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[bookmark: _Toc361652429]Executive Summary
[bookmark: OLE_LINK25][bookmark: OLE_LINK24][bookmark: _Toc331694571]Fresh groundwater stored in Australian coastal aquifers constitutes an important resource for humans and the natural environment. However, many Australian coastal aquifers are vulnerable to seawater intrusion (SWI) – the landward encroachment of seawater into coastal aquifers. SWI can significantly degrade water quality and reduce freshwater availability. The increasing demands for freshwater in coastal areas and the anticipated impacts of climate change (such as sea-level rise and variations in rainfall recharge) may result in increases in the incidence and severity of SWI. Despite these threats, comprehensive investigations of SWI are relatively uncommon and the extent of monitoring and investigations specific to SWI are highly variable across the nation (Werner 2010).
In response to the threat posed by SWI, Geoscience Australia (GA) and the National Centre for Groundwater Research and Training (NCGRT), in collaboration with state and territory water agencies, have undertaken a national scale assessment of the vulnerability of coastal aquifers to SWI. This assessment aims to identify the coastal groundwater resources that are most vulnerable to SWI, including future consequences of over-extraction, sea-level rise, and recharge–discharge variations associated with climate change. The current study focuses on assessing the vulnerability of coastal aquifers, rather than that of surface waterbodies, to the landward migration of the freshwater–saltwater interface. Project funding was provided through the Raising National Water Standards program, which is administered by the National Water Commission.
In order to achieve the project aims, the study comprised five technical assessments to analyse factors contributing to the vulnerability of coastal aquifers: (i) vulnerability factor analysis (VFA); (ii) coastal aquifer typology; (iii) mathematical analysis; (iv) SWI quantitative and qualitative vulnerability indexing; and, (v) future land surface inundation and population growth analysis.
This report describes the Mathematical Analysis component of the project. A method for first-order assessment of SWI extent under current conditions and propensity for change in SWI extent due to various stresses associated with climate change and future extraction, was developed as part of the project. The methodology is an extension to an existing analytical sharp-interface solution and involves the use of partial derivatives to quantify rates of change in SWI extent for the various stresses. The method has been peer-reviewed through the publication by Werner et al. (2012). The methodology, including detailed description of calculations, has been demonstrated in this report through an application to the Willunga basin, South Australia.
The method was applied to 28 case study areas across Australia. The case study areas were identified through literature review and consultation with stakeholders as being at risk of SWI and having sufficient data available for mathematical analysis to be carried out. Using publicly available information, simplified cross-sectional conceptualisations of case study areas were developed and aquifer parameters (including a base case and likely ranges) were tabled in conjunction with the Coastal Aquifer Typologies component of the project.
Multiple analyses were carried out for some case study areas in order to explore alternate conceptualisations or to account for hydrogeological variability in the area. Also, where stacked aquifers were present, analysis of multiple aquifers was required for the relevant case study areas. Analyses were carried out for 28 unconfined aquifer cases, 17 confined aquifer cases and 4 freshwater lens cases.
The extent of SWI was quantified using seawater wedge toe location and volume of seawater in the aquifer, for unconfined and confined aquifers. For freshwater lens systems, SWI extent was determined using maximum freshwater thickness and freshwater volume.
SWI extent under current conditions
For the unconfined aquifer cases, the freshwater-seawater interface conditions were found to be theoretically unstable for the Derby (WA), Burdekin (QLD) and Exmouth (WA) case study areas. Unstable conditions occur where the calculated freshwater discharge to the coast is insufficient for the wedge toe to reach a steady-state location. Under these circumstances, the wedge toe is probably moving inland (although the limitations of the mathematical analysis preclude confirmation of this). This situation is most likely to result in large-scale SWI problems. The calculated SWI extent was relatively large for the following case study areas: Broome - Cable Beach (WA), Port MacDonnell (SA), Broome - Coconut Wells (WA), and Burnett Heads - Moore Park (QLD). This, and subsequent lists in this section, are in rank order from highest to lowest.
For the confined aquifers, unstable interface conditions were calculated for: Le Fevre [T1 and T2 aquifers] (SA), Adelaide Metro [T1 and T2 aquifers] (SA), Willunga [Maslin Sands aquifer] (SA), Burnett Heads - Bargara (QLD) and Esperance (WA). Of the eleven remaining confined aquifers, the toe was greater than 5 km from the coast in the following cases: Bunbury (WA), Perth - Whitfords [Yarragadee aquifer] (WA), Willunga [Port Willunga Formation aquifer] (SA), Perth - Whitfords [Leederville aquifer] (WA) and Carnarvon (WA). 
For the 4 freshwater lens systems, maximum freshwater thickness ranged between 7 m for Perth - Cottesloe (WA) and 67 m for Point Nepean (Vic). 
Additional details of the mathematical analysis for each case study area have been provided within an Appendix to this report. This includes details of the conceptualisation and parameterisation, interface plots, the range of calculated SWI extent (calculated using estimated parameter ranges), and plots of SWI extent for a range of reduced freshwater discharge to the sea (as might occur under increased extraction). 
Propensity for change in SWI due to stresses
The propensity for change in SWI extent due to different stresses (i.e., sea-level rise, recharge change and change in inflows at the inland boundary, as might occur under increased extraction inland of the coastal fringe) was calculated using partial derivative equations. The results, termed vulnerability indicators, were used to rank the sensitivity of case study aquifers to the different stresses. The ranking of each aquifer was found to be reasonably consistent across the different stresses. That is, aquifers that rank high (or low) for sea-level rise tended to also rank high (or low) for recharge change and change in inflows at the inland boundary, although some exceptions were observed.
A high vulnerability indicator ranking across the different stresses was determined for unconfined aquifers in the following case study areas: Port MacDonnell (SA), Broome - Cable Beach (WA), Esperance (WA), Broome - Coconut Wells (WA), Burnett Heads - Moore Park (QLD), Perth - Whitfords (WA), Uley South (SA) and Bowen (QLD). Vulnerability indicators could not be calculated for aquifers with unstable interface conditions (these aquifers are noted above). However, it can be inferred that the already high potential for vulnerability in these aquifers will increase under increased stress. 
For the confined aquifers, a relatively high vulnerability indicator ranking across the different stresses was found for: Bunbury (WA), Willunga [Port Willunga Formation aquifer] (SA), Perth - Whitfords [Leederville aquifer] (WA), Carnarvon (WA) and Perth - Whitfords [Yarragadee aquifer] (WA). As with unconfined aquifers, vulnerability indicators could not be calculated for confined aquifers with unstable interface conditions.
For the freshwater lens systems, vulnerability indicators for recharge change were used to rank the aquifers. Exmouth (WA) had the highest ranking, followed by Perth - Cottesloe (WA) and Point Nepean (Vic). 
The change in steady-state toe location in each of the case study aquifers (except those with unstable interface conditions) was estimated using normalised sensitivities for the following scenarios: a) a 1 m sea-level rise, b) a 25 % reduction in recharge, and c) a 25 % reduction in inflows at the inland boundary. The results provide insight into the potential for change in SWI extent for the given scenarios and allow for a comparison of the sensitivity to the different stresses for each aquifer. 
General relationships
For the idealised conditions adopted in the Mathematical Analysis, a number of general relationships between steady-state SWI extent, aquifer parameters and aquifer conditions were demonstrated. For example, steady-state toe location is furthest inland in deep unconfined aquifers with high hydraulic conductivity, low net recharge and low water levels. In confined aquifers, toe location is furthest inland in deep and thick aquifers, with low net recharge and low heads. SWI extent in confined aquifers is insensitive to hydraulic conductivity. The equations presented in this report can be used to explore other SWI relationships. 
Limitations
The approach presented here has a number of limitations arising from the simplification of the conceptual system and the assumptions inherent in the analytical model. These include assumptions of steady-state conditions, a sharp interface, homogeneous aquifer properties and uniform hydrologic stresses. Nevertheless, the approach has the advantage of physical and mathematical justifiability, and is considered an improvement over existing relatively subjective methods for assessing SWI vulnerability over large scales, e.g., GALDIT (Lobo-Ferreira et al., 2007). Some of the limitations of the method are countered through the approaches of the VFA and Typology Assessment phases of the project, and these should be considered as complementary elements that, in combination with the Mathematical Analysis, allow for the assessment of the vulnerability of the nation’s coastal aquifers to SWI.
[bookmark: _Toc361652430]Introduction
[bookmark: _Toc329269209][bookmark: _Toc259441693]The current project entitled “A national scale vulnerability assessment of seawater intrusion” has been completed by Geoscience Australia (GA) and the National Centre for Groundwater Research and Training (NCGRT) in collaboration with State and Territory agencies. The aim of this project is to identify Australian coastal groundwater resources currently vulnerable to seawater intrusion (SWI), and potentially at risk in the future as a consequence of over-extraction, sea-level rise and/or recharge-discharge variations associated with climate change.
The introduction to this report provides background information on SWI and provides a motivating context for the development of the project. In this chapter the concept of vulnerability is introduced; the aims and objectives of the project are listed; the mathematical analysis methodology and application to 28 case study areas (CSAs) is also described.
The project has included five technical assessments in order to analyse factors contributing to the vulnerability of coastal aquifers: (i) vulnerability factor analysis (VFA); (ii) coastal aquifer typology; (iii) mathematical analysis; (iv) SWI quantitative and qualitative vulnerability indexing; and, (v) future land surface inundation and population growth analysis. This report addresses the Mathematical Analysis component of the project. The report provides an overview of the methodology, and demonstrates the relevant calculations through example application to a case study: the Willunga basin, South Australia. Results of the mathematical analyses for other case study areas around Australia are also presented. A summary of this report can be found in Chapter 4.4 of the project summary report (Ivkovic et al., 2012c).
[bookmark: _Toc331173024][bookmark: _Toc337566339][bookmark: _Toc361652431]Background to a National Scale Vulnerability Assessment of Seawater Intrusion
Fresh groundwater stored in Australian coastal aquifers is an important resource for the natural environment, as well as for urban, agricultural, rural residential and industrial activities. These aquifers may be vulnerable to seawater intrusion (SWI), which is the landward encroachment of seawater into fresh coastal aquifers. SWI can be caused by hydrologic changes, such as groundwater extraction, groundwater recharge variations, sea-level rise, or modifications to coastal surface water features. SWI poses a threat to the groundwater resources in all of Australia’s states and the Northern Territory. Yet despite this existing threat, comprehensive investigations of SWI are relatively uncommon and the extent of monitoring and investigations specific to SWI is highly variable across the nation (Werner, 2010). SWI investigation is a problematic and resource intensive business and the current scientific challenges of coastal aquifer management in Australia are as complex and diverse as the systems themselves. 
The vulnerability of Australia’s coastal aquifers to SWI is not only an area of current concern but also an area of increasing future concern. The increasing demands for freshwater in coastal areas and the anticipated impacts of climate change, such as sea-level rise and variations in rainfall recharge, may result in increases in the incidence and severity of SWI. An assessment is needed to address the paucity of knowledge of SWI vulnerability at the national scale that considers the extensive and diverse aquifer systems of Australia’s coastal fringe (Werner, 2010). An improved awareness and understanding of the key drivers for SWI, the current and emerging SWI vulnerable areas and possible future trends in SWI, will benefit decision makers and groundwater stakeholders across local, state and national levels. Development of a consistent approach for the assessment of SWI vulnerability will assist national, state and regional planning and management strategies.
The national vulnerability assessment of SWI was developed to address the issues highlighted above. The broader project includes a number of technical reports focussing on various factors contributing to SWI vulnerability. The increased stresses being placed upon Australia’s freshwater coastal aquifer systems and the reported threats of SWI within the states and the Northern Territory were strong motivating factors for development of the current project. It was funded by the National Water Commission under the Groundwater Action Plan, and implemented by Geoscience Australia and the National Centre for Groundwater Research and Training (NCGRT) in partnership with state and territory agencies. The project commenced in November 2009 and finished in May 2012.
[bookmark: _Toc329269210][bookmark: _Toc329269213][bookmark: _Toc331173025][bookmark: _Toc337566340][bookmark: _Toc361652432]Vulnerability Concept Clarification
The principal focus of this project is assessing the vulnerability of Australian coastal aquifers to SWI, and accordingly a discussion of the concept of vulnerability and its meaning are provided. Vulnerability has numerous definitions, conceptualisations and assessment methods in the literature found both across and within disciplines (Füssel, 2007). This project has utilised several vulnerability definitions that are appropriate for the multiple components of this national vulnerability assessment of SWI.
Füssel (2007) reviewed vulnerability definitions and found that four dimensions were fundamental to describe any vulnerable situation. These four dimensions included:
· The System undergoing analysis;
· The Valued Attribute(s) of the vulnerable (susceptible) system that is threatened by its exposure to a hazard;
· Hazard: A potentially damaging influence on the system of analysis; and
· Temporal Reference: The point in time or period of interest (current, future, number of years into future etc.).
Using these terms, this project can be described as an assessment of the vulnerability of Australian freshwater coastal aquifers (system and attribute of concern) to SWI as a consequence of over-extraction and sea-level rise and/or recharge-discharge variations associated with climate change (hazards) in the present, and future (temporal reference). This is consistent with the fact that SWI vulnerability is a function of the intrinsic characteristics of the aquifer and the management of the water balance in that aquifer.
The Intergovernmental Panel on Climate Change (IPCC) has defined vulnerability in the specific context of climate change as “the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change” (IPCC, 2007). Barnett et al. (2007), notes that “While there is no consensus on the best approach to vulnerability assessment, in general they entail considering one or more of: exposure to climate risks, susceptibility to damage, and capacity to recover”. The essence of these definitions is captured by (Voice et al., 2006) who states “vulnerability is a function of exposure, sensitivity and adaptive capacity”.
By combining the above vulnerability definitions for the purposes of the current study, this report assesses the system of aquifer SWI vulnerability as a function of:
Exposure to hazards (SWI as a result of groundwater extraction and climate change);
Sensitivity of the system (coastal aquifers) for attribute of concern (position of the freshwater-seawater interface);
Time (current and future vulnerability); and,
Adaptive capacity (monitoring and management specific to SWI).
[bookmark: _Toc329269214][bookmark: _Toc331173026][bookmark: _Toc337566341][bookmark: _Toc361652433]Project Aim and Objectives 
The aim of ‘A national scale vulnerability assessment of seawater intrusion’ is to undertake a national assessment of coastal groundwater resources currently vulnerable to SWI, and potentially vulnerable in the future, as a consequence of over-extraction, sea-level rise and recharge-discharge variations associated with climate change. 
The project has three principal objectives:
Objective 1: Provide a baseline assessment of the current status and knowledge of SWI around Australia
Objective 2: Provide conceptualisations and assessments of a range of factors contributing to the SWI vulnerability of Australian coastal aquifers, including the influences of over-extraction, sea-level rise and recharge-discharge variations associated with climate change 
Objective 3: Provide an integrated assessment of the vulnerability of coastal aquifers in Australia to SWI.
The methodologies employed to meet the above objectives are outlined below.
[bookmark: _Toc329269215][bookmark: _Toc331173027][bookmark: _Toc331682587][bookmark: _Toc331694575][bookmark: _Toc357429738][bookmark: _Toc361652434][bookmark: _Toc329269221]Project Methodology
In order meet the project objectives and to achieve a national scale assessment of aquifer vulnerability to SWI for current and future scenarios, the project adopted a methodology comprising four work phases. These are:
Phase 1: Literature and data reviews to provide a baseline assessment of the state of SWI investigations in Australia and informed the development of the project methodology (Ivkovic et al., 2012a). 
[bookmark: _Toc331173028][bookmark: _Toc331682588][bookmark: _Toc331694576][bookmark: _Toc357429739]Phase 2: Five technical assessment components to analyse key factors contributing to the overall vulnerability of coastal aquifers to SWI. The five technical assessments included:
Vulnerability Factor Analysis (Cook et al., 2012)
Coastal Aquifer Typology (Ivkovic et al., 2012b)
Mathematical Analysis (Morgan et al., 2012b)
Quantitative and Qualitative Indexing (Morgan and Werner (2012) and Norman et al. (2012) respectively)
Future land surface inundation and population growth analysis (contained within the Ivkovic et al. (2012c) project summary report) 
Phase 3: The five technical components in phase 2 are integrated to provide an overall SWI vulnerability assessment (Marshall et al., 2012)
Phase 4: A national summary of SWI vulnerability (Ivkovic et al., 2012c) provides an overview of the project findings.
The following general approaches to analysis were adopted throughout this project:
1. SWI vulnerability analysis was restricted to areas within 15 kilometres of the coast, including a limited selection of off-shore islands; areas further than 15 kilometres inland were not considered likely to be vulnerable to SWI.
2. The areas of interest for detailed analysis within the CSAs are those where the groundwater management units or equivalent groundwater management areas intersect the 15 kilometre buffer zone and are connected to the coast. 
3. The project focus is on SWI of coastal aquifer systems and there is limited emphasis on investigating the impacts of inundation to coastal environments and communities (human, ecological, infrastructure etc.).
4. Surface water processes are not specifically considered in any detail.
5. The project has been restricted to the synthesis, analysis and interpretation of existing data and there has not been any new field data collection, local mapping or drilling. 
[bookmark: _Toc361652435]Quantitative Indexing Aims and Objectives
The Vulnerability Indexing methodology involves vulnerability ratings and weightings to combine both theoretical and subjective elements associated with SWI. As such, the indexing methodology is made up of two components: 1. Quantitative Indexing, which uses results from the Mathematical Analysis of case study areas, and 2. Qualitative Indexing, which uses results from the Coastal Aquifer Typology and Vulnerability Factor Analysis. This document describes the Quantitative Indexing methodology, as well as its application to 28 case study areas. The Qualitative Indexing methodology has been described in Norman et al. (2012), and includes application to the same case study areas. The indexing approach developed as part of the NSWI project improves on existing methods through the use of theoretically robust quantitative factors as well as a range of qualitative factors, which are able to capture various SWI vulnerability complexities, not captured by the Mathematical Analysis.
Existing indexing methods used to characterise SWI vulnerability, such as GALDIT (Lobo-Ferreira et al. 2007) and CVI (Ozyurt, 2007), apply a range of SWI vulnerability indicators that are presumed to control SWI. The GALDIT approach, for example, considers aquifer type, distance from the coast, hydraulic conductivity, groundwater level, previous occurrence of SWI and aquifer thickness. While the simplicity of these methods makes them useful for large-scale SWI vulnerability assessments, they lack a theoretical basis because only subjective elements associated with SWI are considered. Also, aquifer fluxes are not accounted for, and SWI vulnerability arising from changes in sea-level, recharge or extraction is not captured directly, if at all.
The Mathematical Analysis methodology is based on the commonly applied approach to the rapid assessment of SWI in coastal aquifers. That approach involves a steady state, sharp-interface approximation to the freshwater-saltwater transition zone, combined with the Ghyben-Herzberg relation. While the Mathematical Analysis methodology relies heavily on the theory developed by Strack (1976), there are mathematical extensions to Strack’s (1976) analytical solutions that have been devised specifically for the purposes of the current project. A detailed description of the method can be found in Werner et al. (2012) as well as this project’s Milestone 5 Report (Morgan et al., 2012). Mathematical analyses of 28 case study areas have been completed as part of the NSWI project, with unconfined, confined and freshwater lens systems considered. Results from these analyses are reported in Morgan et al. (2012) and are used for the quantitative SWI vulnerability indexing described in this document.
[bookmark: _Toc361652436]Method
Much of the methodology described here was published recently by Werner et al. (2012), who developed a range of simple SWI vulnerability indicator equations for unconfined and confined aquifer systems based on the equations of Strack (1976). Two representative indicators of the extent of seawater in the aquifer were used by Werner et al. (2012): the saltwater wedge toe location (i.e., the most inland extent of saltwater given as the intersection of the interface and the aquifer basement) and the volume of seawater in the aquifer. The seawater wedge toe can be considered as a surrogate for SWI extent, whereas changes in the seawater volume represent a loss (or gain) in the capacity of the aquifer to store freshwater (e.g., similar in concept to the active freshwater storage of a surface reservoir). The basic premise is that derivative equations defining the rates of change in the wedge toe location and the seawater volume with changes in system stresses (e.g., sea-level, recharge and discharge to the sea) provide information on the propensity for interface changes. In other words, the derivative equations allow for an objective assessment of SWI vulnerability (defined here as the propensity for interface changes) arising from changes in extraction, recharge or sea-level.
The theoretical basis for the mathematics can be found in the text by Strack (1989). Several simplifying assumptions are made, as described by Strack (1989), including: 
A sharp interface between freshwater and seawater is assumed to exist; 
Aquifers are vertically integrated and considered in cross-section, and therefore solutions are essentially one dimensional; 
Steady-state conditions (i.e., equilibrium conditions) are adopted, and therefore transient trends and time scales are not included; 
Aquifers are assumed to be homogeneous, isotropic and geometrically uniform (i.e., horizontal basement); 
Both recharge and pumping are considered as constant and evenly distributed throughout the coastal section of the aquifer (e.g., radial flow is not considered); 
Fresh groundwater flow is simplified to horizontal flow only, and head losses in the saltwater zone are ignored (i.e., the saltwater wedge contains stagnant seawater).
While a detailed breakdown of the mathematical derivation of indicator equations is not provided here, a summary of the overall approach follows and the key indicator equations are provided, along with the associated assumptions. Conceptualisations of simplified unconfined and confined aquifer settings are shown in Figure 1.
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[bookmark: _Ref302129110][bookmark: _Toc337566404][bookmark: _Toc349670476]Figure 1. Description of hydrogeological variables for: (a) unconfined aquifer and (b) confined aquifer settings (adapted from Werner et al., 2012)


The water budget for the problem domain, as shown in Figure 1, is comprised of net recharge Wnet [L/T] (accounting for infiltration, evapotranspiration and distributed pumping), freshwater discharge to the sea q0 [L2/T] and lateral flow from aquifers inland of the landward boundary qb [L2/T]. The hydraulic head hf [L] is related to the depth of the interface z [L] by the Ghyben-Herzberg relation: . Here, δ [-] is the dimensionless density ratio  (equal to about 0.025 in most cases), and ρs = 1025 kg/m3 and ρf = 1000 kg/m3 are freshwater and seawater densities, respectively [M/L3]. The freshwater thickness is h [L] and the base of the aquifer is z0 [L] below mean sea-level. In practice, the Australian Height Datum (AHD) is used to approximate mean sea-level although it is worth noting that the difference between the two may be a few decimetres. In the confined aquifer, the saturated aquifer thickness in Zone 1 is h0. Zone 1 is the region inland of the saltwater wedge and Zone 2 is the region between the coast and the inland extent (xT) of the saltwater wedge. From a conceptual perspective, while the problem domain is theoretically infinite in the landward direction, the cross-section is typically assumed to occur in a coastal fringe of between 1 km and 5 km from the coast.


