urbanisation at all stages of urban development. Furthermore, the framework can be applied 

to catchments that are already in the process of urbanisation, in order to mitigate the adverse 

effects that are already affecting the natural (pre- developed) hydrologic cycle.  

The proposed framework for successful managed artificial recharge with stormwater is a 

three-stage process (Figure 7.8): 

• Stage 1: Data Collection and Model Development; 

• Stage 2: Design and Implementation; and 

• Stage 3: Operation and Maintenance. 
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Figure 7.8 Framework for managed aquifer recharge with stormwater in urbanising 
catchment 
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7.3.1 Stage 1 – Data Collection and Model Development 

Stage 1 analyses the current state of the catchment and is aimed at gaining better 

understanding of the processes within the catchment. This includes a water budget analysis 

and development of the groundwater model to understand the hydrogeologic processes of 

the undeveloped catchment. In order to perform the Stage 1 analysis, the following steps 

need to be undertaken: compilation of existing data, a data gap analysis, collection of missing 

data, data collation and model development. 

Compilation of existing data: All available data needs to be compiled and this includes: 

• geologic data: distribution and configuration of geological units, their thickness, 

continuity, lithology, and geologic structure; and 

• groundwater hydrologic data: the physical extents of the aquifer system (model 

domain); potential head measurements, flows, transmissivity, hydraulic conductivity, 

storativity and specific yield; and  

• water budget data (precipitation, groundwater recharge, evapotranspiration, 

groundwater abstraction rates, etc). 

Data gap analysis: Once all available data is collected, the data needs to be analysed to 

determine if all essential information for model development and catchment assessment is 

available or additional information needs to be collected. 

Missing data collection: If the data gap analysis finds that there is not enough information 

to perform a robust catchment analysis, then additional information needs to be collected. 

After assembling this additional information, it needs to be collated with the data that has 

already been compiled, to create a unified dataset that will be used in the following steps of 

this stage, i.e. model development and water budget analysis. 
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If the data gap analysis shows that there is no clear benefit of collecting any additional data, 

this step can be omitted. 

Model development and water balance analysis: Using the collated data, a model is 

developed, first to investigate and understand pre-developed state of the catchment and the 

effects of urbanisation. The model will then be used for further investigation in Stage 2. 

Model development consists of the three stages described in Chapter 4: conceptual model 

development; computer code selection and numerical model construction including 

calibration and a sensitivity analysis (ASTM, 2017). 

A water budget analysis will determine the natural recharge rates and estimate the decrease 

of natural recharge due to urbanisation.  

7.3.2 Stage 2 – Design and Implementation 

Stage 2 consists of the development of a scheme for artificial recharge with stormwater and 

testing of the scheme for different proposed recharge scenarios. It further includes the 

development of a baseline that will be used for measuring effects of proposed scenarios. 

 Should initial model outputs indicate that a proposed scheme provides satisfactory results, 

then detail design and implementation phase takes place. 

Conceptual design of the artificial recharge scheme: This step involves the conceptual 

design of a proposed scheme, including defining a number of ASR wells and their spatial 

distribution within the catchment. Any existing ASR wells can be incorporated within the 

proposed scheme. 

Baseline definition: The baseline is defined as the scenario when all planned development 

within a catchment has been completed, and no MAR measures are implemented. This is a 
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do-nothing scenario that is aimed to provide information about the effects of a decreased 

natural recharge due to urbanisation on groundwater levels and the natural water balance. 

Scenario Definition: As part of any scenario definition, an assessment is made of the 

estimated increased runoff that could be injected into the aquifer. This assessment assumes 

that the estimated runoff increase is a result of maximum probable development (MPD) 

within a catchment, with an impervious area coverage of 85%. Once this maximum runoff 

increase is determined, five scenarios are defined, in which 10%, 20%, 40%, 80% and 100% 

respectively of the estimated increased runoff volume is injected into the aquifer. 

Testing of Proposed Scheme for Different Scenarios: Once the baseline and scenarios have 

been defined, model simulations for all of them are carried out. The outputs of the scenario 

simulations are then compared against the outputs of the baseline simulation to assess the 

effectiveness of the proposed scheme and associated scenarios. If the proposed scenarios are 

proven to create a positive effect on the groundwater system, then the next step is to carry 

out a detailed design of the proposed scheme. Otherwise, a new scheme needs to be proposed 

and investigated. 

Detailed Design: Upon selecting the MAR scheme, the next step is a detailed design of the 

proposed scheme.  

Implementation: The final step in Stage 2 is the implementation of the scheme as per the 

detailed design. The scheme is now ready for entering the final Stage of the framework, 

which is Operation and Maintenance. 

7.3.3 Stage 3 – Operation and Maintenance 

The last stage in the framework is the actual scheme operation and maintenance. Once the 

proposed scheme is implemented, it enters the operational stage which involves day to day 
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operation of the scheme and continuous monitoring. An integral part of this stage is active 

maintenance of the scheme that involves further use of the collected data and continuous 

testing using the existing numerical model. 

7.4 Summary 

This chapter has provided detailed analysis of MAR using deep wells in the NorSGA. Five 

scenarios, all having a different volume of stormwater injected into the sandstone aquifer, 

were analysed and compared to a baseline scenario that included the effects of urbanisation 

on groundwater levels.  

Modelling of the baseline scenario confirmed that groundwater levels will decrease 

throughout the catchment because of urbanisation if no remedial measures are implemented.  

The difference in natural recharge ∆𝐺𝐺 between the baseline scenario and the undeveloped 

catchment is the amount of water that needs to be recharged to maintain hydrologic neutrality 

and is equal to the increase in stormwater runoff.  

In summary, the work carried out and presented in this chapter supports the hypothesis that 

artificial recharge can be used as a technique to minimise changes from the predevelopment 

hydrology of the urban catchment. 

Based on these findings, a framework for MAR with stormwater in urbanising areas using 

deep wells has been developed.



 

CHAPTER 8 Conclusions and Recommendations 

In this chapter, a summary of the research presented in this thesis is given. The chapter also 

underlines the main conclusions from the research and highlights its contribution to 

knowledge in related research fields. The chapter concludes with recommendations for 

possible further research 





 CHAPTER 8: Conclusions and recommendations 
 

Marija R. Tutulić | The University Of Auckland 173 
 

8.1 Conclusions 

The aims of this thesis are to explore managed artificial recharge as a method for maintaining 

hydrological neutrality in urbanising catchment using LID principles and to develop a 

framework for this approach. This method was tested on two case studies based in the North 

Island of NZ: The Northern Strategic Growth Area (NorSGA) west of Auckland, and 

Horowhenua Groundwater Management Zone (HGMZ) in the Manawatu-Wanganui 

Region. 