[bookmark: _Toc308004684][bookmark: _Toc337566563]Box 1. Conceptualisation of the Willunga basin system
The methodology is demonstrated using parameters typical of the Willunga basin, South Australia. The Willunga basin is a complex multi-aquifer system and therefore allows for example applications of the method for characterisation of potential SWI extent within unconfined and confined aquifer systems. The Willunga basin is situated approximately 40 km south of Adelaide in South Australia, and is bordered to the west by Gulf St Vincent. The basin’s topography inland of the coastal plain rises to an elevation of about 200 m AHD. The basin is an important food production region and groundwater is used to irrigate almonds, grapes and olives. A detailed description of the system is given by AMLRNRMB (2007), Stewart (2005), Hodgkin (2004), Rasser (2001) and Knowles et al. (2007).
[bookmark: _Ref302130228][bookmark: _Toc308004685]Table 1 illustrates hydrogeological parameters necessary for a SWI vulnerability analysis of the unconfined Quaternary aquifer (Qa) (comprised of sands, gravels and interbedded clays), the confined Port Willunga Formation aquifer (PWF) (loosely consolidated sands and indurated limestone) and the confined Maslin Sands aquifer (MS) (very fine to coarse sands) of the Willunga basin. The parameters relate to the coastal fringe of the Willunga basin and for the purposes of the mathematical analyses, it is assumed that all extraction occurs greater than 3.5 km inland from the coast. A detailed description of the method and description of the parameters can be found in Appendix B.
[bookmark: _Toc337566478][bookmark: _Toc349670550]Table 1. Hydrogeological parameters for the Willunga basin case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(m/d)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Qa
	10
	5.5 x 10-5
	20
	-
	3
	3500
	0.3

	PWF
	10
	0
	120
	90
	1.5 (3*)
	3500
	0.3

	MS
	1
	0
	225
	65
	2
	3500
	0.3


*PWF pre-development head estimated using maximum water level readings from Obswell WLG088
[bookmark: _Toc308004686][bookmark: _Toc337566345][bookmark: _Toc361652437][bookmark: _Toc331694579]
Unconfined Aquifers
[bookmark: _Toc337566346][bookmark: _Toc361652438]Theoretical extent of SWI under current conditions
Strack (1976) used the potential method to produce equations for the hydraulic head hf as a function of aquifer parameters and distance from the coast x [L].
In Zone 1 (x  xT; Figure 1(a)):

	(1)
In Zone 2 (x  xT; Figure 1(b)):

	(2)
Here, K is the hydraulic conductivity [L/T] and other parameters are defined in previous sections. Equations (1) and (2) can be re-arranged to allow for the estimation of q0 for a given hb (i.e., obtained from monitoring well observations), and using estimates of the other aquifer parameters (K, z0, , Wnet). 
In Zone 1:

	(3)
In Zone 2:

	(4)
Note that the choice of equations (3) or (4) for estimating q0 depends on whether the given hb value occurs within Zone 1 (i.e., head measurement is inland of the interface) or Zone 2 (i.e., head measurement is above the interface).
[bookmark: _Ref302129371][bookmark: _Toc337566564][bookmark: _Toc308004687]
Box 2. Theoretical distribution of the Qa watertable and interface
Firstly, q0 is estimated using equation (3) and the parameters listed in Table 1 for the Qa aquifer, as:



The q0 value of 0.27 m2/d equates to about 100 ML per annum of groundwater discharge to the sea (from Willunga’s Qa sequence) for each kilometre of coastline. Representations of the watertable (i.e., hf as a function of x) and the freshwater-saltwater interface can be plotted by substituting this value for q0 into equations (1) and (2), and considering the Ghyben-Herzberg relation (i.e., ), as shown below.
[image: ]
[bookmark: _Ref302129291][bookmark: _Toc337566405][bookmark: _Toc349670477] Figure 2. Approximation of the near coastal watertable and interface distributions for the Willunga basin Qa
It is important to note that the interface and watertable distributions shown in Figure 2 are not intended as accurate representations for the Qa, given the approximate nature of the analysis. Rather, the results provide a rough guide to the likely steady-state extent of seawater in the aquifer.


The location of the wedge toe xT [L] (see Figure 1) is derived through considering that  at the wedge toe. In situations where recharge (e.g., from rainfall) exceeds the combined outflows from distributed pumping and groundwater evapotranspiration, i.e., net recharge is positive (Wnet > 0):

 	(5)
For the case where net recharge is zero (Wnet = 0):

	(6)
The toe location in Willunga’s Qa system is estimated using equation (5):

 
This is the theoretical steady-state distance from the coast to the point in the aquifer where the interface intersects the aquifer basement elevation of -20 m AHD, as shown in Figure 2.
Equations (3) to (6) can be used to explore the general conditions under which the wedge toe is greatest in unconfined aquifers. Plots of this relationship are provided in Appendix A. These plots illustrate that the theoretical steady-state wedge toe is greatest in deep unconfined aquifers with high hydraulic conductivity, low net recharge and low water levels.
The water budget for the coastal aquifers illustrated in Figure 1 includes freshwater discharge to the sea (q0), which is the sum of lateral inflow to the coastal fringe (qb) and the cumulative net recharge within the coastal fringe. This is expressed as:

	(7)
The conceptualisation of Figure 1 (a) assumes that a no-flow boundary occurs at some inland distance. That is, the lateral inflow is zero (qb = 0) at some distance (xn) from the coast. The value of xn is a useful characteristic of the coastal aquifer for the purposes of defining SWI vulnerability, as will be demonstrated below. xn can be obtained from equation (7) by substituting qb = 0, to obtain:

	(8)
As the wedge toe approaches xn there is progressively less freshwater discharge to oppose the inland movement of the saltwater wedge. In other words, the distance xn serves as a practical limit to the extent of seawater in the aquifer. Conditions causing the wedge toe to reach or exceed xn are more likely to be associated with adverse SWI events. A measure of vulnerability can therefore be defined using the term xT’ (scaled toe location), which is the inland extent of seawater in the aquifer relative to xn. This can be expressed mathematically using the ratio of toe location xT to the inland no flow boundary xn:

		(9)
If the wedge toe reaches xn (i.e., xT’ = 1), there is insufficient freshwater opposing the inland movement of the toe and an unstable SWI situation occurs, considered here as high SWI vulnerability. Unstable conditions occur when the freshwater-saltwater interface continues to penetrate inland indefinitely and will fully penetrate the aquifer at steady-state. This is the situation most likely to result in large-scale SWI problems. Therefore, xT’ is adopted in this study as a SWI vulnerability indicator, varying between 0 (minimum SWI vulnerability) and 1 (maximum SWI vulnerability).
The value of xn for the Qa is calculated from equation (8) to be:
xn= 0.27 / (5.5 x 10-5) = 4900 m
The scaled toe location can then be calculated from equation (9) as:
xT’ = 200 / 4900 = 0.04
The vulnerability condition described above (i.e., xT < xn ) can be used in combination with equation (5) to infer important stability characteristics of coastal aquifers. That is, equation (5) can be restated considering equation (8), as:

	(10)


Stable wedge conditions persist where xT < xn and therefore from equation (10) we have , or after rearranging, . From this, we obtain a relationship describing the minimum freshwater discharge to the ocean q0,min required for a stable interface:

	(11)


 is calculated for the Qa from equation (11), as: 
This is the theoretical minimum freshwater discharge to the sea required for a stable interface in the Qa. Note that this is well exceeded by the q0 estimate in Box 2.
One of the advantages of using analytical equations in assessing problems such as SWI vulnerability is that parameter combinations are identifiable from the relevant equations. For example, equation (10) can be written in a simplified form, as:

	(12)
Here, M (-) is a useful dimensionless combination of parameters that can be directly related to the SWI conditions, and is defined as:

	(13)
Werner et al. (2012) termed M a “mixed convection ratio”, because it has terms in the numerator that describe the density-driven processes causing landward migration of the wedge, whilst the denominator represents freshwater advection processes that oppose intrusion of the wedge. If M  1, the density driven processes are dominating and an unstable SWI situation (i.e., high SWI vulnerability) may occur. As such, M is a useful SWI vulnerability measure.
For the Qa the value of M is calculated from equation (13) as:



In addition to the inland extent of SWI, the volume of seawater in the aquifer is an important element of SWI that has implications for aquifer management. That is, increases in the seawater volume reduce the available freshwater volume, and presently water resource managers have limited intuition of the scale of seawater volumetric changes (and the associated freshwater storage changes) in coastal aquifers. It is noteworthy that the storage of seawater in the aquifer can change significantly despite almost no change in the head conditions. Research into the characteristics of this effect is on-going. Seawater volume is adopted in this study as an alternative to xT for quantifying the extent of SWI. The volume of seawater Vsw [L3/L] per metre of coastline is found from the area (in cross-section perpendicular to the shoreline) of the saltwater wedge, which is determined by integrating the interface equation (i.e., obtained by combining equation (2) and the relationship ) between the coast (x = 0) and the toe (x = xT). The following equation is subsequently derived for the situation where net recharge is positive (Wnet > 0):

	(14)
Here, n is porosity [-]. The seawater volume is obtained from a simple triangular equation where net recharge is zero (Wnet = 0), i.e.:

	(15)
Vsw for the Qa is estimated using equation (14) as:

[bookmark: _Toc337566347] 
[bookmark: _Toc361652439]Theoretical extent of SWI under future extraction scenarios
Changes in coastal hydrology result in movement of the interface. For example, Werner and Simmons (2009) have shown that sea-level rise causes landward movement of the interface within unconfined aquifers. We characterise the inland movement of the interface under changes in extraction using the position of the wedge toe, xT as well as changes in seawater volumes within the aquifer, Vsw. It is important to note that the steady-state approximations of interface movements represent the theoretical SWI extent after infinite time, that is, time scales are not considered despite the generally long time scales associated with sea-level rise. 
Box 3. Calculating change in toe location for future extraction scenarios

[bookmark: _GoBack]The conceptualisation used for the Willunga basin case study involves an assumption of no pumping in the coastal fringe for all aquifers. Therefore future extraction scenarios will result in changes to inflows from inland aquifers qb (where pumping is occurring). From equation (7) (i.e., ) it can be seen that a change in qb will result in an equal change in q0, when net recharge is constant. 
Equation (3) is applied to the parameters in Table 1 to calculate a freshwater discharge to the sea q0 of around 100 ML/km/yr and equation (7) gives inflows from aquifers inland of xb (at 3.5 km from the coast) of around 30 ML/km/yr for current conditions. 
Figure 3 shows the toe location xT and scaled toe location xT over a range of q0 values. For a maximum q0 reduction of 50 ML/km/yr, the toe moves inland from around 200 m to 450 m and the value of xT increases from 0.03 to 0.19. With the reduction in q0, the aquifer system is becoming increasingly vulnerable, as expected. The relatively large change in xT is due to the movement of the toe as well as the movement of the no flow boundary xn, which contracts seaward from around 5000 m to 2500 m from the coast, for a reduction in q0 of 50 ML/km/yr.
[image: ]
[bookmark: _Ref302129420][bookmark: _Toc337566406][bookmark: _Toc349670478]Figure 3. Values of xT and xT for reductions in q0 (due to increased extraction inland of the coastal fringe) for the Willunga basin Qa
It is important to note that the steady-state values of xT and xT given here may reflect the long-term (e.g., future) situation rather than the current condition if the aquifers are not in steady-state (i.e., if the interface is moving due to historical changes in aquifer stresses).


[bookmark: _Toc308004689][bookmark: _Toc337566348][bookmark: _Toc361652440]Confined Aquifers
[bookmark: _Toc337566349][bookmark: _Toc361652441]Theoretical extent of SWI under current conditions
As with unconfined aquifers, Strack (1976) used the potential method to produce equations for the hydraulic head hf as a function of aquifer parameters and distance from the coast x [L] in confined aquifers. 
In Zone 1 (x  xT; Figure 1(b)):

	(16)
In Zone 2 (x  xT; Figure 1(b)):

	(17)
Parameters used here have been defined previously. Equations (16) and (17) can be re-arranged to allow for the estimation of q0 from a given hb (i.e., obtained from monitoring well observations), and using estimates of the other aquifer parameters (K, z0, h0, , Wnet). 
In Zone 1:

	(18)
In Zone 2:

 	(19)
The choice of equations (18) or (19) for estimating q0 depends on whether the given hb value occurs within Zone 1 (inland of the interface) or Zone 2 (head measurement above the interface).

Again, the location of the wedge toe xT can be derived by considering that  at the wedge toe. We consider cases where Wnet values are negative (due to inter-formational losses or pumping) or zero.


s	(20)


      	(21)
Equations (18) to (21) can be used to explore the general conditions under which the wedge toe is furthest inland in confined aquifers. Plots are provided in Appendix A. These plots illustrate that the steady-state toe location is furthest inland in deep confined aquifers with large aquifer thickness, low inland heads and low recharge. Toe location in confined aquifers is insensitive to hydraulic conductivity.
It is important to note that the mathematical analysis does not account for continuation of aquifers offshore and may therefore result in overestimation of steady-state SWI extent in confined aquifers. Analytic solutions presented by Bakker (2006) and Kooi and Groen (2001) account for offshore continuation of confined aquifers. However, information on parameters required for the method (eg., distance the aquifer extends offshore and the vertical hydraulic conductivity of the semi-confining aquitard) are generally not available.


[bookmark: _Ref302129591][bookmark: _Toc308004690][bookmark: _Toc337566566]Box 4. Theoretical distribution of the PWF water table and interface
The parameters listed in Table 1 are used to calculate a value of q0 via equation (19) for both pre-development and current conditions in the confined PWF of the Willunga basin:
Pre-development:


Current conditions:



Through substituting the value for q0 into equations (16) and (17), the water table and the location of the interface can be plotted using the Ghyben-Herzberg relation, i.e., , as shown in Figure 4.
[image: ]
[bookmark: _Ref302129468][bookmark: _Toc337566407][bookmark: _Toc349670479]Figure 4. PWF head and interface plot for current and pre-development conditions

The toe location is calculated using equation (21) for the PWF under assumed pre-development conditions, as: 
Under current conditions, the theoretical inland distance to the toe is very large (>31 km). This value exceeds the inland limit of the coastal fringe (xb = 3500 m) and is indicative of an extensive salt wedge, at least in the steady-state condition. Only interface locations within the coastal fringe are shown in Figure 4. 
[bookmark: _Ref302129709][bookmark: _Toc308004691][bookmark: _Toc337566567]
Box 5. Theoretical distribution of the MS water table and interface
The parameters listed in Table 1 are used to calculate a value of q0 via equation (19) for the confined MS of the Willunga basin:


However, this calculated value does not reflect what is actually occurring, which is a negative freshwater discharge (i.e., a negative q0) associated with the hydraulic gradient that is sloping toward the inland. From equation (17) it can be seen that the head at the coast (i.e., at x = 0) within a confined aquifer, accounting for density effects, is:

	 (23)
For the MS parameters listed in Table 1, hcoast = 4.0 m AHD. That is, because of density effects, the potentiometric head within the aquifer must be greater than this value to create a hydraulic gradient that is sloping downwards toward the coast, which is associated with freshwater discharge towards the sea (i.e., q0 > 0). The value of hb = 2 m AHD therefore represents a hydraulic gradient sloping toward the inland in the coastal fringe of the MS and, theoretically, the interface is unstable. 
This example shows that for confined aquifers, it is important to first calculate the head level at the coast using equation (23) and to use this to determine whether the interface is unstable. This step is particularly important because equation (19) provides a positive q0 value, due to the squared bracketed term, even when the interface is unstable (i.e when hb < hcoast). 
It is not possible to plot the interface or calculate xT or Vsw for the MS aquifer due to the theoretically unstable interface condition. However, the location of the interface stability limit (i.e., for hb = 4.0 m AHD) is shown in Figure 5, along with the steady-state interface for the unconfined Qa and confined PWF within the coastal fringe.
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[bookmark: _Ref315951360][bookmark: _Toc337566408][bookmark: _Toc349670480]Figure 5. Theoretical steady-state interface locations for the Willunga basin case study
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The conceptualisation of confined aquifer settings does not involve an inland no-flow boundary condition, and therefore a dimensionless xT’ wedge toe location does not apply. A mixed convection ratio for the confined aquifer, Mc for Wnet < 0 is given as:

	(22)
As Wnet < 0, Mc is a negative number with a maximum of Mc = 0. As Mc becomes more negative, the system becomes less stable with respect to SWI.
For the PWF and MS, an assumption of Wnet = 0 has been applied and an Mc value cannot be calculated.
The volume of seawater Vsw [L3/L] per metre of coastline is found from the area of the saltwater wedge, obtained through integrating the interface equation between x = 0 and x = xT. 


      	(23)

For the PWF under pre-development conditions, the value of Vsw is calculated using equation (23) as:

.

For current conditions 


[bookmark: _Toc337566350][bookmark: _Toc361652442]Theoretical extent of SWI under future extraction scenarios
Box 6. Theoretical interface locations in Willunga’s confined aquifers (PWF and MS) under future extraction scenarios
For the PWF parameters listed in Table 1, equation (19) produces a freshwater discharge to the sea q0 (equal to qb because Wnet = 0) of 11 ML/km/yr.
A plot of the steady-state interface within the coastal fringe for a reduced inflow at the inland boundary qb of 2.5 ML/km/yr and 5 ML/km/yr (representing different levels of increased future extraction inland of the coastal fringe), is shown in Figure 6. It can be seen that for a reduction in qb of 5 ML/km/yr the interface at the inland boundary (i.e., at xb = 3500 m) is 7 m above the level at current rates of extraction (i.e., rises from -60 m AHD to -53 m AHD).
[image: ]
[bookmark: _Ref302129661][bookmark: _Ref302129655][bookmark: _Toc337566409][bookmark: _Toc349670481]Figure 6. PWF interface plot for different levels of extraction inland of the coastal fringe
The theoretical interface was found to be unstable in the coastal fringe for the current conditions of the MS (see Box 5), and hence the methodology used in this study is not applicable to situations of additional MS extraction, except to infer that unstable conditions will be exacerbated by increased pumping.
[bookmark: _Toc337566569][bookmark: _Toc308004692]
Box 7. Overview of theoretical SWI extent for the Willunga basin case study
The hydrogeological parameters listed in Table 1 were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 2). SWI extent was also calculated for the assumed pre-development conditions within the PWF, with results shown in square brackets.
[bookmark: _Ref302130295][bookmark: _Toc308004693][bookmark: _Toc337566479][bookmark: _Toc349670551]Table 2. Results indicating theoretical SWI extent
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Qa
(Unconfined)
	197
	0.08
	0.04
	390

	PWF
(Confined)
	31500*
[3500]
	NA

	NA

	303750*
[30375]

	MS
(Confined)
	Unstable
	NA
	NA
	Unstable


* Here the interface extends inland of the coastal fringe and it is important to note that the conceptual model and parameters used for calculations are derived from the coastal fringe (within 3500 m from the coast).
It was found that the theoretical steady-state inland toe penetration for the Qa was about 200 m, producing a scaled wedge toe value of xT = 0.04, which is considered small and therefore representing relatively low SWI vulnerability. Under possible future extraction scenarios, involving increased pumping inland of the coastal fringe, that result in a halving of freshwater discharge q0 to the sea (i.e from 100 ML/km/yr to 50 ML/km/yr), the toe location increased to 450 m and xT increased to 0.2 (an xT value of 1 represents unstable conditions). It is unlikely however that increased extraction will occur in the Qa, due to poor water quality (S Barnett, Department for Water South Australia, 2011, pers. comm.). It is important to note that the steady-state approximations given within this report represent the long-term (e.g., future) situation rather than the current status when aquifers are not in steady-state.
For the PWF the toe location under current conditions was calculated as being 31500 m, extending inland of the coastal fringe study area and beneath extraction bores. These conditions suggest a higher degree of vulnerability in the PWF. 
For the MS it was found that the potentiometric head within the coastal fringe was not sufficient for freshwater discharge to the sea, suggesting possible unstable conditions and active SWI. These results suggest a high vulnerability to SWI in the MS aquifer. However, it is important to note that the mathematical analysis does not account for continuation of aquifers offshore and may therefore result in overestimation of steady-state SWI extent in confined aquifers.
[bookmark: _Toc308004694][bookmark: _Toc337566351][bookmark: _Toc361652443]
Freshwater Lenses
[bookmark: _Toc337566352][bookmark: _Toc361652444]Theoretical extent of SWI under current conditions
Conceptualisation of a simplified freshwater lens aquifer setting is shown in Figure 7.
[bookmark: _Ref308600524][bookmark: _Toc337566410][image: Description: G:\Papers_in_progress\Island_paper\Island_figure\Island_figure2.png]
[bookmark: _Toc349670482]Figure 7. Conceptualisation of a freshwater lens (vertical scale exaggerated significantly)
The water budget for the problem domain, as shown in Figure 7, is comprised of net recharge Wnet [L/T] (accounting for infiltration, evapotranspiration and distributed pumping) and freshwater discharge to the sea q0 [L2/T]. The hydraulic head hf [L] is related to the depth of the interface z [L] by the Ghyben-Herzberg relation. The island or peninsula is 2a [L] wide and there is a no-flow boundary at the centre of the lens (at x = 0). The interface does not intersect the aquifer basement and there is no wedge toe. Instead, SWI extent is quantified using the maximum freshwater thickness at the centre of the lens, hmax [L].
Freshwater lenses are found in peninsulas and oceanic islands. In the case of a peninsula, the lens can be conceptualised as being of infinite extent perpendicular to the cross-section in Figure 7. This case is commonly referred to as a strip island lens. 


In the case of an oceanic island (that may be circular or elliptic in shape) the geometry of the lens can be represented using a Cartesian coordinate system, as shown in Figure 8. The lens crosses the x-axis at , and the y-axis at . The cross-section in Figure 7 represents the flow system along the x and y axes of the lens (except with lens width 2b for the y axis). 
[image: ]
[bookmark: _Toc337566411][bookmark: _Toc349670483][bookmark: _Toc308004695]Figure 8. Conceptualisation of an oceanic island showing cross-section of freshwater lens (vertical scale exaggerated significantly)
[bookmark: _Toc361652445]Strip island
For a strip island lens, Fetter (1972) described the hydraulic head hf as a function of aquifer parameters and distance from the coast as:

	(24)
By the Ghyben-Herzberg approximation, depth to the interface below sea-level is given by:

	(25)

Using a water balance approach, the freshwater discharge to the sea q0 is given by . 
The maximum freshwater thickness is obtained by summing hf and -z at x = 0:

	(26)
The freshwater volume per metre length of coastline, Vfw [L2] is given by:

	(27)
Where n [-] is the porosity.
[bookmark: _Toc308004696][bookmark: _Toc361652446]Circular and elongated island
Using the potential method of Strack (1989) the equation describing the hydraulic head in an elongated island is:

	(28)
By the Ghyben-Herzberg approximation, the equation for the interface surface is:

	(29)
The maximum freshwater thickness hmax [L], obtained by summing equations (28) and (29) at x= 0, y = 0, is:

	(30)
Equations for a circular island are obtained from equations (28), (29) and (30) when a = b. 


Comparing equation (30) and equation (26) it can be seen that hmax for an elongated island approaches that calculated for a strip island as  or . 
The freshwater volume Vfw [L3] is given by:

	(31)
It is worth noting that an observed inland head value is not needed to derive the water table distribution using equations (24) and (28). It was required for both unconfined and confined aquifers. An inland head value is not needed for freshwater lens systems because the no-flow condition at the centre of the lens forms the inland boundary. Where observed inland head values are available for a freshwater lens, they can be used to refine the values of Wnet and K using equations (24) and (28).
[bookmark: _Toc337566353][bookmark: _Toc361652447]Theoretical extent of SWI under future extraction scenarios
Equations (26), (27), (30) and (31) indicate that hmax and Vfw are proportional to the square root of Wnet in both the strip island and elongated island cases. That is, a reduction in net distributed recharge due to climate change or increased pumping will reduce the theoretical steady-state maximum freshwater thickness and freshwater volume by a factor equal to the square root of the decrease in net recharge.


[bookmark: _Ref302628027][bookmark: _Toc308004697][bookmark: _Toc337566354][bookmark: _Toc361652448]Propensity for Change in SWI Due to Sea-Level Rise, Recharge Change and Changes in Total Pumping
The sensitivity of SWI to different stresses has been characterised by Werner et al. (2012) using partial derivative equations. These equations describe the propensity for the wedge toe or seawater volume to change with changes in sea-level, recharge or total pumping. Werner and Simmons (2009) found that the impact of sea-level rise in unconfined coastal aquifers is greater in head-controlled systems (where groundwater abstractions or surface water features maintain the head condition in the aquifer despite changes in sea-level) than in flux-controlled systems (where groundwater discharge to the sea remains constant despite changes in sea-level). In line with these findings Werner et al. (2012) developed derivative equations relating to both head-controlled and flux-controlled systems for unconfined and confined aquifers. The derivative equations and an example application are provided within this section. Derivative equations for the freshwater lens case are also presented.
[bookmark: _Toc337566355][bookmark: _Toc361652449]Unconfined aquifers
[bookmark: _Toc361652450]Sea-level rise - Flux-controlled case
Flux-controlled conditions occur when the head in the aquifer is allowed to rise as sea-levels rise, resulting in no change in freshwater discharge to the sea with changing sea-levels. This is expressed mathematically as:

	(32)

An alternative way to consider this case is where the recharge and distance to the inland no-flow boundary (i.e., ) do not change with sea-level rise. The resulting indicator equations, as presented by Werner et al. (2012) are:


          	(33)


          	(34)
[bookmark: _Toc308004698][bookmark: _Toc361652451]Sea-level rise - Head-controlled case
It is assumed in this case that there are controls on the aquifer that control inland heads. For example a constant water-level inland surface water body that controls aquifer water levels or simply low ground levels that control aquifer heads through evapotranspiration, or alternatively, groundwater pumping that forces water levels to the same elevation (e.g., in an unmanaged aquifer). For simplicity, the inland head at the no flow boundary hn represents the head that remains constant despite sea-level rise. It is assumed that xn does not change, although in reality xn will reduce under sea-level rise because q0 reduces. Mathematically, the assumption can be described as:


    and     	(35)
The resulting indicator equations, as presented by Werner et al. (2012) are:

	(36)
and,

	(37)
Comparing equations (33) and (36) as well as (34) and (37) indicate that the propensity for change in a head-controlled case will always be larger than in a flux-controlled case.
[bookmark: _Toc308004699][bookmark: _Toc361652452]Recharge change - Flux-controlled case
We now consider recharge change associated, for example, with climate change. It is assumed here that the distance to the inland no flow boundary, xn does not change with a change in recharge, despite a change in Wnet. The resulting indicator equation is:

	(38)
[bookmark: _Toc308004700][bookmark: _Toc361652453]Recharge change - Head-controlled case
Similarly to the sea-level rise case we assume that:


       and       	(39)
The resulting indicator equation is:

	(40)
A comparison of equations (38) and (40) indicates that the propensity for change due to recharge changes in a flux-controlled aquifer is larger than in a head-controlled aquifer. It is expected that head-controlled systems are less responsive to recharge and so this is an intuitive result that provides additional confidence in the mathematics.
[bookmark: _Toc308004701][bookmark: _Toc361652454]Change in inflows at the inland boundary e.g. due to pumping
Changes in inland management practices, such as increased pumping, will result in reduced inflows at the inland boundary (i.e., reduced qb). Assuming that xb > xT, then:

	(41)
The difference between equations (38) and (41) shows that while both Wnet and qb control q0  the effect on SWI extent is different depending on which of these elements of the water balance are altered.
[bookmark: _Ref302131604][bookmark: _Ref302131632][bookmark: _Ref302131679][bookmark: _Ref302131698][bookmark: _Ref302131708][bookmark: _Ref302131712][bookmark: _Toc337566356][bookmark: _Toc361652455]Confined aquifers
Here, a selection of vulnerability indicators for both head-controlled and flux-controlled cases are presented. As confined aquifers are usually deeper and less likely to intercept topographic and surface water controls near the coast they are arguably less prevalent than flux-controlled confined coastal aquifers. Nonetheless, both cases are considered in the following.
[bookmark: _Toc361652456]Sea-level rise - Flux-controlled case

As equation (20), (21) and (23) do not contain z0 (and as ), sea-level rise in flux-controlled systems does not result in movement of the wedge toe, or changes in seawater volumes. 
[bookmark: _Toc308004702][bookmark: _Toc361652457]Sea-level rise - Head-controlled case
The same assumptions as described for unconfined aquifers apply, except that we assume a constant inland water level hb at xb (instead of hn at xn as used in the unconfined case). The resulting indicator equations are:


      	(42)


       	(43)


      	(44)
[bookmark: _Toc361652458]Recharge change - Flux-controlled case



The vulnerability indicator was produced by differentiating the wedge toe position for  and recognising that . In this case the inland boundary is defined by . That is, a change in Wnet in the coastal fringe does not result in a change in inland boundary flux qb. In this case Wnet might be considered as distributed pumping in the coastal fringe, and therefore a change in net recharge is associated with increased extraction from the coastal fringe aquifer. The resulting derivative equation is:


      	(45)
[bookmark: _Toc361652459]Change in inflows at the inland boundary e.g. due to pumping
As with the unconfined setting, SWI indicators for changes in the coastal discharge caused by inland aquifer management were formulated, assuming that xb > xT:


      	(46)


      	(47)
[bookmark: _Toc337566357][bookmark: _Toc361652460]Freshwater lenses
Vulnerability indicators for a selection of both flux-controlled and head-controlled freshwater lens systems are presented in this section.
[bookmark: _Toc349664465][bookmark: _Toc361652461]Sea-level rise – flux-controlled
As equation (26), (27), (30) and (31) do not contain z0, sea-level rise does not result in changes in maximum freshwater thickness or freshwater volume for the flux-controlled case. It is important to note that this assumes water levels are free to rise in the aquifer, which may not be the case if topographic features control water levels (i.e., the head-controlled case). It also assumes that there is no inland encroachment of the ocean with sea-level rise, which is consistent with the approach taken for unconfined and confined aquifers.
[bookmark: _Toc361652462] Sea-level rise – head-controlled
The same assumptions apply as described for unconfined aquifers, except that a constant water level at the centre of the island is applied. As sea-levels rise the head above sea-level at the centre of the island reduces by an equal amount and the interface rises according to the Ghyben-Herzberg relation. The equation describing this is:

	(48)
[bookmark: _Toc361652463]Recharge change – flux-controlled
The same assumptions apply as described for unconfined aquifers, and the change in the maximum freshwater thickness and freshwater volume for a change in net distributed recharge is given by:
Strip island

	(49)

	(50)
Circular or elongated islands

	(51)

	(52)
[bookmark: _Toc361652464]Recharge change – head-controlled
The same assumptions as described for unconfined aquifers apply, except that a constant water level at the centre of the island is used. As hf does not change with change in recharge, both hmax and Vfw are insensitive to recharge change under head-controlled conditions.


Box 8. Propensity for change in SWI extent due to sea-level rise, recharge change and changes in total pumping for the Willunga case study
The partial derivative equations outlined in section 2.4 describe the propensity for the toe or seawater volume to change under different stresses, including sea-level rise, recharge change and changes in total pumping. Using these equations and parameter values listed in Table 1, vulnerability indicators were obtained for the Qa and PWF (Table 3). Derivatives for the MS could not be calculated because it is theoretically unstable.
[bookmark: _Ref302131537][bookmark: _Toc308004703][bookmark: _Toc337566480][bookmark: _Toc349670552]Table 3. Vulnerability indicators for the Qa and PWF aquifers
	Aquifer
	Flux-controlled
	
	Head-controlled

	
	

	

(m)
	

(d)
	

(d/m)
	

	

(m)
	

(d)

	Qa
(Unconfined)
	20
	59
	-3.7E6
	-770
	53
	120
	-1.8E6

	PWF
(Confined)
	0
	0
	NA
	-9.8E5
	2.6E5
	2.3E6
	NA


Values in Table 3 can be used to rank the sensitivity of different aquifers to the same stress. It can be seen, for example, that the PWF is more sensitive to changes in inflows from inland aquifers and sea-level rise (for the head-controlled case) than the Qa. Recharge derivatives cannot be calculated for the PWF because a net recharge (Wnet) of zero was used and therefore comparison of recharge derivatives is not possible. The large net recharge change derivatives for the Qa are due to the units of Wnet (i.e., m/d). For the PWF, the vulnerability indicators for sea-level rise were zero for flux-controlled conditions, as expected (see section 2.4).
[bookmark: _Ref302131778]The vulnerability indicators cannot be used to compare sensitivity to different stresses within the same system because the indicators have different dimensions. Werner et al. (2012) used logarithmic sensitivities in order to make this comparison. Logarithmic sensitivities measure the fractional change in output for a fractional change in a parameter (Kabala, 2001). Table 4 lists logarithmic sensitivities for the Qa and PWF respectively.
[bookmark: _Ref302372793][bookmark: _Toc337566481][bookmark: _Toc308004704][bookmark: _Toc349670553]Table 4. Logarithmic sensitivities
	Aquifer
	Flux-controlled
	
	Head-controlled

	
	

(-)
	

(-)
	

(-)
	

(-)
	

(-)
	

(-)
	

(-)

	Qa
(Unconfined)
	2.0
	3.0
	-1.0
	-0.3
	5.4
	6.3
	-0.5

	PWF
(Confined)
	0.0
	0.0
	NA
	-1.0
	980
	980
	NA


From Table 4 it can be seen that for flux-controlled unconfined aquifers sensitivity to sea-level rise is greater than sensitivity to recharge change or change in inflows at the inland boundary. It can also be seen that for unconfined aquifers sensitivity to sea-level rise is greater in head-controlled settings, as expected (see Section 2.4). Further, confined aquifers are more sensitive to sea-level rise (for the head-controlled case) and change in inflow from inland aquifers than unconfined aquifers. These results are in agreement with those obtained for a number of unconfined and confined aquifer case studies considered by Werner et al. (2012).
It is important to note that logarithmic sensitivities do not consider probable future stress changes, which are likely to be different in each case. For example, the maximum change in z0 due to sea-level rise over the next century (i.e., 0.79 m (IPCC, 2007)) is around 4% and 0.5% of the Qa and PWF z0 values, respectively. By comparison, it is likely that changes in Wnet due to recharge change and qb due to changes in future extraction will be significantly higher, given projected changes in rainfall and temperature under climate change (IPCC, 2007). 


Comparison between vulnerability indicators can be carried out using normalised sensitivities (Kabala, 2001) if future stress changes have been predicted. Normalised sensitivities (also referred to as scaled partial derivatives) are calculated by multiplying the predicted stress change by the partial derivative, e.g.  for sea-level rise, to arrive at an approximation for the change in toe location for the applied stress. It is important to note that the value of  does not equate to xT, because the relevant equations are non-linear. To illustrate, Figure 9 shows the change in toe for the Qa calculated using both a steady-state to steady-state analysis and normalised sensitivities. Plots for sea-level rise, recharge change and changes in inflows are provided. It can be seen that normalised sensitivities can provide a reasonable estimate for xT for small stress changes, but become increasingly inaccurate as stress changes increase. Nevertheless, if partial derivatives have been calculated, normalised sensitivities provide a rapid and simple means of comparing the (approximated) change in steady-state toe location for different stresses, particularly for small stress changes.
[image: ]
[bookmark: _Toc349670484]Figure 9. Comparison of change in steady-state toe and normalised sensitivities for sea-level rise (flux-controlled (a), head-controlled (b)); recharge change (flux-controlled (c), head-controlled (d)) and changes in inflows at the inland boundary (e).
[bookmark: _Toc308004705][bookmark: _Toc337566358][bookmark: _Toc361652465]Parameter Uncertainty and Sensitivity Analysis
Box 9. Parameter uncertainty and sensitivity analysis for the Willunga basin case study
As an attempt to understand the implications of parameter uncertainty on calculated SWI extent for the Willunga basin, parameter values involving a possible range were determined where possible (i.e., base case (minimum – maximum)). These values were used to obtain both a base case and range of calculated vulnerability indicators (Table 5).
[bookmark: _Ref302131875][bookmark: _Toc308004706][bookmark: _Toc337566482][bookmark: _Toc349670554]Table 5. Range of SWI vulnerability indicators for the Willunga basin aquifers
	Aquifer
	xT
(m)
	xT
	Vsw
(m2)

	Qa
(Unconfined)
	197
(1-1100)#
	0.04
(0.00-0.36)
	390
(1-3000)

	PWF
(Confined)
	283500
(3500-Unstable)
	NA
	2551500
(21000-Unstable)

	MS
(Confined)
	Unstable
(Unstable-Unstable)
	NA
	Unstable
(Unstable-Unstable)


# Range of calculated values
It can be seen from Table 5 that for the Qa, xT ranges between 1 m and 1100 m, with a base case value of 197 m. For the PWF, xT ranges between 3500 m and unstable conditions. For the MS the interface in the coastal fringe was unstable in all cases.
These results give an idea of the impact of parameter variability and uncertainty on the theoretical steady-state wedge toe location. For example, the results for the Qa suggest that it is likely that the steady-state toe is less than around 1 km from the coast.
As a further attempt to quantify uncertainty associated with aquifer parameters, sensitivity analyses were conducted for the Qa and PWF. Parameters listed in Table 1 were varied by +/- 5 % and the percentage change in xT calculated.
From results shown in Table 6 for the Qa, xT is most sensitive to the value of z0, followed by hb and then equally sensitive to K and Wnet. For the PWF aquifer xT is most sensitive to the value of z0, followed by hb. The value of xT in confined aquifers with zero net recharge is insensitive to the value of K. Plots showing general relationships between parameters and toe location for unconfined and confined aquifers are included in Appendix A.
[bookmark: _Ref302132121][bookmark: _Toc308004707][bookmark: _Toc337566483][bookmark: _Toc349670555]Table 6. Sensitivity analysis for the Qa
	Parameter value
	K (m/d)
	Wnet (m/d)
	z0 (m)
	hb (m)

	
	-5%
	
	+5%
	-5%
	
	+5%
	-5%
	
	+5%
	-5%
	
	+5%

	xT (m)
	193.2
	196.8
	200.2
	200.3
	196.8
	193.4
	182.3
	196.8
	211.5
	204.7
	196.8
	189.4

	Difference (%)
	-1.8
	0.0
	1.7
	1.8
	0.0
	-1.7
	-7.3
	0.0
	7.5
	4.0
	0.0
	-3.7


Table 7. Sensitivity analysis for the PWF
	Parameter value
	K (m/d)
	Wnet (m/d)
	z0 (m)
	hb (m)

	
	-5%
	
	+5%
	-5%
	
	+5%
	-5%
	
	+5%
	-5%
	
	+5%

	xT (m)
	31500
	31500
	31500
	31500
	31500
	31500
	21900
	31500
	49200
	38900
	31500
	26000

	Difference (%)
	0
	0
	0
	0
	0
	0
	-31
	0
	56
	23
	0
	-17


Sources of uncertainty for each parameter are discussed within Appendix A. It is notable that while the value of xT is highly sensitive to parameters associated with aquifer geometry (Table 6 and Table 7), aquifer geometry close to the coast in the Willunga basin in not well understood. It was also difficult to estimate net recharge. The range of Wnet adopted for the Qa aquifer was based on data reviewed as part of the CSIRO study (Herczeg and Leaney, 2002) and is anticipated to be a reasonable approximation of the net recharge to the unconfined system within the study area. As discussed in Appendix A, the fluxes between the confined aquifers are poorly understood and therefore to maintain simplicity, Wnet for these systems was assumed to be zero. This assumption is commonly made when carrying out simple first-order SWI assessment within confined aquifer systems (Custodio, 1987).