The main questions of this research study to be investigated were the following: 

1. Whether simplified conceptual and numerical models can adequately represent an 

aquifer system and whether they can improve knowledge about groundwater flows; 

2. Regional impacts of managed artificial recharge in urbanising areas; and 

3. Which numerical method, finite element or finite difference, will better represent a 

complex groundwater system. 

The findings of this research are summarised separately for each case study, in the following 

sub-sections. 

8.1.1 The NorSGA conclusions and recommendations 

Due to the poor quality of stratigraphic data (bore logs) and limited hydrological data, a 

simple conceptual and numerical model was developed for investigating groundwater 

dynamics in the NorSGA. The model consists of two geological layers with no-flow and 

fixed head boundary conditions and four recharge zones. 
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The simplified conceptual and numerical model of the NorSGA presented in this research is 

a valid representation of groundwater flow through the catchment. The model was able to 

reproduce the similar pattern of simulated and observed groundwater contours. The NorSGA 

steady state model calibration provided a solution that was used as an initial condition for a 

transient version of the model which was calibrated when the groundwater table is at its 

highest elevation (winter time). The transient model was then able to provide an 

understanding on how groundwater table elevations are changing seasonally. 

Analysis of the NorSGA modelling results concluded that the groundwater system is 

controlled by the topography, climate and geology. 

Six predictive scenarios were simulated: Frist scenario “do-nothing” investigated the effects 

of decreased natural recharge due to urbanisation and  other five (Scenario 1- Scenario 5) 

investigated the effect of deep-well Managed Aquifer Recharge with storm water decrease 

injecting 10%, 20%, 40%, 80% and 100% of the total increase in stormwater runoff 

respectively. 

The increase of impervious area due to urbanisation results in groundwater recharge 

reduction (assuming a “do-nothing” scenario) and consequently a decrease in groundwater 

table elevations. This decline in groundwater table elevations in the NorSGA is localised and 

not a catchment-wide phenomenon, occurring only in the Hobsonville area (the area that has 

been urbanised first). The other parts of the catchment did not experience the decline in water 

table elevation even though recharge is significantly reduced. The groundwater decline could 

nevertheless have significant adverse effects, because the Hobsonville area is located near 

the coastline where saltwater intrusion could occur and result in deterioration of the quality 

of water used for domestic purposes, stock watering and agriculture. 
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Preliminary NorSGA simulation results indicate presence of strong stream - aquifer 

interactions and indicate that deep-well Managed Aquifer Recharge using stormwater can 

considerably enhance stream baseflows and aquifer yield. 

Analysis of the simulation results for five proposed deep-well MAR scenarios (injecting 

10%, 20%, 40%, 80% and 100% of the total increase in stormwater runoff for scenarios 1 to 

5, respectively) provided an estimate and understanding of the effects of proposed deep-well 

MAR using stormwater. However, the model does not give an accurate prediction of water 

levels in all parts of the model domain. This is mainly because the stream - aquifer interaction 

was not modelled due to the lack of available data. 

To implement the above-mentioned proposed changes to the NorSGA and increase the 

understanding of the aquifer geological structure and groundwater dynamics, it is of utmost 

importance to carry out the following additional data acquisition: 

• Continuous measurement of groundwater levels in at least four wells, three in the 

lower part of the catchment (one in the middle of the aquifer in the zone of Taupaki, 

one in the coastal area of Hobsonville and one in the coastal area of Whenuapai) and 

one in higher ground (in the foothills of the Waitakere Ranges). If continuous 

measurements of groundwater levels are not possible, then measurements should be 

made at least twice a year; towards the end of summer and the end of winter, when 

groundwater level elevations are at their highest and lowest respectively; 

• Continuous monitoring of groundwater consumption wherever possible. This will 

enable more accurate assessment of localised impacts on groundwater levels; 

• Additional bore drilling and/or acquisition of better quality bore logs. This will 

provide more accurate stratigraphic data about sandstone layers in the NorSGA. 
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Results were compared from applying two different software platforms, FEFLOW and 

Modflow, that use different numerical schemes, FEM and FDM respectively. Both provided 

equally satisfactory simulation results for the NorSGA. The likely main reason is that the 

geological complexity of the NorSGA was not considered due to insufficient data about 

alternating layers of fine and coarse material within Waitemata Sandstone aquifer. Once 

additional stratigraphic data is obtained, more geological complexity can be added to the 

model and further testing of both numerical schemes can then be undertaken to establish 

which scheme provides better results. 

8.1.2 The HGMZ conclusions and recommendations 

The conceptual and numerical model of the HGMZ was developed based on the geological 

model that was developed by White et al. (2010a), to gain better understanding of the aquifer 

dynamics. The model consists of five geological layers, with no-flow and fixed-head 

boundary conditions, and one fixed fluid-flux boundary condition. In addition, there are eight 

recharge zones. Compared to the NorSGA model, this model is a complex model.  

The HGMZ model is a valid representation of the groundwater flow in the catchment and 

was able to replicate the similar pattern of simulated and observed groundwater contours. 

The model was calibrated only for steady state conditions, since data for transient calibration 

was not available. 

The analyses of the HGMZ modelling results confirmed that groundwater levels are 

controlled by the topography. In addition, the model confirmed that in different parts of the 

Zone groundwater flows towards the west coast, the Manawatu River (Koputaroa West and 

Poroutawhao), and towards Lake Horowhenua and Lake Papaitonga. 
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Monitoring bores near Lake Horowhenua and Lake Papaitonga (within the urbanising area 

of the HGMZ) are showing trends of declining water levels. The modelling results confirmed 

that groundwater levels will decline in the urbanising area due to the increase in impervious 

area and the resulting reduced recharge. 

It is recommended that the HGMZ model be calibrated as a transient model in order to: 

• Observe sessional changes in groundwater level elevations in the HGMZ; 

• Improve the calibration of the model against groundwater levels in the HGMZ; and 

• Develop predictive scenarios that will be able to evaluate more accurately the 

changes in groundwater levels that can be expected with changes in impervious area 

of the urbanising area. 

The model improvements can be achieved only by acquiring additional monitoring data that 

include:  

• Monthly values of rainfall, potential evapotranspiration (PET) and streamflow, for 

estimating the monthly recharge values; and 

• Continuous monitoring of groundwater consumption wherever possible. This will 

enable more accurate assessment of localised impacts on groundwater levels. 