[bookmark: _Toc337566359][bookmark: _Toc361652466]Limitations of the Mathematical Analysis Methodology
The simple method for first-order assessment of SWI vulnerability indicators presented here has the advantage of being a physically based, quantitative approach to assessing SWI vulnerability. Nevertheless, it is important to recognise that the approach has a number of limitations arising from the simplification of the conceptual system and the assumptions inherent in the analytical model (see Section 2.0). Key elements of vulnerability that are not captured by the method presented in this report include:
Transience – The analytic solutions presented here are for steady-state conditions. Time scales are not considered and as such interface approximations determined using the method represent the long-term (e.g., future) situation rather than the current status, when aquifers are not in steady-state. 
Recharge variations - During periods of low rainfall, the combined effects of reduced rainfall recharge, reduced surface water recharge (i.e., from streams, channels, lakes etc.) and increases in groundwater extraction may lead to increased SWI. The method presented here assumes constant recharge and therefore the influence of recharge variations, due to climate variability for example, are not captured. 
Fixed coastal boundary – Sea-level rise may result in inland encroachment of the ocean, particularly in areas of low topographic slope. The methods presented here assume that the location of the surface coastal boundary is fixed.
Heterogeneity – The analytic solutions assume that aquifers are homogeneous, isotropic and geometrically uniform (i.e., horizontal basement). However, in practice spatial variability (e.g., basement highs and lows) will result in variable interface locations within an aquifer. The use of 2D cross-sections only allows for the assessment of a single interface profile at any one time – although parameter ranges can be used to attempt to capture some of this variability. It is important to also recognise that parameter uncertainty has potentially significant implications in terms of determining SWI vulnerability. However, a thorough uncertainty analysis is beyond the scope of this assessment.
Location of wells – Wells are not simulated directly as part of the method and therefore the influence and vulnerability of individual wells (e.g., due to up-coning) does not form part of the assessment. 
Offshore freshwater discharge - The analytic solutions assume that freshwater discharges at the coast, that is, the aquifer does not continue beyond the coastline. If this is not the case, alternative sharp-interface solutions such as those presented by Bakker (2006) and Kooi and Groen (2001) would be more appropriate and it is likely that the interface will penetrate a smaller distance inland from the coast than that predicted by a model that neglects offshore effects. 
Tidal impacts – The method presented here does not consider tides, that is, a constant coastal boundary is assumed. However, tidal over-height studies such as Carey et al. (2009) have shown that tides may impose additional head at the ocean boundary, thereby raising the baseline water level by which groundwater levels should be assessed in considering whether they are sufficient to limit seawater intrusion impacts. 
Management and knowledge of the system – The level of knowledge and monitoring and the degree of management can influence vulnerability and these elements, amongst a range of other subjective elements (including future population growth, and alternative supplies of freshwater) are not incorporated into the method. 
In general, it is important to consider that the effectiveness of the method is heavily reliant on the conceptualisation of the coastal system as well as the availability of data for parameterisation. In this regard, a challenge for the project is the development of conceptual models of a large number of cases, in such a way that the key parameters (and likely ranges) for SWI vulnerability are discernible. That is, the current mathematical approach is heavily dependent on parameters obtained from aquifer characterisation assessments, e.g., the typological analysis, and in particular the plausible ranges of parameters for the purposes of identifying likely worst-case/best-case SWI vulnerability.
In light of the limitations listed above, it is important to appreciate that the method presented here represents a complementary approach to those being developed within this project as part of the Coastal Aquifer Typologies and VFA, as detailed within the Milestone 3 Report (Dixon-Jain, 2011). In particular, it is important to note that a vulnerability indexing methodology being developed for the current project will serve to assess SWI vulnerability through combining both theoretical and subjective elements associated with SWI, as determined from the Coastal Aquifer Typologies, VFA and Mathematical Analysis components of the project.
[bookmark: _Toc308004710][bookmark: _Toc337566360][bookmark: _Toc361652467]Results of mathematical analyses for case studies
[bookmark: _Toc337566361][bookmark: _Toc361652468]Conceptualisation and Parameterisation
The Mathematical Analysis methodology, including detailed description of calculations, has been outlined in Section 2.0. The current section describes application of this methodology to 28 Australian case study areas. The case studies, shown in Figure 10, were identified through literature review and consultation with stakeholders as being at risk of SWI and having sufficient data available for mathematical analysis to be carried out. 
In order to provide inputs for the mathematical analysis of each case study area, conceptualisation and parameterisation has been undertaken, in conjunction with the Coastal Aquifer Typologies (CAT) component of the project. An overview of the conceptualisation and parameterisation applied for the mathematical analysis of each site is provided in Appendix C. Further details are provided in the Milestone 5 CAT report (Ivkovic et al., 2012b). 
Aquifers within the case study areas are conceptualised as cross-sections perpendicular to the coast, as shown in Figure 1 and Figure 7. For the purposes of determining the water balance, two possible conceptualisations were considered:
The cross-section represents a fairly thin coastal fringe and net recharge (that is most likely in the coastal fringe) does not include pumping. In this case pumping is inland of the coastal inland boundary.
The cross-section represents a wider coastal strip and includes the pumping within the net recharge value (here basin average water balance values are generally used).
The location of extraction bores relative to the coast is used to distinguish between the two conceptualisations. The detailed Willunga basin example in section 2.0 used conceptualisation 1. However, for other case studies there is significant pumping close to the coast and in these cases conceptualisation 2 has been used. Details of the conceptualisation applied for each case study area are provided in Appendix C.
This section provides details of the mathematical analysis. This includes the hydrogeological parameters used as inputs within the mathematical analysis and the calculated steady-state extent of SWI under current conditions. Also, propensity for change in SWI extent due to sea-level rise, recharge change and changes in inflows at the inland boundary (as might occur under increased pumping) are calculated and used to rank the vulnerability of case study aquifers to the different stresses. In addition, change in SWI extent in case study aquifers is calculated for a number of future scenarios involving increased sea-level rise, reduced recharge and increased extraction.
For brevity, additional details of the mathematical analysis are provided in Appendix C for each case study area. This includes an overview of the conceptualisation and parameterisation, the base case and range of adopted hydrogeological parameters, SWI extent calculated using both base case and parameter ranges, interface plots showing theoretical steady-state SWI extent under current conditions, and plots of steady-state toe location under possible future extraction scenarios.
Hydrogeological parameters adopted in assessing SWI extent, and propensity for change in SWI extent across the different case study areas, are shown in Table 8 for unconfined and confined aquifers, and Table 9 for freshwater lenses. All parameters were previously defined in Section 2 and a summary of parameter definitions is provided in Appendix B (Table 25).
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[bookmark: _Ref311204843][bookmark: _Toc337566413][bookmark: _Toc349670485][bookmark: _Ref311276819][bookmark: _Toc337566485][bookmark: _Toc349670557]Figure 10. Case study areas 
Table 8. Parameters adopted for mathematical analysis of case study areas
	Case study site
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0
(m)
	h0
(m)
	hb
(m)
	xb
(m)
	n
(-)
	
(-)

	Uley South (SA)
	Bridgewater Formation (Unconfined)
	150
	100
	15
	-
	1.6
	2000
	0.2
	0.025

	 
	Wanilla Sands (Confined)
	90
	0
	45
	30
	2.0
	2000
	0.2
	0.025

	 
	Bridgewater Formation/ Wanilla Sands 
	150
	100
	45
	-
	1.6
	2000
	0.2
	0.025

	Port MacDonnell (SA)
	Tertiary Limestone (Unconfined)
	45
	30
	290
	-
	4.5
	5000
	0.1
	0.025

	 
	Tertiary Sands (Confined)
	10
	0
	780
	400
	20.5
	5000
	0.3
	0.025

	Le Fevre (SA)
	Semaphore Sands (Unconfined)
	8
	90
	10
	-
	1.6
	1000
	0.3
	0.025

	 
	T1 (Confined)
	10
	0
	175
	80
	-11.0
	500
	0.1
	0.025

	 
	T2 (Confined)
	3
	0
	290
	105
	-6.6
	500
	0.1
	0.025

	Adelaide Metro (SA)
	T1 (Confined)
	3
	0
	175
	80
	-10.0
	5000
	0.1
	0.025

	 
	T2 (Confined)
	3
	0
	290
	105
	3.8
	5000
	0.1
	0.025

	Willunga (SA)
	Quarternary (Unconfined)
	10
	20
	20
	-
	3.0
	3500
	0.3
	0.025

	 
	Port Willunga Formation (Confined)
	10
	0
	120
	90
	1.5
	3500
	0.3
	0.025

	 
	Maslin Sands (Confined)
	1
	0
	225
	65
	2.0
	3500
	0.3
	0.025

	Werribee (VIC)
	Alluvium/ Fractured Rock (Unconfined)
	5
	85
	20
	-
	7.0
	2500
	0.2
	0.025

	Pioneer Valley (QLD)
	Unconfined
	160
	110
	30
	-
	3.2
	1600
	0.1
	0.025

	Burnett Heads, Moore Park (QLD)
	Elliott Formation (Unconfined)
	100
	90
	15
	-
	0.8
	750
	0.3
	0.025

	Burnett Heads, Bargara (QLD)
	Elliott Formation (Unconfined)
	100
	90
	15
	-
	0.9
	200
	0.3
	0.025

	 
	Fairymead Beds (Confined)
	50
	0
	70
	29
	0.4
	200
	0.3
	0.025

	Bowen (QLD)
	Unconfined
	100
	40
	20
	-
	0.8
	1000
	0.1
	0.025

	Burdekin (QLD)
	Unconfined
	50
	100
	38
	-
	0.5
	850
	0.3
	0.025

	Nth Stradbroke, East (QLD)
	Unconfined
	3
	340
	40
	-
	6.0
	500
	0.3
	0.025

	Nth Stradbroke, West (QLD)
	Unconfined
	70
	340
	40
	-
	22.0
	500
	0.3
	0.025


[bookmark: _Ref311289756]
Table 8 (continued). Parameters adopted for mathematical analysis of case study sites
	Case study site
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0
(m)
	h0
(m)
	hb
(m)
	xb
(m)
	n
(-)
	
(-)

	Perth, Whitfords (WA)
	Superficial (Unconfined)
	15
	30
	75
	-
	3.5
	3500
	0.2
	0.025

	 
	Leederville (Confined)
	1
	0
	275
	175
	4.2
	3500
	0.1
	0.025

	 
	Yarragadee (Confined)
	2
	0
	1750
	1500
	17.0
	4500
	0.1
	0.025

	Esperance (WA)
	Superficial/ Pallinup (Unconfined)
	20
	15
	20
	-
	0.8
	1600
	0.1
	0.025

	 
	Werillup (Confined)
	10
	0
	32
	10
	0.5
	300
	0.3
	0.025

	Albany, Ocean side (WA)
	Werrilup Formation Sand (Unconfined)
	5
	160
	20
	-
	6.0
	1500
	0.1
	0.025

	Albany, Harbour side (WA)
	Superficial (Unconfined)
	5
	160
	5
	-
	2.0
	250
	0.1
	0.025

	 
	Pallinup/ Werrilup (Confined)
	5
	0
	25
	20
	1.8
	800
	0.1
	0.025

	Busselton (WA)
	Superficial (Unconfined)
	2
	30
	10
	-
	6.0
	1500
	0.2
	0.025

	 
	Leederville (Confined)
	1
	0
	80
	65
	7.0
	4300
	0.1
	0.025

	Bunbury (WA)
	Superficial (Unconfined)
	10
	30
	15
	-
	6.2
	3000
	0.2
	0.025

	 
	Yarragadee (Confined)
	20
	0
	400
	300
	3.0
	3000
	0.1
	0.025

	Carnarvon (WA)
	Riverbed Sand (Unconfined)
	150
	25
	5
	-
	2.1
	5000
	0.2
	0.025

	 
	Older Alluvium (Confined)
	11
	0
	55
	45
	1.0
	4200
	0.2
	0.025

	Exmouth (WA)
	Cape Range Group (Unconfined)
	150
	25
	85
	-
	0.7
	2700
	0.1
	0.025

	Broome, Coconut Wells (WA)
	Broome Sandstone (Unconfined)
	15
	25
	200
	-
	3.5
	2500
	0.1
	0.025

	Broome, Cable Beach (WA)
	Broome Sandstone (Unconfined)
	15
	25
	200
	-
	2.0
	1000
	0.1
	0.025

	Derby(WA)
	Wallal/Erskine Sandstone (Unconfined)
	1
	20
	350
	-
	2.0
	4000
	0.1
	0.025

	Hat Head (NSW)
	Coastal Sands (Unconfined)
	20
	270
	35
	-
	5.0
	1750
	0.1
	0.025

	Stuarts Point (NSW)
	Coastal Sands (Unconfined)
	20
	270
	35
	-
	5.5
	1750
	0.1
	0.025

	Stockton (NSW)
	Stockton Sand Beds (Unconfined)
	20
	280
	15
	-
	2.5
	1400
	0.1
	0.025

	Botany Sands (NSW)
	Botany Sand Beds (Unconfined)
	30
	430
	25
	-
	1.2
	1000
	0.3
	0.025 
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[bookmark: _Ref311530725][bookmark: _Toc337566486][bookmark: _Toc349670558]Table 9. Parameters adopted for mathematical analysis of freshwater lens case study sites
	Case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	a
(m)
	b
(m)
	n
(-)
	hb
(m)
	xb
(m)

	Point Nepean (Vic)
	Quaternary
  (Strip island)
	20
	40
	4500
	-
	0.3
	1.5
	1700

	Perth, Cottesloe (WA)
	Tamala Limestone  (Strip island)
	150
	35
	1000
	-
	0.3
	0.2
	1000

	Exmouth (WA)
	Cape Range Group  (Strip island)
	150
	25
	10000
	-
	0.1
	0.6
	2000

	Rottnest (WA)
	Tamala Limestone  (Strip island)
	10
	12
	1500
	 
	0.3
	0.4
	500

	Rottnest (WA)
	Tamala Limestone  (Elongated island)
	10
	120
	1500
	500
	0.3
	0.4
	1500


From Table 8 it can be seen that multiple analyses were carried out for some case study areas. This was in order to characterise SWI extent where there were different hydrogeological conditions within the area or where different conceptualisations had been reported. For example, multiple analyses were carried out for Albany where groundwater resources underlie a 5 km wide peninsula and different aquifers are present on the ocean and harbour side of the peninsula. Also, the unconfined aquifer at Exmouth was analysed using both a freshwater lens conceptualisation and an unconfined aquifer conceptualisation because reports for the area present both possibilities. For Uley South, analysis was also carried out for two conceptualisations to account for a possibly continuous or discontinuous aquitard.
For stacked aquifers, SWI extent was calculated separately for each aquifer, as shown in the Willunga example of Section 2.0. Stacked aquifers were common in both South Australia and Western Australia and the majority of confined aquifers occurred in these states. Similar to the Willunga (SA) case study area, more than one confined aquifer was assessed at Le Fevre (SA), Adelaide Metro (SA) and Perth - Whitfords (WA).
Mathematical analysis of SWI from estuaries was generally not considered as part of this study due to the complexity of this process and difficulty in obtaining data on the spatial and temporal variability of both surface water levels and salinity in estuarine areas. However, estuarine conditions are widespread in some case study areas, particularly in Queensland. Locations within these areas close to the ocean and distant from estuarine influences were considered for the mathematical analysis. That is, only SWI from the ocean was considered within the mathematical analysis of case study areas. 


[bookmark: _Toc337566362][bookmark: _Toc361652469]SWI Extent Under Current Conditions
Hydrogeological parameters listed in Table 8 and Table 9 were used to calculate steady-state SWI extent under current conditions for unconfined, confined and freshwater lens systems in the case study areas. Results for unconfined aquifers are shown in Table 10. Aquifers are ranked using magnitude of scaled toe location xT’. Values of xT’ range between 0 and 1.0, with higher values representing potentially more vulnerable conditions (see Section 2.1.1).
Table 10. SWI extent in unconfined aquifers, ranked using scaled toe location
	Case study
	Aquifer
	xT
(m)
	M
(-)
	xT'
(-)
	Vsw
(m2)

	Derby (WA)
	Wallal/Erskine Sandstone
	Unstable
	10.91
	1.00
	Unstable

	Exmouth (WA)
	Cape Range Group
	Unstable
	4.49
	1.00
	Unstable

	Burdekin (QLD)
	Unconfined
	Unstable
	3.52
	1.00
	Unstable

	Broome, Cable Beach (WA)
	Broome Sandstone
	7676
	0.66
	0.42
	45988

	Port MacDonnell (SA)
	Tertiary Limestone
	14679
	0.51
	0.30
	396374

	Broome, Coconut Wells (WA)
	Broome Sandstone
	5471
	0.42
	0.24
	34566

	Burnett Heads, Moore Park (QLD)
	Elliott Formation
	392
	0.41
	0.23
	558

	Botany Sands (NSW)
	Botany Sand Beds
	208
	0.35
	0.19
	497

	Esperance (WA)
	Superficial/ Pallinup 
	635
	0.28
	0.15
	410

	Perth, Whitfords (WA)
	Superficial 
	1138
	0.18
	0.10
	5574

	Uley South (SA)
	Bridgewater Formation/Wanilla Sands
	1044
	0.14
	0.07
	4626

	Bowen (QLD)
	Unconfined
	441
	0.08
	0.04
	291

	Le Fevre (SA)
	Semaphore Sands
	42
	0.08
	0.04
	41

	Willunga (SA)
	Quarternary
	197
	0.08
	0.04
	390

	Stockton (NSW)
	Stockton Sand Beds
	55
	0.08
	0.04
	27

	Hat Head (NSW)
	Coastal Sands
	122
	0.07
	0.03
	142

	Uley South (SA)
	Bridgewater Formation
	224
	0.06
	0.03
	223

	Stuarts Point (NSW)
	Coastal Sands
	112
	0.06
	0.03
	130

	Nth Stradbroke, East (QLD)
	Unconfined 
	37
	0.04
	0.02
	149

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	34
	0.04
	0.02
	22

	Werribee (VIC)
	Alluvium/ Fractured Rock
	42
	0.03
	0.02
	56

	Burnett Heads, Bargara (QLD)
	Elliott Formation
	90
	0.03
	0.01
	134

	Carnarvon (WA)
	Riverbed Sand
	89
	0.02
	0.01
	30

	Bunbury (WA)
	Superficial
	59
	0.02
	0.01
	59

	Albany, Harbour side (WA)
	Superficial 
	6
	0.02
	0.01
	2

	Busselton (WA)
	Superficial
	16
	0.02
	0.01
	10

	Pioneer Valley (QLD)
	Unconfined
	201
	0.01
	0.01
	240

	Nth Stradbroke, West (QLD)
	Unconfined 
	9
	0.00
	0.00
	37



A scaled wedge toe of greater than 0.1 was calculated in 10 of the 28 unconfined aquifer cases. The scaled wedge toe was equal to 1.0 (representing unstable interface conditions) in 3 of these cases i.e., Derby (WA), Exmouth (WA) and Burdekin (QLD). Large inland extent of the wedge toe xT generally corresponded to large xT’, although in some cases (eg. Botany Sands (NSW) and Burnett Heads - Moore Park (QLD)) the no flow boundary is close to the coast due to high net recharge values and this results in a large value of xT’, despite a relatively small inland toe extent. 
Results for confined aquifers are shown in Table 11. Aquifers are ranked using toe location. The toe extended inland greater than 5 km from the coast in the majority of cases and in almost half of the cases unstable interface conditions were calculated.
Table 11. SWI extent in confined aquifers, ranked using toe location
	Case study
	Aquifer
	xT
(m)
	Vsw
(m2)

	Le Fevre (SA)
	T1
	Unstable
	Unstable

	Le Fevre (SA)
	T2
	Unstable
	Unstable

	Adelaide Metro (SA)
	T1
	Unstable
	Unstable

	Adelaide Metro (SA)
	T2
	Unstable
	Unstable

	Willunga (SA)
	Maslin Sands
	Unstable
	Unstable

	Burnett Heads, Bargara (QLD)
	Fairymead Beds 
	Unstable
	Unstable

	Esperance (WA)
	Werillup
	Unstable
	Unstable

	Bunbury (WA)
	Yarragadee
	675000
	6750000

	Perth, Whitfords (WA)
	Yarragadee
	54759
	2737966

	Willunga (SA)
	Port Willunga Formation
	31500
	283500

	Perth, Whitfords (WA)
	Leederville
	23181
	135221

	Carnarvon (WA)
	Older Alluvium
	9450
	21263

	Port MacDonnell (SA)
	Tertiary Sands
	4167
	166667

	Busselton (WA)
	Leederville
	601
	1302

	Uley South (SA)
	Wanilla Sands
	600
	1800

	Albany, Harbour side (WA)
	Pallinup/ Werrilup
	140
	94

	Howard Springs (NT)
	Koolpinyah/Coomalie dolomite
	80
	67


Results for freshwater lens systems are listed in Table 12, with ranking based on the magnitude of maximum freshwater lens thickness hmax. Values of hmax ranged between 5 m for Perth - Cottesloe (WA) and 67 m for Point Nepean (Vic). 


Table 12. SWI extent in freshwater lens cases, ranked using maximum freshwater thickness
	Case study
	Aquifer
	hmax
(m)
	Vfw
(m2)

	Perth, Cottesloe (WA)
	Tamala Limestone (Strip island)
	5
	2413

	Rottnest (WA)
	Tamala Limestone (Strip island)
	17
	12310

	Exmouth (WA)
	Cape Range Group (Strip island)
	43
	67966

	Point Nepean (Vic)
	Quaternary (Strip island)
	67
	143030

	Rottnest (WA)
	Tamala Limestone (Elongated island)
	17
	8206699


Maximum freshwater thickness and freshwater volume for the elongated island conceptualisation of Rottnest Island (WA) is not comparable to the strip island lens conceptualisations and is therefore presented separately. 
The results in Table 10, Table 11 and Table 12 are for base case aquifer parameters. A range of results was also calculated using estimated parameter ranges, and are provided in Appendix C for each case study area.
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[bookmark: _Toc361652470]Propensity for Change in SWI Due to Sea-Level Rise, Recharge Change and Changes in Total Pumping
Hydrogeological parameters listed in Table 8 and Table 9 were used to calculate propensity for change in SWI extent due to sea-level rise, recharge change and changes in inflows at the inland boundary (associated with increased pumping). The derivative equations described in Section 2.4 were used for the calculations. The magnitudes of the results were then used to rank the vulnerability of aquifers to each stress. 
For aquifers with unstable interface conditions, it was not possible to calculate the derivatives. In these cases, the aquifers were listed at the top of the ranking tables as it is inferred that unstable conditions will be exacerbated by stresses associated with sea-level rise, recharge change and changes in pumping. 
Normalised sensitivities, as described in Box 8, were used to estimate the change in SWI extent for the following future scenarios: (a) a 1 m sea-level rise, (b) a 25 % reduction in recharge and (c) a 25 % reduction in inflows at the inland boundary, as might occur under increased extraction inland of the coastal fringe.
Box 10. Climate change predictions
Projections of sea-level rise by the Intergovernmental Panel on Climate Change (IPCC, 2007) estimate global sea-level rise of up to 79 cm by 2100. There is key uncertainty surrounding the magnitude of sea-level rise due to ice sheet melt, which may result in larger values. Although estimates of sea-level rise remain uncertain, the Department of Climate Change (DCC) (2010) note that there is a growing consensus in the science community that sea-level rise at the upper end of the IPCC estimates is plausible and a rise of 1 m to as high as 1.5 m is possible by 2100. A future scenario involving a 1 m sea-level rise is used within this study.
Groundwater recharge is a complex process that involves interactions between soils, vegetation and climate. As a result, the impact of climate change on recharge can be difficult to predict and is likely to be highly variable. Complex physically based models that apply Richards’ equation, such as WAVES (Zhang and Dawes, 1998) and LEACHM (Hutson, 2003) can be used to consider this process, with global climate models (GCMs) used to generate climate variables. While recharge has been found to be most sensitive to changes in rainfall, McCallum et al. (2010) found that other variables including temperature, CO2 concentration, solar radiation and rainfall intensity were also required for most accurate recharge estimates. 
The impact of climate change on groundwater recharge in the Clare Valley, South Australia was investigated by Green et al. (2011) using LEACHM, four GCMs and 2 emissions scenarios (high and low). The reduction in recharge was found to be greater than the percentage reduction in rainfall. Significant future reductions in recharge of up to -30% (2030), -51% (2050) and -58% (2070) were determined for median climate change projections. The range of potential recharge reduction for all of the climate change scenarios was between -20% and -100% (zero mean recharge) in 2070. In contrast, Green et al. (2007), using WAVES and a single GCM, found a significant increase in recharge for North Stradbroke Island, Queensland and both increase and decrease, depending on soil texture, for the Gnangara Mound, Perth Western Australia. Although a high degree of variability in recharge change predictions is suggested by the above studies, for the sake of simplicity, a scenario involving a 25% reduction in recharge is applied within this study.
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Ranked vulnerability indicators for unconfined aquifers and sea-level rise are shown in Table 13. The aquifer ranking is based on results for flux-controlled conditions. There is only minor difference to the ranking if head-controlled results are used.
[bookmark: _Ref311300343][bookmark: _Toc337566490][bookmark: _Toc349670562]Table 13. Vulnerability indicators for sea-level rise within unconfined aquifers
	Case study
	Aquifer
	Flux-controlled
xT/z0
(-)
	Head-controlled
xT/z0
(-)

	Derby (WA)
	Wallal/Erskine Sandstone
	Unstable
	Unstable

	Burdekin (QLD)
	Unconfined
	Unstable
	Unstable

	Exmouth (WA)
	Cape Range Group
	Unstable
	Unstable

	Port MacDonnell (SA)
	Tertiary Limestone
	123
	1598

	Broome, Cable Beach (WA)
	Broome Sandstone
	104
	1834

	Esperance (WA)
	Superficial/ Pallinup 
	69
	483

	Broome, Coconut Wells (WA)
	Broome Sandstone
	63
	657

	Burnett Heads, Moore Park (QLD)
	Elliott Formation
	60
	620

	Uley South (SA)
	Bridgewater Formation/
Wanilla Sands
	48
	191

	Bowen (QLD)
	Unconfined
	45
	118

	Carnarvon (WA)
	Riverbed Sand
	36
	52

	Perth, Whitfords (WA)
	Superficial 
	32
	156

	Uley South (SA)
	Bridgewater Formation
	30
	69

	Willunga (SA)
	Quarternary
	20
	53

	Botany Sands (NSW)
	Botany Sand Beds
	19
	160

	Pioneer Valley (QLD)
	Unconfined
	13
	17

	Burnett Heads, Bargara (QLD)
	Elliott Formation
	12
	19

	Le Fevre (SA)
	Semaphore Sands
	8
	22

	Bunbury (WA)
	Superficial
	8
	11

	Stockton (NSW)
	Stockton Sand Beds
	7
	19

	Hat Head (NSW)
	Coastal Sands
	7
	17

	Stuarts Point (NSW)
	Coastal Sands
	6
	14

	Werribee (Vic)
	Alluvium/ Fractured Rock
	4
	7

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	3
	6

	Busselton (WA)
	Superficial 
	3
	4

	Albany, Harbour side (WA)
	Superficial 
	2
	3

	Nth Stradbroke, East (QLD)
	Unconfined 
	2
	3

	Nth Stradbroke, West (QLD)
	Unconfined 
	0
	0


It can be seen from Table 13 that the sea-level rise vulnerability indicators are largest at: Port MacDonnell (SA), Broome - Cable Beach (WA), Esperence (WA), Broome - Coconut Wells (WA), Burnett Heads - Moore Park (QLD) and Uley South (SA).
Under flux-controlled conditions, the vulnerability indicators ranged between 0 and 123 while for the head-controlled conditions a larger range of between 0 and 1598 was calculated. For the Port MacDonnell unconfined aquifer, the derivative for head-controlled conditions is larger than ten times the derivative for flux-controlled conditions.
Ranked vulnerability indicators for confined aquifers are listed in Table 14, with ranking based on head-controlled derivatives due to insensitivity under flux-controlled conditions (see section 2.4.2). Vulnerability indicators are largest for: Bunbury (WA), Willunga [Port Willunga Formation aquifer] (SA), Perth - Whitfords [Leederville aquifer] (WA), Carnarvon (WA) and Perth - Whitford [Yarragadee aquifer] (WA).
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	Case study
	Aquifer
	Flux-controlled
xT/z0
(-)
	Head-controlled
xT/z0
(-)

	Le Fevre (SA)
	T1
	0
	Unstable

	Le Fevre (SA)
	T2
	0
	Unstable

	Adelaide Metro (SA)
	T1
	0
	Unstable

	Adelaide Metro (SA)
	T2
	0
	Unstable

	Willunga (SA)
	Maslin Sands
	0
	Unstable

	Burnett Heads, Bargara (QLD)
	Fairymead Beds 
	0
	Unstable

	Esperance (WA)
	Werillup
	0
	Unstable

	Bunbury (WA)
	Yarragadee
	0
	41512500

	Willunga (SA)
	Port Willunga Formation
	0
	258300

	Perth, Whitfords (WA)
	Leederville
	0
	71938

	Carnarvon (WA)
	Older Alluvium
	0
	38745

	Perth, Whitfords (WA)
	Yarragadee
	0
	36427

	Port MacDonnell (SA)
	Tertiary Sands
	0
	712

	Uley South (SA)
	Wanilla Sands
	0
	351

	Busselton (WA)
	Leederville
	0
	106

	Albany, Harbour side (WA)
	Pallinup/ Werrilup
	0
	101

	Howard Springs (NT)
	Koolpinyah/Coomalie
	0
	10


Large derivatives under head-controlled conditions were calculated for the confined aquifers, ranging between 10 at Howard Springs (NT) and 41512500 at Bunbury (WA).
Timescales associated with sea-level rise induced SWI is beyond the scope of the analytic steady-state solutions used for this study. Recent work by Watson et al. (2010), Chang et al. (2011) and Webb and Howard (2011), using variable density flow and transport modelling, has shown timescales from decades to centuries for the eventual steady-state condition to be reached following sea-level rise. Interestingly, a ‘temporary SWI overshoot’ was observed in unconfined (Watson et al. 2010) and confined (Chang et al. 2011) aquifers for flux-controlled conditions, where the wedge toe extended further inland than the eventual steady-state location. This result shows that the steady-state position may not be the worst case, as had generally been assumed previously. Examining the effects of SWI overshoot is an active area of SWI research.
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Ranked vulnerability indicators for recharge change in unconfined aquifers are shown in Table 15. It can be seen that vulnerability to recharge change is greatest under flux-controlled conditions. While the derivatives ranged between -5.6 E+03 and -2.2E+08 under flux-controlled conditions, a smaller range of between -2.8 E+03 and -9.2E+07 was calculated for head-controlled conditions. This is in contrast to vulnerability indicators for sea-level rise, which are largest under head-controlled conditions.
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	Case study
	Aquifer
	Flux-controlled
xT/Wnet
(d)
	Head-controlled
xT/Wnet
(d)

	Derby (WA)
	Wallal/Erskine Sandstone
	Unstable
	Unstable

	Burdekin (QLD)
	Unconfined
	Unstable
	Unstable

	Exmouth (WA)
	Cape Range Group
	Unstable
	Unstable

	Port MacDonnell (SA)
	Tertiary Limestone
	-2.2.E+08
	-9.2.E+07

	Broome, Cable Beach (WA)
	Broome Sandstone
	-1.5.E+08
	-5.6.E+07

	Broome, Coconut Wells (WA)
	Broome Sandstone
	-9.2.E+07
	-4.0.E+07

	Esperance (WA)
	Superficial/ Pallinup 
	-1.7.E+07
	-7.7.E+06

	Perth, Whitfords (WA)
	Superficial 
	-1.4.E+07
	-6.7.E+06

	Bowen (QLD)
	Unconfined
	-4.1.E+06
	-2.0.E+06

	Uley South (SA)
	Bridgewater Formation/Wanilla Sands
	-4.0.E+06
	-1.9.E+06

	Willunga (SA)
	Quarternary
	-3.7.E+06
	-1.8.E+06

	Burnett Heads, Moore Park (QLD)
	Elliott Formation
	-1.8.E+06
	-8.0.E+05

	Carnarvon (WA)
	Riverbed Sand
	-1.3.E+06
	-6.5.E+05

	Uley South (SA)
	Bridgewater Formation
	-8.3.E+05
	-4.1.E+05

	Bunbury (WA)
	Superficial
	-7.3.E+05
	-3.6.E+05

	Pioneer Valley (QLD)
	Unconfined
	-6.7.E+05
	-3.3.E+05

	Burnett, Bargara (QLD)
	Elliott Formation
	-3.7.E+05
	-1.8.E+05

	Botany Sands (NSW)
	Botany Sand Beds
	-2.0.E+05
	-8.8.E+04

	Busselton (WA)
	Superficial 
	-1.9.E+05
	-9.6.E+04

	Werribee (VIC)
	Alluvium/ Fractured Rock
	-1.8.E+05
	-9.1.E+04

	Le Fevre (SA)
	Semaphore Sands
	-1.7.E+05
	-8.4.E+04

	Hat Head (NSW)
	Coastal Sands
	-1.7.E+05
	-8.3.E+04

	Stuarts Point (NSW)
	Coastal Sands
	-1.5.E+05
	-7.6.E+04

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	-7.7.E+04
	-3.8.E+04

	Stockton (NSW)
	Stockton Sand Beds
	-7.3.E+04
	-3.6.E+04

	Nth Stradbroke, East (QLD)
	Unconfined 
	-4.1.E+04
	-2.0.E+04

	Albany, Harbour side (WA)
	Superficial 
	-1.3.E+04
	-6.5.E+03

	Nth Stradbroke, West (QLD)
	Unconfined 
	-1.0.E+04
	-5.0.E+03


It can be seen from Table 15 that vulnerability indicators for recharge change in unconfined aquifers are largest for: Port MacDonnell (SA), Broome - Cable Beach (WA), Broome - Coconut Wells (WA), Esperence (WA), Perth - Whitfords (WA), Bowen (QLD), Uley South (SA) and Willunga (SA). 
Estimates of net recharge for confined aquifers were difficult to obtain. For this reason, a simplifying assumption of zero net recharge was applied. This assumption is commonly made when carrying out simple first-order SWI assessments within confined aquifer systems (Custodio, 1987). Due to this assumption, derivatives for recharge change could not be assessed for confined aquifers. However, confined aquifers are less likely to be linked to current atmospheric climate and rainfall than unconfined aquifers and are therefore less likely to be impacted by climate change induced recharge change than unconfined aquifers. As such, it is arguably less important to consider vulnerability to recharge change in confined aquifers than unconfined aquifers.
Ranked vulnerability to recharge change for lens systems are shown in Table 16. A different ranking was found using maximum freshwater thickness (Table 12). This is because the recharge change derivative is largest when Wnet is small, while maximum freshwater thickness is largest when Wnet is large.
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	Case study
	Aquifer
	Flux-controlled
hmax/Wnet
(d)
	Head-controlled
hmax/Wnet
(d)

	Exmouth (WA)
	Cape Range Group (Strip island)
	3.16E+05
	0.00E+00

	Point Nepean (Vic)
	Quarternary (Strip island)
	3.08E+05
	0.00E+00

	Perth, Cottesloe (WA)
	Tamala Limestone (Strip island)
	2.67E+04
	0.00E+00

	Rottnest (WA)
	Tamala Limestone (Strip island)
	2.65E+05
	0.00E+00

	Rottnest (WA)
	Tamala Limestone (Elongated island)
	2.11E+05
	0.00E+00
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Changes in inflows at the inland boundary
Ranked vulnerability indicators for change in inflows at the inland boundary are listed in Table 17 and Table 18 for unconfined and confined aquifers, respectively.
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	Case study
	Aquifer
	xT/qi
(d/m)

	Derby (WA)
	Wallal/Erskine Sandstone
	Unstable

	Burdekin (QLD)
	Unconfined
	Unstable

	Exmouth (WA)
	Cape Range Group
	Unstable

	Broome, Cable Beach (WA)
	Broome Sandstone
	-10389

	Port MacDonnell (SA)
	Tertiary Limestone
	-5396

	Broome, Coconut Wells (WA)
	Broome Sandstone
	-4493

	Esperance (WA)
	Superficial/ Pallinup 
	-4286

	Perth, Whitfords (WA)
	Superficial 
	-1262

	Burnett Heads, Moore Park (QLD)
	Elliott Formation
	-1229

	Willunga (SA)
	Quarternary
	-772

	Bowen (QLD)
	Unconfined
	-387

	Uley South (SA)
	Bridgewater Formation/Wanilla Sands
	-291

	Botany Sands (NSW)
	Botany Sand Beds
	-201

	Le Fevre (SA)
	Semaphore Sands
	-173

	Carnarvon (WA)
	Riverbed Sand
	-166

	Bunbury (WA)
	Superficial
	-123

	Uley South (SA)
	Bridgewater Formation
	-118

	Busselton (WA)
	Superficial 
	-96

	Werribee (Vic)
	Alluvium/ Fractured Rock
	-71

	Burnett, Bargara (QLD)
	Elliott Formation
	-56

	Stockton (NSW)
	Stockton Sand Beds
	-53

	Hat Head (NSW)
	Coastal Sands
	-48

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	-44

	Stuarts Point (NSW)
	Coastal Sands
	-41

	Nth Stradbroke, East (QLD)
	Unconfined 
	-23

	Pioneer Valley (QLD)
	Unconfined
	-22

	Albany, Harbour side (WA)
	Superficial 
	-20

	Nth Stradbroke, West (QLD)
	Unconfined 
	0
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Table 18. Vulnerability indicators for change in inflows at the inland boundary within confined aquifers
	Case study
	Aquifer
	xT/qi
(d/m)

	Le Fevre (SA)
	T1
	Unstable

	Le Fevre (SA)
	T2
	Unstable

	Adelaide Metro (SA)
	T1
	Unstable

	Adelaide Metro (SA)
	T2
	Unstable

	Willunga (SA)
	Maslin Sands
	Unstable

	Burnett Heads, Bargara (QLD)
	Fairymead Beds 
	Unstable

	Esperance (WA)
	Werillup
	Unstable

	Bunbury (WA)
	Yarragadee
	-20250000

	Carnarvon (WA)
	Older Alluvium
	-3528000

	Perth, Whitfords (WA)
	Leederville
	-1403675

	Willunga (SA)
	Port Willunga Formation
	-980000

	Perth, Whitfords (WA)
	Yarragadee
	-53308

	Busselton (WA)
	Leederville
	-6841

	Port MacDonnell (SA)
	Tertiary Sands
	-868

	Albany, Harbour side (WA)
	Pallinup/ Werrilup
	-788

	Uley South (SA)
	Wanilla Sands
	-356

	Howard Springs (NT)
	Koolpinyah/Coomalie
	-20


In unconfined aquifers, largest vulnerability indicators for change in flows at the inland boundary were calculated for: Broome - Cable Beach (WA), Port MacDonnell (SA), Broome - Coconut Wells (WA), Esperence (WA), Perth - Whitfords (WA) and Burnett Heads - Moore Park (QLD). For confined aquifers, largest vulnerability indicators were calculated for: Bunbury (WA), Carnarvon (WA), Perth - Whitfords [Leederville aquifer] (WA), Willunga [Port Willunga Formation aquifer] (SA) and Perth - Whitfords [Yarragadee aquifer] (WA).
Equations (41) and (47) (Section 2.4) were used to calculate values in Table 17 and Table 18. These equations were developed assuming that the inland head xb is measured inland of the wedge toe location xT. However, in some cases inland toe extent is very large, and the assumption does not hold e.g., the Port MacDonnell unconfined aquifer and several of the confined aquifers. It is assumed that this has minimal influence on the results.
[bookmark: _Toc337566573]
Box 11. Comparing vulnerability indicators for different stresses
Vulnerability indicators for unconfined aquifers (for sea-level rise, recharge change and changes in inflows at the inland boundary) are shown in Table 19.
[bookmark: _Ref312062305][bookmark: _Toc337566496][bookmark: _Toc349670568]Table 19. Unconfined aquifer vulnerability indicators for sea-level rise, recharge change and change in inflows at the inland boundary.
	