In the HGMZ, simulations with two different numerical modelling software platforms, 

FEFLOW and Modflow, showed that FEFLOW provided more accurate results. This is 

likely to be because the conceptual and numerical model of HGMZ complexity is better 

handled by FEFLOW. To better understand the reasons behind the improved performance 

of the FEFLOW model, more data needs to be collected (as recommended above) and further 

simulations carried out. 
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8.1.3 Framework for MAR with stormwater in urbanising areas using 

deep wells- Conclusions 

Based on work undertaken in this research, a framework for managed artificial recharge 

(MAR) with stormwater in urbanising catchments was proposed. The aim of the framework 

is to provide a guidance for applying deep-well MAR with excess stormwater to minimise 

or completely prevent the negative effects of urbanisation at all stages of urban development. 

It was assumed that: 

• stormwater used for recharge is already treated and free of contaminants; 

• stormwater is recharged using aquifer storage recovery (ASR) wells; 

• deep aquifer is capable to store and transmit water. 

The proposed framework for successfully managed artificial recharge with stormwater was 

separated into 3 stages: 

• Stage 1: Data Collection and Model Development; 

• Stage 2: Design and Implementation; and 

• Stage 3: Operation and Maintenance. 

The Stage 2 of the proposed framework was tested using numerical model for the NorSGA 

groundwater catchment. Simulated results indicated that proposed framework has a positive 

impact on declining groundwater levels, thus is able to mitigate negative impacts of the 

urbanisation. 
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8.2 Recommendations for future research 

This research provides a significant contribution to current knowledge of numerical 

modelling of groundwater systems incorporating MAR, but it has some limitations. 

Therefore, further research, listed below, is recommended to complement this study: 

1. Studies to validate proposed deep-well MAR with stormwater as a technique for 

maintaining pre-developed hydrology for urbanising catchments with different 

geological settings and climate conditions and in different parts of the world. This 

work should be done with the aim of developing the MAR guidelines for application 

in diverse geological settings and climate conditions. 

2. Additional testing to determine a necessary level of complexity for numerical models 

under different geological settings and climate conditions and to develop a shared 

information knowledge base with recommendations on level of complexity required 

for investigating groundwater systems. 

3. Further testing of the two alternative numerical schemes, FDM and FEM. There are 

limited advise when to use which scheme, hence the choice of scheme is mostly 

based on the modellers experience with one or the other. 

4. Investigation of the proposed MAR technique on experimental catchment sites and 

verification of modelling results from those sites. 

5. Development and investigation of novel sustainable methods for treating the 

stormwater that is to be injected into an aquifer. 
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around the World 





 

 201 
 

 
Continent Country Aquifer/Project MAR type Purpose Year Reference 

A
fr

ic
a 

South Africa Loeriesfontein Dug Well/ Shaft/ Pit 
Injection no data 2010 Murray, R., and J. Harris. 2010. Water Banking: A Practical Guide to Using Artificial Groundwater 

Recharge. Pretoria, South Africa: Department of Water Affairs. 

South Africa Hermanus Subsurface Dam Maximize Natural 
Storage 2010 

Murray, R., and P. Ravenscroft. 2010. Potential Artificial Recharge Schemes: Planning for 
Implementation. Pretoria, South Africa: Department of Water Affairs. 
http://www.artificialrecharge.co.za/casestudies/Activity_No_36Report_26_RM_161210_low%20res.pd
f. 

Nigeria 
Michael Okpara 
University of 
Agriculture 

Dug Well/ Shaft/ Pit 
Injection 

Physical Aquifer 
Management 2011 

Igboekwe, M. U., and A. Ruth. 2011. Groundwater Recharge Through Infiltration Process: A Case 
Study of Umudike, Southeastern Nigeria. Journal of Water Resource and Protection 3 (5): 295–299. 
doi:10.4236/jwarp.2011.35037. 

Tunisia Mahdia-Ksour Essef 
aquifer 

Induced Bank 
Filtration 

Maximize Natural 
Storage 2014 Chaieb, H. 2014. Tunisian Experience in Artificial Recharge Using Treated Waste Water. Conference 

talk presented at the Regional Conference on ‟Sustainable Integrated Wastewater Treatment and 
Reuse”, December 1, Sharm El Sheikh, Egypt. Tunisia Boumerdes aquifer Induced Bank 

Filtration 
Maximize Natural 
Storage 2014 

Eu
ro

pe
 

Spain Orba Ditch and Furrow Ecological 
Benefits 2000 

Díaz, M., Manuel, J., Gómez, O., Antonio de la, J., Cachero, A., Luis, J., Silvino, C., 2000. Recarga 
artificial de acuiferos: Sintesis metodologica. Estudios y actuaciones realizadas en la provincia de 
Alicante. Septiembre 1999. Diputacion Provincial. 

Portugal Campina de Faro Infiltration Ponds 
and Basins 

Maximize Natural 
Storage 2006 Ferreira, J.P., 2006. FIRST YEAR ACHIEVEMENTS OF GABARDINE PROJECT IN PORTUGAL. 

Associação Portuguesa dos Recursos Hídricos, 1-10. 

Spain El Señorío ASR/ASTR Physical Aquifer 
Management 2006 Bueso, S., Islan, A., Ortuno, A., 2006. Las aguas subterraneas en los paises mediterraneos, in: Juan 

Antonio López Geta, R.F.R.G.R.G. (Ed.). Instituto Geológico y Minero de España, pp. 439-456. 

Netherlands Nootdorp ASR/ASTR Maximize Natural 
Storage 2012 Stuyfzand, P.J., Nienhuis, P., Antoniou, A., Zuurbier, K., 2012. Haalbaarheid van ondergrondse 

berging via A(S/T)R in Hollands kustduinen. 
United 
Kingdom Horton Kirby ASR/ASTR Maximize Natural 

Storage 2013 Jones, M., 2013. Managed Aquifer Recharge - Experience from current & planned UK water supply 
operations. Thames Water. 

N
or

th
 A

m
er

ic
a 

USA Pine Flat Dug Well/ Shaft/ Pit 
Injection 

Maximize Natural 
Storage 1965 

Comisión de la cuenca de los ríos Amecameca y La Compañia. 2010. Prevención de inundaciones e 
infiltración de agua de lluvia. http://cuencavalledemexico.com/wp-content/uploads/2010/12/GEO-64-
Prevención-Inundaciones.pdf. 

USA 
Kahului 
Development 
Company 

Dug Well/ Shaft/ Pit 
Injection no data 1971 

Peterson, F. L., and D. R. Hargis. 1971. Effect of Storm Runoff Disposal and Other Artificial Recharge 
to Hawaiian Ghyben-Herzberg Aquifers. 54. WRRC Technical Report. Honolulu (HI): Water 
Resources Research Center, University of Hawaii at Manoa. 
http://scholarspace.manoa.hawaii.edu/handle/10125/15104. 