	
	Flux-controlled
	
	Head-controlled

	Case study
	Aquifer
	xT/z0
	xT/Wnet
	xT/qi
	xT/z0
	xT/Wnet

	 
	
	(-)
	(d)
	(d/m)
	(-)
	(d)

	Derby (WA)
	Wallal/Erskine Gr.
	Unstable
	Unstable
	Unstable
	Unstable
	Unstable

	Burdekin (QLD)
	Unconfined
	Unstable
	Unstable
	Unstable
	Unstable
	Unstable

	Exmouth (WA)
	Cape Range Group
	Unstable
	Unstable
	Unstable
	Unstable
	Unstable

	Port MacDonnell (SA)
	Tertiary Limestone
	123
	-2.E+08
	-5.E+03
	1598
	-9.E+07

	Broome, Cable Beach (WA)
	Broome Sandstone
	104
	-2.E+08
	-1.E+04
	1834
	-6.E+07

	Esperance (WA)
	Superficial/ Pallinup
	69
	-2.E+07
	-4.E+03
	483
	-8.E+06

	Broome, Coconut Wells (WA)
	Broome Sandstone
	63
	-9.E+07
	-4.E+03
	657
	-4.E+07

	Burnett, Moore Park (QLD)
	Elliott Formation
	60
	-2.E+06
	-1.E+03
	620
	-8.E+05

	Uley South (SA)
	Bridgewater Formation/Wanilla
	48
	-4.E+06
	-3.E+02
	191
	-2.E+06

	Bowen (QLD)
	Unconfined
	45
	-4.E+06
	-4.E+02
	118
	-2.E+06

	Carnarvon (WA)
	Riverbed Sand
	36
	-1.E+06
	-2.E+02
	52
	-7.E+05

	Perth, Whitfords (WA)
	Superficial
	32
	-1.E+07
	-1.E+03
	156
	-7.E+06

	Uley South (SA)
	Bridgewater Form.
	30
	-8.E+05
	-1.E+02
	69
	-4.E+05

	Willunga (SA)
	Quarternary
	20
	-4.E+06
	-8.E+02
	53
	-2.E+06

	Botany Sands (NSW)
	Botany Sand Beds
	19
	-2.E+05
	-2.E+02
	160
	-9.E+04

	Pioneer Valley (QLD)
	Unconfined
	13
	-7.E+05
	-2.E+01
	17
	-3.E+05

	Burnett, Bargara (QLD)
	Elliott Formation
	12
	-4.E+05
	-6.E+01
	19
	-2.E+05

	Le Fevre (SA)
	Semaphore Sands
	8
	-2.E+05
	-2.E+02
	22
	-8.E+04

	Bunbury (WA)
	Superficial
	8
	-7.E+05
	-1.E+02
	11
	-4.E+05

	Stockton (NSW)
	Stockton Sand Beds
	7
	-7.E+04
	-5.E+01
	19
	-4.E+04

	Hat Head (NSW)
	Coastal Sands
	7
	-2.E+05
	-5.E+01
	17
	-8.E+04

	Stuarts Point (NSW)
	Coastal Sands
	6
	-2.E+05
	-4.E+01
	14
	-8.E+04

	Werribee (Vic)
	Alluvium/ FR
	4
	-2.E+05
	-7.E+01
	7
	-9.E+04

	Albany, Ocean side (WA)
	Werrillup Formation
	3
	-8.E+04
	-4.E+01
	6
	-4.E+04

	Busselton (WA)
	Superficial
	3
	-2.E+05
	-1.E+02
	4
	-1.E+05

	Albany, Harbour side (WA)
	Superficial
	2
	-1.E+04
	-2.E+01
	3
	-7.E+03

	Nth Stradbroke, East (QLD)
	Unconfined
	2
	-4.E+04
	-2.E+01
	3
	-2.E+04

	Nth Stradbroke, West (QLD)
	Unconfined
	0
	-1.E+04
	-6.E-02
	0
	-5.E+03



Ranking was carried out using sea-level rise under flux-controlled conditions (selected arbitrarily). Shading is used to assist visualisation of vulnerability indicator values where red is high and blue is low. It can be seen that the ranking of aquifers is reasonably consistent across the different stresses. Aquifers that rank high (or low) for a certain stress tended to also rank high (or low) for other stresses. A similar trend was found for confined aquifers (Table 20).
Table 20. Confined aquifer vulnerability indicators for sea-level rise and change in inflows at the inland boundary
	
	
	Flux-controlled
	Head-controlled
	

	Case study
	Aquifer
	xT/z0
	xT/z0
	xT/qi

	 
	 
	(-)
	(-)
	(d/m)

	Le Fevre (SA)
	T1
	0
	Unstable
	Unstable

	Le Fevre (SA)
	T2
	0
	Unstable
	Unstable

	Adelaide Metro (SA)
	T1
	0
	Unstable
	Unstable

	Adelaide Metro (SA)
	T2
	0
	Unstable
	Unstable

	Willunga (SA)
	Maslin Sands
	0
	Unstable
	Unstable

	Burnett Heads, Bargara (QLD)
	Fairymead Beds 
	0
	Unstable
	Unstable

	Esperance (WA)
	Werillup
	0
	Unstable
	Unstable

	Bunbury (WA)
	Yarragadee
	0
	41512500
	-20250000

	Willunga (SA)
	Port Willunga Formation
	0
	258300
	-980000

	Perth, Whitfords (WA)
	Leederville
	0
	71938
	-1403675

	Carnarvon (WA)
	Older Alluvium
	0
	38745
	-3528000

	Perth, Whitfords (WA)
	Yarragadee
	0
	36427
	-53308

	Port MacDonnell (SA)
	Tertiary Sands
	0
	712
	-868

	Uley South (SA)
	Wanilla Sands
	0
	351
	-356

	Busselton (WA)
	Leederville
	0
	106
	-6841

	Albany, Harbour side (WA)
	Pallinup/ Werrilup
	0
	101
	-788

	Howard Springs (NT)
	Koolpinyah/Coomalie
	0
	10
	-20


[bookmark: _Toc337566367][bookmark: _Toc361652474]Logarithmic sensitivities
The vulnerability indicators presented in this section cannot be used to compare vulnerability to different stresses within the same system because the indicators have different dimensions. This comparison can be made using logarithmic sensitivities, which measure the fractional change in output for a fractional change in a parameter (Kabala, 2001).
[bookmark: _Toc308004826]Logarithmic sensitivities for unconfined and confined aquifers are listed in Table 21. 
[bookmark: _Ref311608887]A number of general relationships can be drawn from these results, some of which have been described previously in Box 8 and by Werner et al. (2012). Unconfined aquifers are more sensitive to fractional change in sea-level rise than recharge change or change in inflows from inland aquifers. Flux-controlled aquifers are approximately twice as sensitive to fractional changes in sea-level rise, than recharge change. Flux-controlled aquifers are approximately twice as sensitive to fractional change in recharge, than head-controlled aquifers. Confined aquifers are more sensitive to fractional change in sea-level (for the head-controlled case) and inflows at the inland boundary than unconfined aquifers.

[bookmark: _Ref312062917][bookmark: _Toc337566498][bookmark: _Toc349670570]Table 21 Logarithmic sensitivities
	Case study
	Aquifer
	Flux-controlled
	
	Head-controlled

	
	
	

	

	

	

	


	Uley South (SA)
	Bridgewater Formation
	2.0
	-1.0
	-0.7
	4.6
	-0.5

	 
	Wanilla Sands
	0.0
	-
	-1.0
	37
	-

	 
	Bridgewater/Wanilla
	2.1
	-1.0
	-0.9
	8.2
	-0.5

	Port MacDonnell (SA)
	Tertiary Limestone
	2.4
	-1.2
	-1.3
	30
	-0.5

	 
	Tertiary Sands
	0.0
	-
	-1.0
	133
	-

	Le Fevre (SA)
	Semaphore Sands
	2.0
	-1.0
	0.0
	5.4
	-0.5

	Willunga (SA)
	Quarternary
	2.0
	-1.0
	-0.3
	5.4
	-0.5

	 
	Port Willunga Formation
	0.0
	-
	-1.0
	984
	-

	Werribee (Vic)
	Alluvium/ Fractured Rock
	2.0
	-1.0
	0.0
	3.3
	-0.5

	Pioneer Valley (QLD)
	Unconfined
	2.0
	-1.0
	-1.0
	2.5
	-0.5

	Burnett, Moore Park (QLD)
	Elliott Formation
	2.0
	-1.0
	-0.9
	5.2
	-0.5

	Burnett, Bargara (QLD)
	Elliott Formation
	2.0
	-1.0
	-1.0
	2.2
	-0.5

	Bowen (QLD)
	Unconfined
	2.0
	-1.0
	-0.9
	5
	-0.5

	Nth Stradbroke, East (QLD)
	Unconfined 
	2.0
	-1.0
	-0.7
	3.7
	-0.5

	Nth Stradbroke, West (QLD)
	Unconfined 
	2.0
	-1.0
	-1.0
	2.0
	-0.5

	Perth, Whitfords (WA)
	Superficial 
	2.1
	-1.1
	-0.8
	10
	-0.5

	 
	Leederville
	0.0
	-
	-1.0
	853
	-

	 
	Yarragadee
	0.0
	-
	-1.0
	1164
	-

	Esperance (WA)
	Superficial/ Pallinup 
	2.2
	-1.1
	-0.7
	15
	-0.5

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	2.0
	-1.0
	-0.2
	3.6
	-0.5

	Albany, Harbour side (WA)
	Superficial 
	2.0
	-1.0
	-0.6
	2.7
	-0.5

	 
	Pallinup/ Werrilup
	0.0
	-
	-1.0
	18
	-

	Busselton (WA)
	Superficial 
	2.0
	-1.0
	-0.3
	3
	-0.5

	 
	Leederville
	0.0
	-
	-1.0
	14
	-

	Bunbury (WA)
	Superficial
	2.0
	-1.0
	-0.5
	2.8
	-0.5

	 
	Yarragadee
	0.0
	-
	-1.0
	24600
	-

	Carnarvon (WA)
	Riverbed Sand
	2.0
	-1.0
	-0.4
	2.9
	-0.5

	 
	Older Alluvium
	0.0
	-
	-1.0
	226
	-

	Broome, Coconut Wells (WA)
	Broome Sandstone
	2.3
	-1.2
	-1.2
	24
	-0.5

	Broome, Cable Beach (WA)
	Broome Sandstone
	2.7
	-1.4
	-1.6
	48
	-0.5

	Hat Head (NSW)
	Coastal Sands
	2.0
	-1.0
	-0.5
	4.8
	-0.5

	Stuarts Point (NSW)
	Coastal Sands
	2.0
	-1.0
	-0.6
	4.4
	-0.5

	Stockton (NSW)
	Stockton Sand Beds
	2.1
	-1.1
	-0.3
	11
	-0.5

	Botany Sands (NSW)
	Botany Sand Beds
	2.5
	-1.2
	-0.3
	35
	-0.5

	Howard Springs (NT)
	Koolpinyah/Coomalie
	0.0
	-
	-1.0
	13
	-


[bookmark: _Toc337566368][bookmark: _Toc361652475]Normalised sensitivities
If future stress changes have been predicted, comparison between vulnerability indicators can be carried out using normalised sensitivities, as described within Box 8.
Normalised sensitivities were calculated for all aquifers for a sea-level rise of 1 m (i.e., z0 = 1 m), a 25% reduction in net recharge (i.e., Wnet = -0.25 Wnet) and a 25% reduction in inflows at the inland boundary (i.e., qb=-0.25 qb). These values are selected to reflect possible future scenarios under climate change and increased extraction. Table 22 lists the results. Maximum normalised sensitivity values for each aquifer are in bold.
The results shown in Table 22 indicate that, for the stresses considered, unconfined aquifers were most sensitive to either sea-level rise under head-controlled conditions (11 cases), recharge change under flux-controlled conditions (10 cases) and change in inflows from inland aquifers (4 cases).
Confined aquifers were most sensitive to sea-level rise (under head-controlled conditions) in the majority of cases. Recharge change was not assessed for confined aquifers. These results conform to general vulnerability relationships described previously using logarithmic sensitivities.
The normalised sensitivities can also be used to estimate the steady-state to steady-state change in toe for the different stresses. In the unconfined aquifers, a 1 m sea-level rise resulted in values that ranged between 0 m and 123 m for flux-controlled conditions and between 1 m and 1834 m for head-controlled conditions. For sea-level rise in confined aquifers the range was between 0 m and 0 m for flux-controlled conditions and 10 m and 4.2E+07 m for head-controlled conditions. For a -25% recharge change the values ranged between 1 m and 4610 m for flux-controlled conditions and 1 m and 1898 m for head-controlled conditions in the unconfined aquifers.
For change in inflows at the inland boundary, the normalised sensitivity values ranged between 0 m and 4721 m for unconfined aquifers and between 20 m and 151875 m for confined aquifers.
[bookmark: _Ref311808137][bookmark: _Toc337566499][bookmark: _Toc349670571]
Table 22. Normalised sensitivities*
	Case study
	Aquifer
	Flux-controlled
	
	Head-controlled

	
	
	

(m)
	

(m)
	

(m)
	

(m)
	

(m)