USA Wailuku-Kahului Dug Well/ Shaft/ Pit 
Injection Other Benefits 1971 

Comisión de la cuenca de los ríos Amecameca y La Compañia. 2010. Prevención de inundaciones e 
infiltración de agua de lluvia. http://cuencavalledemexico.com/wp-content/uploads/2010/12/GEO-64-
Prevención-Inundaciones.pdf. 

USA Waiawa reservoir Infiltration Ponds 
and Basins no data 1971 East Trolley Lane. 2015. Walla Walla Watershed Council. http://wwbwc.org/aquifer-recharge-

projects/42-east-trolley-aquifer-recharge-site.html (accessed June 24, 2015). 

USA Hilo Dug Well/ Shaft/ Pit 
Injection Other Benefits 1971 

Peterson, F. L., and D. R. Hargis. 1971. Effect of Storm Runoff Disposal and Other Artificial Recharge 
to Hawaiian Ghyben-Herzberg Aquifers. 54. WRRC Technical Report. Honolulu (HI): Water 
Resources Research Center, University of Hawaii at Manoa. 
http://scholarspace.manoa.hawaii.edu/handle/10125/15104. 

USA Sayreville Ponds 1 
& 2 

Infiltration Ponds 
and Basins 

Physical Aquifer 
Management 1994 

Wildermuth, M., W. Wang, K. Manning, and B. Pak. 2011. Optimization of Supplemental Water 
Recharge Location and Magnitude to Balance Recharge and Discharge in the Chino Basin. Presentation 
presented at the Managed Aquifer Recharge Symposium, January, Irvine, California. http://www.nwri-
usa.org/rechargesymposium2011.htm#Abstractsubmittal. 

Mexico Ixtapaluca Recharge Dam Maximize Natural 
Storage 2010 

Ortiz-Guzman, M., M. D. Aragón Sulik, and V. J. Morales Domínguez. 2012. Ferrocement dam, a low 
cost option for harvesting rainfall: case study (in Spanish: Presas de ferrocemento, opción económica 
para retención de agua pluvial: caso de estudio). Ingeniería Hidráulica y Ambiental 33 (2): 14–22. 
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Mexico Ixtapaluca (San 
Buenaventura) ASR/ASTR Maximize Natural 

Storage 2010 
Comisión de la cuenca de los ríos Amecameca y La Compañia. 2010. Prevención de inundaciones e 
infiltración de agua de lluvia. http://cuencavalledemexico.com/wp-content/uploads/2010/12/GEO-64-
Prevención-Inundaciones.pdf. 

Mexico 
Ixtapaluca (Parque 
Ejidal los 
Depósitos) 

Infiltration Ponds 
and Basins 

Maximize Natural 
Storage 2010 

Peterson, F. L., and D. R. Hargis. 1971. Effect of Storm Runoff Disposal and Other Artificial Recharge 
to Hawaiian Ghyben-Herzberg Aquifers. 54. WRRC Technical Report. Honolulu (HI): Water 
Resources Research Center, University of Hawaii at Manoa. 
http://scholarspace.manoa.hawaii.edu/handle/10125/15104. 

USA Montclair Basin Infiltration Ponds 
and Basins no data 2011 

Peterson, F. L., and D. R. Hargis. 1971. Effect of Storm Runoff Disposal and Other Artificial Recharge 
to Hawaiian Ghyben-Herzberg Aquifers. 54. WRRC Technical Report. Honolulu (HI): Water 
Resources Research Center, University of Hawaii at Manoa. 
http://scholarspace.manoa.hawaii.edu/handle/10125/15104. 

USA 

Etiwanda Spreading 
Area (Joint Use of 
Etiwanda Debris 
Basin) 

Infiltration Ponds 
and Basins no data 2011 

Branford Spreading Basin. 2015. County of Los Angeles - Department of Public Works. 
http://www.ladpw.org/wrd/spreadingground/information/facdept.cfm?facinit=12 (accessed October 18, 
2015). 

USA Upland Basin Infiltration Ponds 
and Basins no data 2011 

Pucci, A. A. 1994. Artificial Recharge and Ground-Water Resources Evaluation Repults, Northern 
Coastal Plain of New Jersey. In Proceedings of the Focus Conference on Eastern Regional Ground 
Water, 489–504. Burlington, Vermont: NGWA. info.ngwa.org/GWOL/pdf/940161611.PDF. 

USA Lower Day Basin Infiltration Ponds 
and Basins no data 2011 

Wildermuth, M., W. Wang, K. Manning, and B. Pak. 2011. Optimization of Supplemental Water 
Recharge Location and Magnitude to Balance Recharge and Discharge in the Chino Basin. Presentation 
presented at the Managed Aquifer Recharge Symposium, January, Irvine, California. http://www.nwri-
usa.org/rechargesymposium2011.htm#Abstractsubmittal. 

USA Declez Basin Infiltration Ponds 
and Basins no data 2011 

Wildermuth, M., W. Wang, K. Manning, and B. Pak. 2011. Optimization of Supplemental Water 
Recharge Location and Magnitude to Balance Recharge and Discharge in the Chino Basin. Presentation 
presented at the Managed Aquifer Recharge Symposium, January, Irvine, California. http://www.nwri-
usa.org/rechargesymposium2011.htm#Abstractsubmittal. 

USA College Heights 
Basins 

Infiltration Ponds 
and Basins no data 2011 

Peterson, F. L., and D. R. Hargis. 1971. Effect of Storm Runoff Disposal and Other Artificial Recharge 
to Hawaiian Ghyben-Herzberg Aquifers. 54. WRRC Technical Report. Honolulu (HI): Water 
Resources Research Center, University of Hawaii at Manoa. 
http://scholarspace.manoa.hawaii.edu/handle/10125/15104. 

N
or

th
 A

m
er

ic
a 

Mexico San Jerónimo 
Silacayoapilla Recharge Dam Maximize Natural 

Storage 2012 

Palma Nava, A., A. Mendoza Mata, C. Cruickshank Villanueva, F. González Villarreal, M. A. Salas 
Salinas, and R. Val Segura. 2014. Inventario de la recarga artificial en México. In XXIII Congreso 
Nacional de Hidráulica, Puerto Vallarta, Jalisco, México, October 15-17, 2014. Jalisco, Mexico: 
Asociación Mexicana de Hidráulica (AMH). 

Mexico Ciudad Juarez Dug Well/ Shaft/ Pit 
Injection 

Ecological 
Benefits 2015 Wildermuth, M., W. Wang, K. Manning, and B. Pak. 2011. Optimization of Supplemental Water 

Recharge Location and Magnitude to Balance Recharge and Discharge in the Chino Basin. Presentation 
presented at the Managed Aquifer Recharge Symposium, January, Irvine, California. http://www.nwri-
usa.org/rechargesymposium2011.htm#Abstractsubmittal. 

USA East Trolley Lane Reverse Drainage Physical Aquifer 
Management 2015 

USA Branford Spreading 
Basin 

Infiltration Ponds 
and Basins 

Physical Aquifer 
Management 2015 

USA Grove Basin Infiltration Ponds 
and Basins no data 2015 

Wildermuth Environmental, Inc. 2015. Chino Basin Optimum Basin Management Program: 2014 State 
of the Basin Report. 007-014-011. Rancho Cucamonga, California: Chino Basin Watermaster. 
http://www.cbwm.org/rep_engineering.htm. 

USA Ben Lomond 
Spreading Grounds 

Infiltration Ponds 
and Basins 

Physical Aquifer 
Management 2015 

Ben Lomond Spreading Grounds. 2015. County of Los Angeles - Department of Public Works. 
http://www.ladpw.org/wrd/spreadingground/information/facdept.cfm?facinit=10 (accessed October 18, 
2015). 

A
si

a 

Israel Nahal Shiqma Infiltration Ponds 
and Basins 

Physical Aquifer 
Management 1967 

Aberbach, S. H., and A. Sellinger. 1967. Review of Artificial Groundwater Recharge in the Coastal 
Plain of Israel. International Association of Scientific Hydrology. Bulletin 12 (1): 65–77. 
doi:10.1080/02626666709493512. 

Israel Menashe Infiltration Ponds 
and Basins 

Physical Aquifer 
Management 1984 Dalin, J. S. 1984. Nahaley Menashe Project - A Case Study. 

http://info.ngwa.org/GWOL/pdf/850139205.pdf. 
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India RRS, Sirsa ASR/ASTR Water Quality 
Management 2002 

Malik, R. S., B. S. Jhorar, R. K. Jhorar, T. Streck, and J. Richter. 2002. Long-Term Successful 
Operation of Existing Brackish Cavity Wells Far SAR to Improve Quality for Irrigation by Indian 
Farmers. In Management of Aquifer Recharge for Sustainability: Proceedings of the 4th International 
Symposium on Artificial Recharge of Groundwater, ISAR-4, Adelaide, South Australia, 22-26 
September 2002, edited by P. J. Dillon, 465–468. Lisse ; Exton, PA: A.A. Balkema. 

India Muklan ASR/ASTR Water Quality 
Management 2002 

India Budhshelly ASR/ASTR Water Quality 
Management 2002 

India Badhyan ASR/ASTR Water Quality 
Management 2002 

India Chhara ASR/ASTR Water Quality 
Management 2002 

India Akola region Trenches Maximize Natural 
Storage 2006 

Shinde, Mukund, Ian Smout, and Sunil Gorantiwar. 2006. “Assessment of Water Harvesting and 
Groundwater Recharge through Continuous Contour Trenches.” In Recharge Systems for Protecting 
and Enhancing Groundwater Resources; Proceedings of the 5th International Symposium on 
Management of Aquifer Recharge ISMAR5, Berlin, Germany, 11–16 June 2005, 13:229–35. IHP-VI 
Series on Groundwater. Berlin: UNESCO document. http://www.unesco.org/ulis/cgi-
bin/ulis.pl?catno=149210&set=00540C4871_2_193&gp=1&lin=1&ll=1. 

India 

Shram sakthi 
Bhawan (Ministry 
of Labour and 
Employment) 

Trenches no data 2011 

Dhiman, S. C., and S. Gupta, eds. 2011. Select Case Studies – Rain Water Harvesting and Artificial 
Recharge. New Delhi, India: Central Ground Water Board - Ministry of Water Resources - Govt. of 
India. cgwb.gov.in/documents/case-studies-rwh-ar-may2011.pdf. India President Estate , 

New Delhi Trenches no data 2011 

India 
JNU – IIT - Sanjay 
Van Project – IIT 
Campus 

Rooftop Rainwater 
Harvesting no data 2011 

India Indira Gandhi 
International Airport Trenches Physical Aquifer 

Management 2012 

Chadha, D. K. 2012. The Role of MAR in Sustainable Water Supply - A Case Study-IGI Airport, 
Delhi. In Achieving Ground Water Supply Sustainability & Reliability through Managed Aquifer 
Recharge: Proceedings of the 7th International Symposium on Managed Artificial Recharge of 
Groundwater, ISMAR7, Abu Dhabi, UAE October 9-13, 2010, edited by E. F. Escalante, 57–64. 
DINA-MAR, Grupo Tragsa. http://www.dina-mar.es/post/2014/02/01/ISMAR-7-
proceedingsc2b4Ebook-Ebook-recopilatorio-de-los-articulos-presentados-en-el-ISMAR-7.aspx. 

China Badain Jilin Samo Infiltration Ponds 
and Basins 

Maximize Natural 
Storage 2013 Huang, T., and Z. Pang. 2013. Groundwater Recharge and Dynamics in Northern China: Implications 

for Sustainable Utilization of Groundwater. Procedia Earth and Planetary Science 7: 369–372. 
doi:10.1016/j.proeps.2013.03.182. China Tanggeli Desert Infiltration Ponds 

and Basins 
Maximize Natural 
Storage 2013 

India Nizamuddin East 
Colony 

Rooftop Rainwater 
Harvesting 

Maximize Natural 
Storage 2014 Centre for Science and Environment - CSE. 2014. Nizamuddin East Colony. Urban 

Rainwaterharvesting. http://www.cseindia.org/node/1990 (accessed November 18, 2017). 

India Mira Model School Rooftop Rainwater 
Harvesting 

Maximize Natural 
Storage 2014 Centre for Science and Environment - CSE. 2014. Mira Model School Rainwater Harvesting. Urban 

Rainwaterharvesting. http://www.cseindia.org/node/1970 (accessed November 17, 2017). 

India Hero Honda Motors Rooftop Rainwater 
Harvesting 

Maximize Natural 
Storage 2014 Centre for Science and Environment - CSE. 2014. Hero Honda Motors. Urban Rainwaterharvesting. 

http://www.cseindia.org/node/1984 (accessed November 17, 2017). 

India Ford Foundation Rooftop Rainwater 
Harvesting 

Maximize Natural 
Storage 2014 Centre for Science and Environment - CSE. 2014. Ford Foundation. Urban Rainwaterharvesting. 

http://www.cseindia.org/node/1983 (accessed November 17, 2017). 

India Mother Dairy, F&V 
Unit 

Rooftop Rainwater 
Harvesting 

Maximize Natural 
Storage 2014 Centre for Science and Environment - CSE. 2014. Mother Dairy F & V Unit. Urban 

Rainwaterharvesting. http://www.cseindia.org/node/1996 (accessed November 17, 2017). 