	Uley South (SA)
	Bridgewater Formation
	30
	57
	41
	69
	28

	 
	Wanilla Sands
	0
	-
	151
	351
	-

	 
	Bridgewater/Wanilla
	48
	271
	240
	191
	130

	Port MacDonnell (SA)
	Tertiary Limestone
	123
	4610
	4721
	1598
	1898

	 
	Tertiary Sands
	0
	-
	1042
	712
	-

	Le Fevre (SA)
	Semaphore Sands
	8
	11
	0
	22
	5

	Willunga (SA)
	Quarternary
	20
	50
	14
	53
	25

	 
	Port Willunga Formation
	0
	-
	7350
	258300
	-

	Werribee (VIC)
	Alluvium/ Fractured Rock
	4
	11
	1
	7
	5

	Pioneer Valley (QLD)
	Unconfined
	13
	50
	48
	17
	25

	Burnett, Moore Park (QLD)
	Elliott Formation
	60
	113
	363
	620
	49

	Burnett, Bargara (QLD)
	Elliott Formation
	12
	23
	78
	19
	11

	Bowen (QLD)
	Unconfined
	45
	113
	105
	118
	55

	Nth Stradbroke, East (QLD)
	Unconfined 
	2
	9
	7
	3
	5

	Nth Stradbroke, West (QLD)
	Unconfined 
	0
	2
	2
	0
	1

	Perth, Whitfords (WA)
	Superficial 
	32
	290
	221
	156
	138

	 
	Leederville
	0
	-
	5966
	71938
	-

	 
	Yarragadee
	0
	-
	13727
	36427
	-

	Esperance (WA)
	Superficial/ Pallinup 
	69
	173
	182
	483
	79

	Albany, Ocean side (WA)
	Werrillup Formation Sand
	3
	8
	1
	6
	4

	Albany, Harbour side (WA)
	Superficial 
	2
	1
	1
	3
	1

	 
	Pallinup/ Werrilup
	0
	-
	35
	101
	-

	Busselton (WA)
	Superficial
	3
	4
	1
	4
	2

	 
	Leederville
	0
	-
	205
	106
	-

	Bunbury (WA)
	Superficial
	8
	15
	7
	11
	7

	 
	Yarragadee
	0
	-
	151875
	41512500
	-

	Carnarvon (WA)
	Riverbed Sand
	36
	22
	8
	52
	11

	 
	Older Alluvium
	0
	-
	2646
	38745
	-

	Broome, Coconut Wells (WA)
	Broome Sandstone
	63
	1578
	1595
	657
	684

	Broome, Cable Beach (WA)
	Broome Sandstone
	104
	2601
	3117
	1834
	959

	Hat Head (NSW)
	Coastal Sands
	7
	31
	16
	17
	15

	Stuarts Point (NSW)
	Coastal Sands
	6
	28
	16
	14
	14

	Stockton (NSW)
	Stockton Sand Beds
	7
	14
	0
	19
	7

	Botany Sands (NSW)
	Botany Sand Beds
	19
	58
	7
	160
	26

	Howard Springs (NT)
	Koolpinyah/Coomalie dolomite
	0
	-
	20
	10
	-


[bookmark: _Toc337566369][bookmark: _Toc361652476]Summary and future directions
The principal aim of the current project is to identify (at a national-scale) coastal groundwater resources currently vulnerable to seawater intrusion and potentially at risk in the future as a consequence of over-extraction, sea-level rise and recharge variation associated with climate change. Four main project activities are being carried out concurrently to assess and map the vulnerability of Australia’s coastal aquifers to SWI: 1. Vulnerability Factor Analysis (VFA), 2. Coastal Aquifer Typology assessment, 3. Mathematical Analysis, and 4. SWI Vulnerability Indexing.
This report has described the Mathematical Analysis methodology as well as results obtained through application to 28 case study areas. The case studies were identified through literature review and consultation with stakeholders as being at risk of SWI and having sufficient data available for mathematical analysis to be carried out.
Using publicly available information, simplified cross-sectional conceptualisations of case study areas were developed and aquifer parameters (including a base case and likely ranges) were tabled in conjunction with the Coastal Aquifer Typologies component of the project.
Methodology
The Mathematical Analysis methodology, including detailed description of calculations, has been demonstrated through an application to the Willunga basin, South Australia. A simple method for first-order assessment of SWI extent under current conditions and propensity for change in SWI extent due to various stresses associated with climate change and future extraction was described for unconfined and confined aquifers, following the work of Werner et al. (2012). In addition, methods appropriate for freshwater lens systems have been developed and described.
In unconfined and confined aquifers, two representative indicators of SWI extent have been used. These are the saltwater wedge toe location and the volume of seawater in the aquifer. SWI extent in freshwater lens systems was characterised using maximum freshwater thickness and freshwater volume.
Propensity for change in SWI extent was characterised using a novel approach, developed as part of the project, involving partial derivative equations, as described in Werner et al. (2012). The derivative equations (termed vulnerability indicators) describe the rates of change in SWI extent with changes in system stresses. The vulnerability indicators allow for an objective assessment of SWI vulnerability (defined here as the propensity for interface changes) arising from changes in extraction, recharge or sea-level.
Results
Theoretical extent of SWI under current conditions
The extent of SWI under current conditions was calculated for aquifers at the 28 case study areas. Multiple analyses were required for some case study areas in order to explore alternate conceptualisations or to account for different hydrogeological conditions in the area. Also, where stacked aquifers were present, analysis of multiple aquifers was required for that case study area. As such, analysis was carried out for 28 unconfined aquifer cases, 17 confined aquifer cases and 4 freshwater lens cases.
Unconfined aquifer cases were ranked using scaled toe location (ratio of toe location to the distance between coast and no flow boundary). A value greater than 0.1 (suggesting a relatively high vulnerability) was calculated in 10 cases, while a value of 1.0 (indicating theoretically unstable conditions and potentially high vulnerability) was calculated in 3 of these cases. Unstable conditions were calculated for the Derby (WA), Burdekin (QLD) and Exmouth (WA) unconfined aquifers. Theoretically unstable interface conditions occur where the freshwater discharge to the coast is insufficient for the wedge toe to reach a steady-state location. That is, the wedge toe is actively moving inland (although the limitations of the mathematical analysis preclude confirmation of this). This situation is most likely to result in large-scale SWI problems. The calculated SWI extent was relatively large for the following case study areas: Broome - Cable Beach (WA), Port MacDonnell (SA), Broome - Coconut Wells (WA), and Burnett Heads - Moore Park (QLD). This, and subsequent lists in this section, are in rank order from highest to lowest.
Toe location was used to rank the 17 confined aquifer cases. Theoretically unstable conditions were calculated for: Le Fevre [T1 and T2 aquifers] (SA); Adelaide Metro [T1 and T2 aquifers] (SA); Willunga [Maslin Sands aquifer] (SA); Burnett Heads - Bargara (QLD); and Esperance (WA). Of the eleven remaining confined aquifers, the toe was greater than 5 km from the coast in the following cases: Bunbury (WA), Perth - Whitfords [Yarragadee aquifer] (WA), Willunga [Port Willunga Formation aquifer] (SA), Perth - Whitfords [Leederville aquifer] (WA) and Carnarvon (WA).
Maximum freshwater thickness was used to rank the 4 freshwater lens systems. Values ranged between 5 m for Perth, Cottesloe (WA) and 67 m for Point Nepean (Vic). 
Additional details of the mathematical analysis for each case study area are provided in Appendix C. For example, interface plots provide a visual representation of the approximate near coastal water table and interface locations, under steady-state conditions for each case study area. The range of SWI extent was also calculated using estimated parameter ranges. This provides insight into the impact of parameter uncertainty as well as likely worst-case/best-case SWI vulnerability. In addition, plots showing steady-state toe location for a range of reduced values of freshwater discharge to the sea (as might occur under increased extraction) were produced for aquifers at each case study area.
Propensity for change in SWI due to stresses
The propensity for change in SWI extent due to different stresses (sea-level rise, recharge change and changes in inflows at the inland boundary) was calculated using derivative equations (i.e., vulnerability indicator equations). Aquifers were ranked using the resulting vulnerability indicators, for each stress. Although the ranking of aquifers differed for each stress, the general ranking of each aquifer was reasonably consistent across the different stresses. That is, aquifers that rank high (or low) for a certain stress tended to also rank high (or low) for other stresses, although there are exceptions.
A high vulnerability indicator ranking across the different stresses was found for unconfined aquifers in the following case studies areas: Port MacDonnell (SA), Broome - Cable Beach (WA), Esperance (WA), Broome - Coconut Wells (WA), Burnett Heads - Moore Park (QLD), Perth - Whitfords (WA), Uley South (SA) and Bowen (QLD). These aquifers were also found to have large wedge toe and scaled wedge toe values. For aquifers with unstable interface conditions (noted above), derivatives could not be calculated. These aquifers were assigned a high vulnerability indicator ranking because it is inferred that the already high vulnerability of the aquifers will increase under increased stress. 
For the confined aquifers, a relatively high vulnerability indicator ranking across the different stresses was found for: Bunbury (WA), Willunga [Port Willunga Formation aquifer] (SA), Perth - Whitfords [Leederville aquifer] (WA), Carnarvon (WA) and Perth - Whitfords [Yarragadee aquifer] (WA). As with unconfined aquifers, vulnerability indicators could not be calculated for confined aquifers with unstable interface conditions.
For the 3 strip island lens systems, vulnerability indicators for recharge change (under flux-controlled conditions) were used to rank the aquifers. Exmouth (WA) had the highest ranking, followed by Perth, Cottesloe (WA) and Point Nepean (Vic). For elongated island lens systems only one case, Rottnest Island (WA) was considered and ranking was therefore not possible as part of this study.
Normalised sensitivities were used to compare the sensitivity to different stresses in each aquifer for possible future scenarios involving: a) a 1 m sea-level rise, b) a 25 % reduction in recharge, and c) a 25 % reduction in inflows at the inland boundary, as might occur under increased extraction inland of the coastal fringe. For these stresses, the sensitivity was greatest for sea-level rise under head-controlled conditions (eleven cases), recharge change under flux-controlled conditions (ten cases) or change in flows from inland aquifers (four cases). For confined aquifers it was also found that sensitivity is largest for sea-level rise (under head-controlled conditions) and changes in inflows at the inland boundary. 
The normalised sensitivities were also used to estimate the steady-state to steady-state change in wedge toe for the different stresses. In the unconfined aquifers, a 1 m sea-level rise resulted in estimates of change in toe location up to 123 m and 1834 m for flux-controlled and head-controlled conditions, respectively (at Port MacDonnell, SA). For a 25% reduction in recharge, values up to 4610 m for flux-controlled conditions (at Port MacDonnell, SA) and 1898 m for head-controlled conditions (at Broome - Cable Beach, WA) were calculated. For a 25% reduction in inflows at the inland boundary a value of up to 4721 (at Port MacDonnell, SA) was calculated.
In the confined aquifers, a 1 m sea-level rise resulted in estimated toe change of up to 0 m and 4.2E+07 m (at Bunbury, WA) for flux-controlled and head-controlled conditions, respectively. For a 25% reduction in inflows at the inland boundary, a maximum change in toe location of 151875 m (at Bunbury, WA) was calculated. 
General relationships
For the idealised conditions considered as part of the Mathematical Analysis, a number of general relationships between steady-state SWI extent, aquifer parameters and aquifer conditions have been described within this report, including:
Steady-state toe location is furthest from the coast in deep unconfined aquifers with high hydraulic conductivity, low net recharge and low water levels. In confined aquifers, toe location is furthest from the coast in deep and thick aquifers, with low net recharge and low heads. The extent of SWI in confined aquifers is insensitive to the hydraulic conductivity.
Sea-level rise causes an increase in hydraulic head at the coast and inland movement of the steady-state interface. Inland movement of the interface is larger under head-controlled conditions than flux-controlled conditions, for both unconfined and confined aquifer systems. Steady-state toe location is insensitive to sea-level rise in confined aquifers for flux-controlled conditions. From a management perspective, this suggests that sea-level rise induced SWI in unconfined and confined aquifers is best managed by maintaining groundwater fluxes, despite sea-level rise. In practice, this means that head levels need to be able to rise commensurate with sea-level rise. In contrast, aquifer systems where heads are fixed will be most affected by sea-level rise. This might occur where, for example, unmanaged pumping maintains heads at the same elevation.
Reduction in net recharge in the coastal fringe or reduction of inflow from inland aquifers results in reduced freshwater flowing to the sea and inland movement of the steady-state interface. Changes in SWI extent are different, depending on which of these elements is altered and therefore management of SWI requires consideration of coastal and inland aquifer water balance components. 
Inland movement of the steady-state interface due to a decrease in recharge is approximately twice as large under flux-controlled conditions than head-controlled conditions. 
The maximum freshwater thickness in freshwater lens systems is proportional to the square root of recharge to the lens. 
The equations presented in this reported can be used to explore these and other SWI relationships.
Limitations
The approach presented here has a number of limitations arising from the simplification of the conceptual system and the assumptions inherent in the analytical model. Key elements of vulnerability that are not captured within the method include: transience; recharge variations; heterogeneity of aquifer parameters and geometry; tidal and estuarine impacts; individual wells and upconing; inland encroachment of the coast under sea-level rise; offshore freshwater discharge; management and knowledge of the system. 
The effectiveness of the method is heavily reliant on the conceptualisation of the coastal system. In this regard, a challenge for the project has been the development of conceptual models of a large number of cases, in such a way that the key parameters (and likely ranges) for SWI vulnerability are discernible. Estuarine case study areas were particularly difficult to conceptualise and parameterise. Only SWI from the ocean was assessed at all sites. It is expected that SWI vulnerability from estuaries will be considered in other components of the project.
In light of the Mathematical Analysis limitations it is important to appreciate that the method represents a complementary approach to those being developed within this project as part of the Coastal Aquifer Typologies, Vulnerability Factor Analysis and SWI Vulnerability Indexing. The final assessment of SWI vulnerability for case study areas incorporates information from each of these elements of the project, as well as the Mathematical Analysis outlined within this report.
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[bookmark: _Toc361652478]Appendix A - Parameter relationships 
Unconfined aquifers
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[bookmark: _Toc337566414][bookmark: _Toc349670486]Figure 11. Relationship between toe location (xT), net recharge (Wnet) and hydraulic conductivity (K) in unconfined aquifers with an inland head (hb) of 5 m (upper) and 4 m (lower) at 5 km from the coast (xb) and aquifer depth (z0) of 100 m. 
Unconfined aquifers
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[bookmark: _Toc337566415][bookmark: _Toc349670487]Figure 12. Relationship between toe location (xT), aquifer depth (z0) and hydraulic conductivity  (K) in unconfined aquifers with an inland head (hb) of 5 m (upper) and 4 m (lower) at 5 km from the coast (xb) and net recharge (Wnet) of 50 mm/yr.
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[bookmark: _Toc337566416][bookmark: _Toc349670488]Figure 13. Relationship between toe location (xT), aquifer thickness (h0) and hydraulic conductivity (K) in confined aquifers for an inland head (hb) of 7 m (upper) and 6 m (lower) at 8 km from the coast (xb), aquifer depth (z0) of 200 m and net recharge (Wnet) of 0 mm/yr

Confined aquifers
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[bookmark: _Toc337566417][bookmark: _Toc349670489]Figure 14. Relationship between toe location (xT), aquifer depth(z0) and hydraulic conductivity (K) in confined aquifers for an inland head (hb) of 7 m (upper) and 6 m (lower) at 8 km from the coast (xb), aquifer thickness (h0) of 100 m and net recharge (Wnet) of 0 mm/yr.

Confined aquifers
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[bookmark: _Toc337566418][bookmark: _Toc349670490]Figure 15. Relationship between toe location (xT), aquifer thickness (h0) and aquifer depth(z0) in confined aquifers with inland head (hb) of 7 m (upper) and 6 m (lower) at 8 km from the coast (xb), hydraulic conductivity (K) of 200 m/d and net recharge (Wnet) of 0 mm/yr. 

Summary of key points from parameter relationship plots
Unconfined aquifers
Steady-state toe location is furthest inland in deep aquifers with low recharge, high hydraulic conductivity and low inland heads.
Confined aquifers
Steady-state toe location is furthest inland in deep aquifers with large aquifer thickness and low inland heads. Confined aquifers are insensitive to hydraulic conductivity. While sensitivity for recharge was not assessed, toe location is furthest inland in aquifers with low recharge.
[bookmark: _Toc337566372]
[bookmark: _Toc361652479]Appendix B – Description of the Willunga basin coastal aquifer
[bookmark: _Toc308004829]Overview of the Willunga basin
The Willunga basin is situated south of Adelaide, South Australia, as shown in Figure 16. The basin is bordered to the west by the Gulf St Vincent, climbing from the coast to elevations of approximately 200 m AHD north to the Onkaparinga River and northwest from the coast to the Onkaparinga River, along the Willunga Fault. The Willunga basin is an important food production region and groundwater is used to irrigate almonds, grapes and olives. The Willunga basin is a prescribed groundwater resource and is located within the McLaren Vale Prescribed Wells Area. Policy on groundwater use for the area is contained within the McLaren Vale Prescribed Wells Area Water Allocation Plan (AMLRNRMB, 2007).
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[bookmark: _Ref302651844][bookmark: _Toc337566419][bookmark: _Toc349670491]Figure 16. The Willunga basin location and extent of hydrogeological units (adapted from Knowles et al., 2007).
The four main aquifers within the Willunga basin are the Quaternary aquifer (Qa); Port Willunga Formation (PWF) aquifer; Maslin Sands (MS) aquifer and the Fractured Rock (FR) aquifer. In general, salinities are typically less than 1,500 mg/L in all four aquifers and are therefore suitable for irrigation purposes (AMLRNRMB, 2007). For the period 2000/2001 to 2003/2004, it was estimated that, of metered groundwater extraction, about 64% occurred from the PWF, 20% from the MS, 16% from the FR and <1% from the Qa (AMLRNRMB, 2007). However, stock and domestic wells are not licensed or metered and it is likely that, at least historically, much of the domestic groundwater extraction occurred from the shallow Qa.
The implementation of the McLaren Vale Prescribed Wells Area Water Allocation Plan in 2000 has had some success in stabilising previously identified water level declines in the PWF and MS aquifers (AMLRNRMB, 2007). However, there are a limited number of regional groundwater network wells monitoring water levels and salinity in the area between the licensed irrigated regions and the coast. This, coupled with the basin’s reliance on groundwater for stock, domestic and irrigation needs, means that a preliminary assessment of SWI vulnerability is important for the Willunga basin.
[bookmark: _Toc308004830]Study area
The study area selected for the analysis can be seen in Figure 17. It covers a distance of approximately 3500 m of coastline and has an inland boundary approximately 3500 m from the coast. The aquifers included in the assessment are the Qa, PWF and MS. The FR aquifer was not considered due to lack of reliable water level and aquifer geometry data.
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[bookmark: _Ref302651873][bookmark: _Toc308004831][bookmark: _Toc337566420][bookmark: _Toc349670492]Figure 17. Study area for Willunga basin conceptualisation
[bookmark: _Toc308004832]Model input parameters
The simple method outlined within section 2.0 of this report for assessing SWI vulnerability in unconfined and confined aquifers requires a relatively small number of hydrogeological parameters that can be obtained through review of site specific reports (preferably those containing a water budget analysis), or by application of literature values typical of lithologies expected within the study area. The required parameters along with a brief description of the method used in determining a base case value along with a possible range (i.e., average (minimum – maximum)) for the Willunga basin case study will now be summarised. An aquifer parameter table is shown in Table 23 and final aquifer parameter base case and range values (derived from the aquifer parameter table) and used within the modelling are shown in Table 24.
[bookmark: _Toc308004833]

Inland head and distance to inland head
Inland head values hi at a known distance from the coast xi were obtained from hydrographs accessed from the Obswell website (in consultation with technical reports e.g., Stewart (2006)). The data were plotted and maximum, minimum and average values were determined (outliers were excluded).
For the Willunga basin case study a distance of 3500 m from the coast was selected for the inland boundary. The head level at the inland boundary is reported in Table 2 and was calculated by the following simple process. For a known hi and xi the freshwater discharge to the sea q0 was calculated. Using equations (1), (2) and (16), (17) for unconfined and confined settings respectively, depending on the wedge toe location, we calculate the head level hb at the inland boundary location xb.
For the PWF aquifer a pre-development head at 3500 m from the coast of 3 m was estimated using maximum water level readings from Obswell WLG088.
[bookmark: _Toc308004834]Aquifer geometry
Aquifer geometry of the Willunga basin multi-aquifer system near the coast is not well understood. Lithological information from well WLG040, drilled to a depth of 340 m and located approximately 1250 m from the coast, was used to determine z0 and h0 values. The interpretation was carried out with reference to existing reports including those by Rasser (2001), Hodgkin (2004), and AMLRNRMB (2007).
[bookmark: _Toc308004835]Aquifer hydraulic parameters
Due to the exploitation of the resource for irrigation (Martin, 1998 and AMLRNRMB, 2007), investigation of the hydrogeological characteristics within the Willunga basin have mainly focused on the PWF and MS aquifer systems in the irrigated horticultural regions (e.g., McLaren Vale). Aquifer pump tests undertaken by Watkins and Telfer (1995) indicate that broad transmissivities of the PWF typically range between 150 and 200 m2/d, and transmissivities of the MS range between 35 and 50 m2/d, however the testing was conducted away from the coastal region. The relative difference in aquifer hydraulic conductivity between the PWF and MS is also evidenced by the range of aquifer yield estimates provided by Martin (1998) who states that the PWF well yields generally lie within the range of 5 to 12 L/s whilst the MS yields are typically lower. As no specific hydraulic conductivity K information was found within the literature, reviewed hydraulic conductivity values listed in Table 23 were based on a combination of literature values (Fetter, 2001; Driscoll, 1986) assigned to lithological descriptions and personal experience of realistic ranges of K values. For comparison, hydraulic conductivity estimates for beach facies along the LeFevre Peninsula South Australia (Martin, 1996, Table A-2), similar to those anticipated for the Quaternary aquifer at Willunga, ranged from <1 up to ~10 m/d.  The adopted K values and lithological descriptions of the Willunga basin aquifers are summarised in Table 23.
In the absence of reported values, a porosity value of 0.3 was used for all aquifers, which is representative of porosity values for well sorted to mixed sand and gravel sediments (Fetter, 2001).
[bookmark: _Toc308004836]Distributed net recharge
Estimates of the total potential recharge from rainfall infiltration have been made using the chloride mass balance approach (Martin, 1988; Herczeg and Leaney, 2002) and by interpolating recharge estimates from other catchments with similar annual rainfall (OCWMB, 2000). Herczeg and Leaney (2002) estimate recharge rates to the outcropping areas of the sedimentary and fractured rock aquifer systems within the Willunga to be between 15 and 30 mm/yr, but note that these estimates contain considerable uncertainty with regards to the contribution of diffuse recharge (i.e., via slow diffusion of chloride from the aquitard or from minerals within the fractured rock formation).
Investigation of the stable isotope signatures of the PWF and MS groundwater in the Herczeg and Leaney (2002) study suggests similar recharge mechanisms and/or that they are well connected to allow for cross formation flow. The Herczeg and Leaney (2002) study has implications of additional (non-zero) net recharge from the PWF to the MS, however, given both the degree of uncertainty in interaquifer leakage as well as the likelihood that extraction is likely to outweigh the small contribution of downward leakage from the PWF to the MS and from the Qa to the PWF, a distributed net recharge of zero for all confined aquifer systems has been adopted. 
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[bookmark: _Ref302374456][bookmark: _Toc308004837][bookmark: _Toc337566500][bookmark: _Toc349670572]Table 23. Willunga basin, South Australia, aquifer parameters table
	Aquifer Layer
	Aquifer Lithology
	Aquifer Age
	Aquifer Type
	Base of Aquifer (mAHD)
	Saturated Aquifer Thickness (m)
	Inland Head (mAHD)3
	Inland Head Distance (m)3
	K (m/d)2
	Net recharge (mm/a)

	1
	Quaternary (Qa) aquifer: comprising sands and gravels, interbedded clays, inferred to be separated from PWF by increasing clay content
	Quaternary
	Unconfined
	up to -20 mAHD
	10 to 30
	2 to 5
	1250
	10 to 0.1
(assuming more uniform beach sand texture at coast) [5]
	15 to 30

	2
	Port Willunga Formation (PWF) aquifer:
comprising loosely consolidated sand and indurated limestone
	Tertiary
	Confined at coast, unconfined further up catchment
	up to -175 mAHD  
(say -120 mAHD)
	60 to 155 
(say 100 m)
	0.5 to 2
	1250
	20 to 0.1 
(up to 25 l/s yield from Eddy’s new well)
	0

	3
	Blanche Point Formation (BPF) aquitard: 
comprising mainly grey, calcareous mudstone
	Tertiary
	Aquitard
	up to say 
-160 mAHD
	say 40 m
	-
	3500
	0.01 to 1
	0

	4
	Maslin Sands (MS) aquifer: 
comprising very fine to coarse sands, separated from PWF by the Blanche Point Formation Aquitard
	Tertiary
	Confined at coast, unconfined further up catchment
	up to -285 mAHD 
(say -225 mAHD)
	10 to 70 
(say 65 m)
	0 to 2.5
	2600 
(at WLG038)
	0.01 to 1
	0