India Indian Spinal 
Injuries Centre 

Rooftop Rainwater 
Harvesting 

Maximize Natural 
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C.1 Available data in the NorSGA 

C.1.1 Data for Representing Stratigraphy in the NorSGA 

Table C1-1 Available Bore logs for NorSGA stratigraphic representation 

Bore ID Number Northing 
(NZMG) 

Easting 
(NZMG) 

Total depth 
(m) 

Ground 
elevation (masl) 

1105 5929150 1740530 252 38 
1129 5930430 1745970 120 4 
1135 5927500 1737500 200 35 
1139 5928850 1742360 458 23 
1163 5935290 1746760 300 38 
1169 5929680 1735950 200 36 
1230 5930160 1738660 224 64 
1245 5929490 1737070 252 37 
1250 5924300 1740440 224 61 
1301 5926920 1736610 151 40 
1352 5928780 1743840 240 5 
1383 5935330 1738420 223 40 
1839 5923930 1737690 213 67 
1442 5916500 1744800 412 19 
4505 5934910 1728600 335 20 
4528 5913700 1747000 76 40 
4531 5922500 1747500 298 12 
4608 5929040 1737160 250 45 
4615 5925630 1748920 204 3 
4637 5931520 1733210 185 67 
4689 5934040 1737440 112 40 
4702 5928540 1730720 67 68 
4715 5932990 1745400 361 39 
4733 5933010 1733210 245 33 
4752 5927650 1736400 300 49 
4785 5927200 1739600 160 31 
4809 5926300 1747000 209 25 
4923 5924200 1731800 501 89 
4926 5930730 1735820 167 20 
4982 5929770 1748550 118 20 
5210 5924930 1744720 175 43 
5214 5920360 1732900 420 194 
5217 5924280 1737840 220 62 
5243 5930410 1741860 253 25 

5253 5925240 1745340 180 30 
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Bore ID Number Northing 
(NZMG) 

Easting 
(NZMG) 

Total depth 
(m) 

Ground 
elevation (masl) 

5258 5925810 1744410 150 42 
5294 5932180 1749670 279 40 
5324 5932930 1744620 216 20 
5325 5928590 1740890 260 41 
5466 5920580 1731660 130 133 
5467 5920770 1731110 118 160 
5650 5923900 1739900 202 57 
5653 5924160 1743880 305 45 
5654 5926350 1738330 202 40 
5655 5927880 1737670 202 38 
5675 5932860 1736690 130 40 
5703 5927520 1731290 450 64 
5752 5935020 1745440 253 32 
5761 5916500 1739600 116 160 
20006 5926850 1736470 250 51 
20014 5926728 1742200 300 20 
20068 5919400 1738500 330 110 
20076 5928292 1744565 302 4 
20112 5933870 1744330 253 28 
20205 5931730 1745590 154 78 
20240 5932348 1748908 178 50 
20256 5930980 1746490 414 20 
20304 5927440 1736320 190 54 
20310 5932880 1745520 242 43 
20314 5928154 1740686 258 38 
20383 5927780 1738910 200 31 
20398 5928810 1740288 251 38 
20439 5930790 1743340 198 26 
20473 5934174 1744122 253 32 
20494 5934170 1744598 253 23 
20509 5924650 1742070 202 40 
20999 5917200 1735300 118 60 
21085 5927150 1737970 200 33 
21148 5933290 1745020 250 25 
21329 5932780 1728500 317 73 
21353 5934400 1737960 198 66 
21355 5931690 1733710 100 38 
21360 5932520 1745010 252 30 
21363 5926000 1743990 144 100 
21367 5933510 1749580 474 20 
21381 5916000 1745300 238 31 
21414 5927500 1738100 238 55 
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Bore ID Number Northing 
(NZMG) 

Easting 
(NZMG) 

Total depth 
(m) 

Ground 
elevation (masl) 

21418 5924130 1741220 161 28 
21467 5930404 1736600 301 74 
21525 5928130 1735340 228 40 
21526 5929940 1740550 155 21 
21551 5931480 1743260 198 65 
21559 5926110 1733960 191 80 
21563 5923700 1731560 200 64 
21564 5930502 1748794 197 129 
21581 5921360 1735120 134 21 
21591 5929800 1734210 204 127 
21616 5924370 1728530 200 24 
21648 5929680 1733530 220 166 
21707 5926850 1737240 221 44 
21708 5934260 1730880 174 153 
21927 5928526 1738542 203 32 
21952 5929560 1738000 153 32 
22001 5929240 1737810 203 31 
22008 5929050 1737350 252 40 
22029 5932120 1746410 252 100 
22050 5933920 1731110 207 162 
22084 5924330 1739110 214 45 
22164 5929120 1732760 220 22 
22315 5930700 1744470 203 60 
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C.1.2 NorSGA Pumping Aquifer Test Data 

Table C1-2 Summary of Pumping Aquifer Test Data in the NorSGA 

Bore ID 
Number 

Northing 
(NZMG) 

Easting 
(NZMG) 

Transmissivity 
(m2d-1) Tmean 

(m2d-1) 
Storativity 

(/) 
TEST Recovery 

140 6490701.4 2646760.0 0.12 0.14 0.13  

141 6490328.5 2648129.5 0.30 0.28 0.29  

143 6485684.8 2649530.3 0.16  0.16  

1705 6496818.3 2648803.0 9.01 7.60 8.31  

1752 6489351.5 2641646.2 4.90  4.90  

1751 6489401.7 2641546.3 26.70  26.70 9.3*10-4 

1783 6484162.3 2645706.5 54.00  54.00  

1852 6484456.9 2648397.6 0.60 0.50 0.55 3.0*10-3 

1893 6488976.3 2649066.9  1.40 1.40  

1909 6488914.4 2649050.8 3.35 5.00 4.18 1.7*10-3 

1916 6485754.8 2649530.4 0.22  0.22  

2186 6490094.5 2650069.3 0.18  0.18  

2256 6490518.7 2652940.7 2.70 2.70 2.70  

2262 6490528.3 2653150.7 3.50 4.00 3.75 1.2*10-3 

2274 6495636.7 2654321.4 1.60  1.60 1.9*10-3 

2574 6489507.6 2653388.7 3.60 2.00 2.80  
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C.1.3 NorSGA Rainfall Data 

Table C1-3 Summary of Rainfall Data in the NorSGA 
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C.1.4 NorSGA Groundwater Level Data 
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Figure C1.1 Groundwater levele hydrograph Bore ID 139 

 
Figure C1.2 Groundwater levele hydrograph Bore ID 140 
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Figure C1.3 Groundwater levele hydrograph Bore ID 141 

 
Figure C1.4 Groundwater levele hydrograph Bore ID 142 
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Figure C1.5 Groundwater levele hydrograph Bore ID 143 

 
Figure C1.6 Groundwater levele hydrograph Bore ID 232 
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Figure C1.7 Groundwater levele hydrograph Bore ID 1202 

 
Figure C1.8 Groundwater levele hydrograph Bore ID 1203 
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Figure C1.9 Groundwater levele hydrograph Bore 2552 

 

Figure C1.10 Groundwater levele hydrograph Bore 5262 
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Table C1.4 Summary of Groundwater Level Data in the NorSGA 

 
 
 
 
 
 
 
 
 
  

Bore ID 
Number Site Name 

Northing 
(NZMG) 

Easting 
(NZMG) 

19
86

 

19
87

 

19
88

 

19
89

 

19
90

 

19
91

 

19
92

 

19
93

 

19
94

 

19
95

 

19
96

 

19
97

 

19
98

 

19
99

 

20
00

 

20
01

 

20
02

 

20
03

 

20
04

 

20
05

 

20
06

 

20
07

 

20
08

 

20
09

 

20
10

 

139 

LathropeMean 6490701.4 2646760.0 nil Time series with 15-minute step Time series with monthly step 

2 
m

on
th

s 

nil 

140 
Trigg Rd ,Huapai 

Observation Bore 3 
6490328.5 2648129.5 nil Time series with monthly step 

2 
m

on
th

s 

141 
Nobilo Rd 

Observation Bore 4 
6485684.8 2649530.3 nil Number of recorded values varies from 6 to 27 per year nil 

142 
Dunlop Rd Manual 

Bore 
6496818.3 2648803.0 nil Records vary from 1 to 3 per month 

6 
m

on
th

s 

nil 

143 

TaupakiMean 6489351.5 2641646.2 nil 

Time series with 15-minute step  
1998 second half of the year; 

1998 some values are recorded with 15-minute step and some are 
monthly Ti

m
e 

se
rie

s 
w

ith
 m

on
th

ly
 

st
ep

 

6 
m

on
th

s nil 

232 
Riverland Rd. Manual 

Bore, Riverhead 
6489401.7 2641546.3 nil Records vary from 1 to 3 per month 

6 
m

on
th

s 

nil 

1202 
Waitakere Road No 2 

Bore 
6484162.3 2645706.5 nil 

5 
m

on
th

s 

Time series with monthly step 

2 
m

on
th

s 

1203 

Waitakere Rd 6484456.9 2648397.6 nil Records vary from 1 to 3 per month 

2 
m

on
th

s 

2552 

Selaks Bore,Kumeu 6488976.3 2649066.9 Time series with 15-minute step Time series with monthly step 

2 
m

on
th

s 

5262 
Short Rd. Riverhead, 

Manual Bore 
6488914.4 2649050.8 nil 

6 
m

on
th

s 

Time series with monthly step 

2 
m

on
th

s 
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C.2 Available data in the HGMZ 

C.2.1 HGMZ Pumping Aquifer Test Data 
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Table C2-2 Summary of transmissivity values in the HGMZ presented in Table C-5 

 m2/day 

 all test estimate 

Geological unit Range Mean Mean Range Mean Range 

Holocene 1012 N/A N/A N/A N/A N/A 

Q2Q3Q4 79 - 
1553 

486 900 N/A 427 79-1553 

Q5 20 - 
1500 

196 259 20 - 
1500 

70 61-91 

Q6 + Older Pleistocene 10 - 500 188 164 10 - 500 282 99-465 
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C.2.2 HGMZ Groundwater Level Data 

Table C2-3 Location of Available Ground-water level Time-series in the HGMZ 

Bore ID 
Number 

Northing 
(NZMG) 

Easting 
(NZMG) 

Bore 
Depth (m 

b l) 

Ground 
elevation (masl) 

SWL 
(m) 

352007 2700619 6067754 11.00 14.13 -1.00 

352051 2703128 6072610 / 11.95 / 

352131 2702509 6066162 109.29 22.23 -7.40 

352271 2700615 6067756 93.20 14.30 0.50 

352311 2697381 6069826 79.30 11.234 -4.20 

353291 2709290 6066220 / 46.51 / 

361003 2694708 6059351 10.00 8.70 -2.80 

361041 2694699 6059345 36.70 9.16 -3.70 

362003 2696546 6057213 11.10 10.80 -0.80 

362017 2702501 6063938 63.00 17.07 -1.00 

362033 2702045 6062458 22.20 22.24 -4.50 

362331 2697643 6062234 18.60 17.17 -6.00 

362511 2698447 6056211 10.97 23.15 -10.00 

362521 2701912 6057619 32.00 51.42 6.80 

362541 2698174 6054238 20.74 36.62 -10.20 

362551 2697772 6064476 37.50 10.13 -0.20 

362661 2700093 6059311 49.30 41.04 -19.40 

362711 2701463 6059591 76.60 42.22 -23.50 

362951 2701514 6062274 68.2 20.21 -3.96 

363251 2704865 6061400 30.00 48.408 -24.10 

372061 2697123 6052703 14.70 28.51 -5.80 
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Figure C2.11 Groundwater levele hydrograph Bore ID 352007 

 

Figure C2.12 Groundwater levele hydrograph Bore ID 352051 
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Figure C2.13 Groundwater levele hydrograph Bore ID 352131 

 

Figure C2.14 Groundwater levele hydrograph Bore ID 352271 
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Figure C2.15 Groundwater levele hydrograph Bore ID 352311 

 
Figure C2.16 Groundwater levele hydrograph Bore ID 353291 
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Figure C2.17 Groundwater levele hydrograph Bore ID 361003 

 

Figure C2.18 Groundwater levele hydrograph Bore ID 361041 
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Figure C2.19 Groundwater levele hydrograph Bore ID 362003 

 
Figure C2.20 Groundwater levele hydrograph Bore ID 362017 
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Figure C2.21 Groundwater levele hydrograph Bore ID 362033 

 
Figure C2.22 Groundwater levele hydrograph Bore ID 362331 
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Figure C2.23 Groundwater levele hydrograph Bore ID 362511 

15 

 
Figure C2.24 Groundwater levele hydrograph Bore ID 362521 
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Figure C2.25 Groundwater levele hydrograph Bore ID 362541 

 
Figure C2.26 Groundwater levele hydrograph Bore ID 362551 
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Figure C2.27 Groundwater levele hydrograph Bore ID 362661 

 
Figure C2.28 Groundwater levele hydrograph Bore ID 362711 
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Figure C2.29 Groundwater levele hydrograph Bore ID 362951 

 
Figure C2.30 Groundwater levele hydrograph Bore ID 363251 
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Figure C2.31 Groundwater levele hydrograph Bore ID 37206
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Table C2-1 Summary of Pumping Aquifer data in the HGMZ 

Bore ID 
Number Northing (NZMG) Easting (NZMG) 

Ground elevation 
(masl) 

Maximum consented allocation 
(m3/day) Geological unit 

Transmissivity 
(m2d-1) Data Source 

352081 6065400 2703300 0.5 60 Q5 20 Test 
352139 6071300 2703500 -249.5 2160 Q6 and older Pleistocene 60 Test 
352181 6066700 2702900 -3.6 20 Q5 45 Test 
352431 6066200 2704700 0.2 1100 Q5 90 Test 
353069 6072600 2709000 -146 504 Q6 and older Pleistocene 25 Test 
353091 6068000 2705500 -14.7 60 Q5 82 Estimate 
353161 6067300 2706700 -14.7 227 Q5 91 Estimate 
362011 6064800 2702900 -27.8 65 Q5 100 Test 
362033 6062300 2702100 2.6 45 Q2Q3Q4 240 Estimate 
362082 6061100 2702500 4.4 805 Q2Q3Q4 1553 Estimate 
362101 6054500 2698300 21.3 90 Q2Q3Q4 79 Estimate 
362193 6057600 2697800 6.5 1250 Holocene 1012 Estimate 
362275 6061300 2704000 12.5 200 Q2Q3Q4 900 Test 
362287 6056200 2698600 11.8 240 Q2Q3Q4 512 Estimate 
362297 6060800 2699400 -23.1 77 Q5 175 Test 
362301 6057100 2701900 -14.7 600 Q5 200 Test 
362305 6060500 2699500 -36.3 500 Q6 and older Pleistocene 300 Test 
362312 6060600 2701300 11.0 80 Q2Q3Q4 159 Estimate 
362313 6060500 2699100 -40.7 120 Q6 and older Pleistocene 465 Estimate 
362324 6056300 2697800 9.3 1296 Q2Q3Q4 7931 Estimate 
362356 6060500 2698800 -22.9 200 Q5 230 Test 
362362 6059700 2701800 -33.8 1200 Q6 and older Pleistocene 300 Pumping test 
362363 6062500 2703100 -1.8 180 Q5 40 Test 
362381 6060300 2701400 8.9 210 Q2Q3Q4 359 Estimate 
362451 6059100 2703300 -58.6 100 Q6 and older Pleistocene 20 Test 
362472 6056200 2696800 11.7 829 Q2Q3Q4 88 Estimate 
362522 6057100 2701900 19.7 440 Q5 900 Test 
362661 6059300 2700100 -8.0 400 Q5 150 Test 
362711 6059600 2701500 -31.6 500 Q6 and older Pleistocene 500 Test 
362731 6058800 2701200 12.4 120 Q5 20 Test 
362771 6058200 2702300 26.5 40 Q5 31 Estimate 
363001 6061200 2706100 15.8 200 Q6 and older Pleistocene 99 Estimate 
363023 6063600 2705800 2.3 300 Q5 100 Test 
363032 6062900 2707600 14.1 120 Q5 60 Test 
363112 6062700 2706900 18.3 19 Q5 90 Estimate 
363141 6062500 2706700 15.7 27 Q5 63 Estimate 
363161 6063600 2705600 16.2 90 Q5 76 Estimate 
363181 6062100 2705200 12.1 100 Q5 1500 Test 
372031 6051200 2696800 -36.8 150 Q6 and older Pleistocene 10 Test 
372111 6053000 2698300 -1.7 146 Q5 61 Estimate 
372114 6050700 2696800 0.1 240 Q6 and older Pleistocene 100 Test 
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D.1 Data used in the NorSGA model calibration 

D.1.1 Groundwater Recharge Estimate in the NorSGA 
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D.1.2 Calibration Matrix Development for the NorSGA 

Starting point for calibration matrix developmenrt were a priori hydraulic conuctivity values 

defined in 4.5.1.3 Table 4-1.: 

KSandstone= 0.0053 m/day and Ksoil = 0.0036 m/day. 

Firstly range for horizontal KX,Y and vertical KZ hydraulic conuctivity values for the 

Waitemata sandstone were established (Table D-2 and  

Table D-3). 

Table D-2 Horizontal hydraulic conductivity KX,Y values for Waitemata sandstone 
layer for the NorSGA model calibration 

 1 2 3 4 

KX,Y/KSandstone 0.1 1 10 100 

KX,Y (m/day) 0.00053 0.0053 0.053 0.53 

 

Table D-3 Vertical hydraulic conductivity KZ values for Waitemata sandstone layer for 
the NorSGA model calibration 

  KX,Y (m/day) 0.00053 0.0053 0.053 0.53 
  KZ/KX,Y     

 1 0.01 0.0000053 0.000053 0.00053 0.0053 

KZ (m/day) 2 0.1 0.000053 0.00053 0.0053 0.053 

 3 1 0.00053 0.0053 0.053 0.53 

Next, ranges hydraulic conductivity values for the soil layer were established. For the soil 

layer horizontal hydraulic conductivity value was constant: 

KXY= Ksoil = 0.0036 m/day 

The method used to determine the range for vertical hydraulic conductivity for the soil 

identical method as for Sandstone layer (Table D-4):  
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Table D-4 Vertical hydraulic conductivity KZ values for the soil layer for the NorSGA 
model calibration 

  KZ/KX,Y KZ (m/day) 

 1 0.01 0.00036 

KZ (m/day) 2 0.1 0.0036 

 3 1 0.036 

Based on defined ranges for hydraulic conductivity values presented in Table D-2, Table D-

3 and Table D-4 matrix for systematic calibration was developed (Table D-5). 

Table D-5 Calibration matrix for the NorSGA model Calibration 

 Sandstone Soil 

 KX,Y KZ KX,Y KZ 

Run (m/day) 

1.1 0.00053 0.0000053 0.036 0.00036 

1.2 0.00053 0.000053 0.036 0.0036 

1.3 0.00053 0.00053 0.036 0.036 

2.1 0.0053 0.000053 0.036 0.00036 

2.2 0.0053 0.00053 0.036 0.0036 

2.3 0.0053 0.0053 0.036 0.036 

3.1 0.053 0.00053 0.036 0.00036 

3.2 0.053 0.0053 0.036 0.0036 

3.3 0.053 0.053 0.036 0.036 

4.1 0.53 0.0053 0.036 0.00036 

4.2 0.53 0.053 0.036 0.0036 

4.3 0.53 0.53 0.036 0.036 
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D.2 Data Used in the HGMZ Model Calibration 

D.2.1 Groundwater Recharge Estimate in the HGMZ 
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