1 Aquifer parameters derived primarily for the area within 3.5 km of the coast, south of Willunga township;
 Key references used:
AMLRNRMB (2007). Water Allocation Plan for the McLaren Vale Prescribed Wells Area.  Prepared by the Adelaide and Mount Lofty Ranges Natural Resources Management Board, 2007.
Cooper, B.J. (1979).  Eocene to Miocene Stratigraphy of the Willunga Embayment.  Report of Investigations 50.  Department of Mines and Energy.  Geological Survey of South Australia.
Driscoll, F. G. (1986).“Groundwater and Wells Second Edition”, published by Johnson Filtration Systems Inc., ISBN 0-9616456-0-1, 1986
Department for Water’s on-line Obswell database search conducted on 28/07/2010 https://obswell.pir.sa.gov.au/new/obsWell/MainMenu/menu
Fetter, C.W.(2001). Applied Hydrogeology, Fourth Edition. Prentice-Hall Inc.
Lamontagne, S., Le Gal La Salle, C., Simmons, C., James-Smith, J., Harrington, N., Love, A., Smith, A, Hancock, G. and Fallowfield, H. (2005).  Estimation of groundwater and groundwater N discharge to the Adelaide Coastal Waters Study area.  ACWS Technical Report No. 4 prepared for the Adelaide Coastal Waters Study Steering Committee by the Flinders Centre for Coastal and Catchment Environments, September 2005.
Martin, R. R. (1998). Willunga Basin – status of groundwater resources 1998.  Technical Report Book 98/28, Department of Primary Industries and Resources South Australia.
PIRSA on-line Drillhole Enquiry System (DES) lithological information for well WLG040 (Unit number 6527-562), reference elevation=22.38 mAHD, https://des.pir.sa.gov.au/deshome.html
Rasser, P, E. (2001).  Calibration of Numerical Models with Application to Groundwater Flow in the Willunga Basin, SA.  Thesis submitted for the degree of Master of Science in Applied Mathematics at Adelaide University, June 1, 2001.
Stewart, S. (2006).  McLaren Vale Prescribed Wells Area Groundwater Monitoring Status Report 2005.  DWLBC Report 2006/04, Government of South Australia, through the Department of Water, Land and Biodiversity Conservation, Adelaide.
[bookmark: _Toc278192282]2 Hydraulic conductivity estimates used in the conceptual hydrogeological box model were based on a combination of literature values (Fetter, 2001 and Driscoll, 1986) assigned to lithological descriptions and personal experience of realistic ranges of K values.
[bookmark: _Toc308004838]3
	Hydrogeological unit
	Description of Data Source
	Inland head range (mAHD)

	Qa
	Stewart (2006), Figure 6
Obswell data for WLG135 located approximately 1.25 km inland of the coast within the boundary of the study area
	2 to 5

	PWF
	Stewart (2006), Figure 7
Lamontagne et al (2005), Figure 1.8
Obswell data for WLG087 and WLG088 located approximately 2.5 km and 1.25 km, respectively, inland of the coast within the boundary of the study area
	0.5 to 2

	MS
	Stewart (2006), Figure 8
Lamontagne et al (2005), Figure 1.7
WLG038 water level information from DES 
	0 to 2.5
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[bookmark: _Ref302374459][bookmark: _Toc308004839][bookmark: _Toc337566501][bookmark: _Toc349670573]Table 24. Aquifer parameter values used within modelling
[image: ]
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[bookmark: _Ref302129225][bookmark: _Toc302127986][bookmark: _Toc308004840][bookmark: _Toc337566502][bookmark: _Toc349670574]Table 25. Description of parameters
	Symbol
	Dimensions
	Terminology
	Description
	Method used to obtain data (e.g., for the Willunga case study)

	K
	L/T
	Hydraulic conductivity
	Coefficient of proportionality describing the rate of water movement through a permeable medium.
	Lithological descriptions for different aquifers obtained from the PIRSA Drillhole Enquiry System and used to obtain K values from literature. The ranges for K were also guided by transmissivity, saturated thickness and well yield information obtained from technical reports.

	Wnet
	L/T
	Distributed net recharge
	The water budget for the coastal aquifer accounting for infiltration, evapotranspiration and distributed pumping.
	Water balance information provided within Water Allocation Plans and technical reports.

	z0
	L
	Depth of aquifer base below sea level 
	This is the depth to the base of the aquifer from mean sea level (or m AHD as an approximation).
	Interpreted lithological log and technical reports.

	h0
	L
	Saturated (confined) aquifer thickness
	This is the saturated aquifer thickness of the confined aquifer inland of the wedge toe location.
	Interpreted lithological log and technical reports.

	hi
	L
	Inland head
	This is the head (in m AHD) at some location xi within the coastal aquifer. It is on the coastal side of any no flow boundary (for unconfined aquifer).
	Observation bores within coastal aquifer located within Obswell and hydrographs used to obtain range of inland head values. Water Allocation Plans and technical reports also consulted. 

	xi
	L
	Inland distance to inland head 
	See above
	Distance from coast of observation bores (see above).

	hb
	L
	Inland head boundary
	This is the head (in m AHD) at the inland head boundary a distance xb from the coast. Ideally it is outside the influence of the inland penetration of the wedge toe.
	Estimated using a combination of raw head data obtained from Obswell hydrographs and contoured piezometric head from technical reports.

	xb
	L
	Inland distance to inland head boundary
	See above
	Arbitrarily chosen within area where landuse predominantly rural (non-irrigated) providing more likely steady state conditions rather than pumping and urban recharge considerations.

	n
	-
	Porosity
	Porosity
	Estimated for lithologies from literature values.

	a
	L
	Half lens width
	Half the width of a freshwater lens
	Estimated from technical reports.

	b
	L
	Half lens length
	Half the length of a freshwater lens (in an island case)
	Estimated from technical reports.

	hf
	L
	Hydraulic head
	Represents the hydraulic head in cross-section i.e., as a function of distance from the coast
	Calculated

	z
	L
	Interface depth
	Represents the depth of the interface below mean sea-level in cross-section i.e., as a function of distance from the coast
	Calculated

	q0
	L2/T
	Discharge to the sea
	This is the freshwater discharge to the sea. It is calculated using a known head level at a known distance from the coast.
	Calculated

	qb
	L2/T
	Flows from inland aquifers
	This is the lateral flow from inland aquifers into the coastal fringe i.e., at xb.
	Calculated

	hn
	L
	Head at the no flow boundary
	This is the head at the inland no flow boundary.
	Calculated

	xn
	L
	Inland distance to no flow boundary
	This is the distance from the coast to the inland no flow boundary ( only relates to an unconfined aquifer)
	Calculated

	xt
	L
	Wedge toe location
	This is the distance from the coast at which the freshwater-saltwater interface intersects the aquifer basement.
	Calculated

	xt'
	-
	Scaled wedge toe
	Ratio of wedge toe to inland no flow boundary i.e., xT/xn.
	Calculated

	Vsw
	L3/L
	Seawater volume
	This is the volume of seawater per metre of coastline.
	Calculated

	M
	-
	Mixed convection ratio
	Ratio of density driven processes to advective driven processes.
	Calculated

	hmax
	L
	Maximum freshwater thickness
	The thickness of the freshwater at the centre of a freshwater lens.
	Calculated
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[bookmark: _Toc308004842][bookmark: _Toc337566373][bookmark: _Toc361652480]Appendix C – Details of mathematical analysis for each case study area 
[bookmark: _Toc300586026][bookmark: _Toc337566374]C.1 Uley South, Eyre Peninsula, South Australia
[bookmark: _Toc308004712]Conceptualisation and parameterisation
The Uley South case study area is located on the Eyre Peninsula, to the west of Port Lincoln. The majority of the Eyre Peninsula reticulated water supply is sourced from Uley South aquifers. The two main aquifers are the unconfined Bridgewater Formation (BF), comprising Quaternary limestone, and the confined Wanilla Sands (WS), comprising Tertiary sands. The Wanilla Sands aquifer is confined throughout most of the area, although in the north east and south east (adjacent to the coast) the Uley Formation Clay aquitard is absent. For this reason, mathematical analyses with and without the aquitard were carried out. A detailed description of the system is given by Zulfic et al. (2007).
Hydrogeological parameters for the coastal fringe of Uley South case study are shown in Table 26. For the purposes of the mathematical analyses, it is assumed that all extraction occurs inland of the inland boundary, at 2.5 km from the coast. 
[bookmark: _Ref302132363][bookmark: _Toc308004713][bookmark: _Toc337566503][bookmark: _Toc349670575]Table 26. Hydrogeological parameters for Uley South
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	BF
(Unconfined)
	150
(5–1400)#
	100
(50–150)
	15
(10–20)
	-
	1.6 
(1.1–2.3)
	2000
	0.2

	WS
(Confined)
	90
(20-150)
	0
	45
(25-60)
	30
	2.0 
(1.3–3.1)
	2000
	0.2

	BF / WS *
(Unconfined)
	150
(5-1400)
	100
(50-150)
	45
(40-60)
	-
	1.6 
(1.1–2.3)
	2000
	0.2


# Estimated range 
* Discontinuous aquitard case
[bookmark: _Toc308004714]Theoretical extent of SWI for current conditions
[bookmark: _Ref302132424]The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 27). The theoretical steady-state interface locations for the Uley South case study, with and without an aquitard, can be seen in Figure 18 and Figure 19, respectively.


[bookmark: _Ref302728696][bookmark: _Toc308004715][bookmark: _Toc337566504][bookmark: _Toc349670576]Table 27. Results indicating theoretical SWI extent for Uley South
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	BF
(Unconfined)
	224
(14-578)#
	0.06
(0.00-0.21)
	0.03
(0.00-0.11)
	223
(9-769)

	WS
(Confined)
	600
(263-3719)
	-
	-
	1800
(789-12500)

	BF / WS *
(Unconfined)
	1044
(204-Unstable)
	0.14
(0.01-2.07)
	0.07
(0.00-1.00)
	4626
(788-Unstable)


# Calculated range
* Discontinuous aquitard case
[image: ]
[bookmark: _Ref302132622][bookmark: _Ref302728738][bookmark: _Ref302132615][bookmark: _Toc337566421][bookmark: _Toc349670493]Figure 18. Approximation of the near coastal water table and interface locations for the Uley South case study – with aquitard


[image: ]
[bookmark: _Ref302132626][bookmark: _Ref302728741][bookmark: _Toc337566422][bookmark: _Toc349670494]Figure 19. Approximation of the near coastal water table and interface locations for the Uley South case study – discontinuous aquitard
[bookmark: _Toc308004716]Theoretical extent of SWI under future extraction scenarios
The conceptualisation used for the Uley South case study involves an assumption of no pumping in the coastal fringe for all aquifers. For parameters in Table 26, freshwater discharges to the sea q0 of around 700 ML/km/yr (for the BF aquifer) and 600 ML/km/yr (for the WS aquifer), were calculated. We consider here only the case where an aquitard is present. Figure 20 and Figure 21 show the wedge toe location xT (and scaled wedge toe xT for the unconfined aquifer) under a range of reduced values of q0, as might occur under increased extraction.
[image: ]
[bookmark: _Ref302132753][bookmark: _Toc337566423][bookmark: _Toc349670495]Figure 20. Values of xT and xT for a range of q0 values for the Uley South Bridgewater Formation unconfined aquifer
[image: ]
[bookmark: _Ref302132756][bookmark: _Toc337566424][bookmark: _Toc349670496]Figure 21. Values of xT for a range of q0 values for the Uley South Wanilla Sands confined aquifer


[bookmark: _Toc300586027][bookmark: _Toc337566375]C.2 Willunga basin, South Australia
[bookmark: _Toc308004717]Conceptualisation and parameterisation
The Willunga basin is situated approximately 40 km south of Adelaide in South Australia, and is bordered to the west by Gulf St Vincent. The basin’s topography inland of the coastal plain rises to an elevation of about 200 m AHD. The basin is an important food production region and groundwater is used to irrigate almonds, grapes and olives. A detailed description of the system is given by AMLRNRMB (2007), Stewart (2005), Hodgkin (2004), Rasser (2001) and Knowles et al. (2007).
The Willunga basin is a complex multi-aquifer system with three main aquifers: the unconfined Quaternary aquifer (Qa) (comprised of sands, gravels and interbedded clays), the confined Port Willunga Formation aquifer (PWF) (loosely consolidated sands and indurated limestone) and the confined Maslin Sands aquifer (MS) (very fine to coarse sands).
Hydrogeological parameters for the coastal fringe of Willunga basin case study are shown in Table 28. For the purposes of the mathematical analyses it is assumed that all extraction occurs inland of the inland boundary, at 3.5 km from the coast.
[bookmark: _Ref302132969][bookmark: _Toc308004718][bookmark: _Toc337566505][bookmark: _Toc349670577]Table 28. Hydrogeological parameters for the Willunga basin case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Qa
	10
(0.1-10)#
	20
(15-30)
	20
(10-30)
	-
	3 
(1-6)
	3500
	0.3

	PWF
	10
(0.1-20)
	0
	120
(80-175)
	90
(60-155)
	1.5
(0.7-2)
	3500
	0.3

	MS
	1
(0.01-1)
	0
	225
(160-285)
	65
(10-70)
	2 
(0-2.5)
	3500
	0.3


# Estimated range
[bookmark: _Toc308004719]Theoretical extent of SWI for current conditions
[bookmark: _Ref302133075][bookmark: _Ref316043990][bookmark: _Toc308004720][bookmark: _Toc337566506][bookmark: _Toc349670578]The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 29). The theoretical steady-state interface locations for the Willunga basin case study can be seen in Figure 22.


Table 29. Results indicating theoretical SWI extent for the Willunga basin case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Qa
(Unconfined)
	197
(1-1107)#
	0.08
(0.00-0.59)
	0.04
(0.00-0.36)
	390
(1-3040)

	PWF
(Confined)
	31500*
(3500-Unstable)
	NA
	NA
	283500*
(21000-Unstable)

	MS
(Confined)
	Unstable
(Unstable-Unstable)
	NA
	NA
	Unstable
(Unstable-Unstable)


*Here the interface extends beyond the inland boundary (at 3500 m inland) and therefore outside the region considered in the conceptualisation and parameterisation for this case study area. 
# Calculated range
[bookmark: _Ref302133147][bookmark: _Ref302728863][image: ]
[bookmark: _Toc337566425][bookmark: _Toc349670497]Figure 22. Approximation of the near coastal water table and interface locations for the Willunga basin case study
[bookmark: _Toc308004721]
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 28, freshwater discharge to the sea q0 of around 100 ML/km/yr was calculated for the Qa aquifer. Figure 23 shows wedge toe location xT and scaled wedge toe location xT for the Qa aquifer under a range of reduced values of q0, as might occur under increased extraction. It is unlikely however that increases in extraction will occur in the Qa aquifer as water quality is low in this aquifer.
[image: ]
[bookmark: _Ref302133262][bookmark: _Toc337566426][bookmark: _Toc349670498]Figure 23. Values of xT and xT for a range of q0 values for the Willunga basin Qa unconfined aquifer
For the PWF aquifer the theoretical interface location inland of the coastal fringe cannot be estimated and for the MS aquifer the interface is unstable at current levels of extraction. As a result, the theoretical impact of future extraction on SWI extent cannot be analysed, in terms of influence on xT, for these aquifers.


[bookmark: _Toc300586028][bookmark: _Toc337566376]C.3 Port MacDonnell, South Australia
[bookmark: _Toc308004722]Conceptualisation and parameterisation
The Port MacDonnell case study is situated in South East of South Australia, approximately 30 km south of Mount Gambier. Land use in the area includes plantation forestry, traditional livestock grazing and irrigation (particularly for improving pasture in dairy operations). The South East of South Australia is almost totally reliant on its extensive groundwater resources which predominantly occur in two regional aquifer systems – an upper unconfined aquifer (the Tertiary Limestone Aquifer) and a deeper confined aquifer (Tertiary Confined Sands Aquifer). These aquifers are separated by the Dilwyn Formation Clay aquitard. Groundwater flow is likely to be highly influenced by karstic features. A detailed description of the system is given by Brown et al. (2006), Stadter and Yan (2000) and Brown (2000).
Hydrogeological parameters for the coastal fringe of the Port MacDonnell case study area are shown in Table 30. For the purposes of the mathematical analyses it is assumed that all extraction occurs inland of the inland boundary, at 5 km from the coast.
[bookmark: _Ref302133318][bookmark: _Toc308004723][bookmark: _Toc337566507][bookmark: _Toc349670579]Table 30. Hydrogeological parameters for the Port MacDonnell case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Tertiary Limestone
(Unconfined)
	45
(5-90)#
	30
(5-90)
	290
(250-350)
	-
	4.5 
(3.2-7.0)
	5000
	0.1

	Tertiary Sands
(Confined)
	10
(0.5-10)
	0
	780
(700-800)
	400
(350-450)
	20.5 
(20.5-20.5)
	5000
	0.3


# Estimated range
[bookmark: _Toc308004724]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 31). The theoretical steady-state interface locations for the Port MacDonnell case study can be seen in Figure 24.


[bookmark: _Ref302133377][bookmark: _Ref304925377][bookmark: _Toc337566508][bookmark: _Toc349670580]Table 31. Results indicating theoretical SWI extent for the Port MacDonnell case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Tertiary Limestone
(Unconfined)
	14422*
(3344-Unstable)#
	0.5*
(0.01-7.47)
	0.3*
(0.00-1.00)
	390414*
(72607-Unstable)

	Tertiary Sands
(Confined)
	4167
(2966-4592)
	NA
	NA
	166667
(103814-206633)


*Here the interface extends beyond the inland boundary (at 3500 m inland) and therefore outside the region considered in the conceptualisation and parameterisation for this case study area. 
# Calculated range
[image: ]
[bookmark: _Ref302133497][bookmark: _Toc337566427][bookmark: _Toc349670499]Figure 24. Approximation of the near coastal water table and interface locations for the Port MacDonnell case study
[bookmark: _Toc308004725]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 30, freshwater discharge to the sea q0 of around 1400 ML/km/yr was calculated for the unconfined aquifer and 1750 ML/km/yr for the confined aquifer. A minimum q0 value for stable conditions in the unconfined aquifer is around 1000 ML/km/yr. Figure 25 shows wedge toe location xT for the confined aquifer under a range of reduced values of q0, as might occur under increased extraction. 


[image: ]
[bookmark: _Ref302133518][bookmark: _Toc337566428][bookmark: _Toc349670500]Figure 25. Values of xT for a range of q0 values for the Port McDonnell confined aquifer
For the unconfined aquifer, the change in interface location within the coastal fringe for a 25% reduction in q0 can be seen in Figure 26. A 50% reduction in q0 results in unstable interface conditions.
[image: ]
[bookmark: _Ref302133554][bookmark: _Toc337566429][bookmark: _Toc349670501]Figure 26. Theoretical change in interface location for the unconfined aquifer due to a 25% reduction in q0


[bookmark: _Toc300586029][bookmark: _Toc337566377]C.4 LeFevre Peninsula, South Australia
[bookmark: _Toc308004726]Conceptualisation and parameterisation
LeFevre Pensinsula is located in metropolitan Adelaide and is heavily urbanised. For the purposes of the current analysis it was considered that the LeFevre Peninsula comprises three main aquifers: the unconfined Semaphore Sands (Q1) aquifer, comprising quaternary aeolian sand dunes; the confined tertiary T1 aquifer (T1), comprising mixed sands, sandstone and minor limestone; and the confined T2 aquifer, comprising tertiary mixed sands, sandstones and minor limestone. A detailed description of the system is given by Martin (1996) and Zulfic et al. (2008).
Hydrogeological parameters for the coastal fringe of the LeFevre Peninsula case study are shown in Table 32. For the purposes of the mathematical analyses it is assumed that extraction occurs in the coastal fringe, and has therefore been incorporated into the net recharge parameter.
[bookmark: _Ref302133604][bookmark: _Toc308004727][bookmark: _Toc337566509][bookmark: _Toc349670581]Table 32. Hydrogeological parameters for the LeFevre Peninsula
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Q1
(Unconfined)
	8
(4-13)#
	90
(90-90)
	10
(10-10)
	-
	1.6 
(1.3-1.8)
	1000
	0.3

	T1
(Confined)
	10
(0.5-10)
	0
	175
(130-220)
	80
(25-120)
	-11.0 
(-13-0)
	500
	0.1

	T2
(Confined)
	3
(1-10)
	0
	290
(260-320)
	105
(80-110)
	-6.5 
(-10-1)
	500
	0.1


# Estimated range
[bookmark: _Toc308004728]Theoretical extent of SWI for current conditions
[bookmark: _Ref302133845]The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 33). The theoretical steady-state interface locations for the LeFevre Peninsula case study can be seen in Figure 27. The negative heads within both confined aquifers result in unstable conditions.
[bookmark: _Ref302729668][bookmark: _Toc337566510][bookmark: _Toc349670582]Table 33. Results indicating theoretical SWI extent for the LeFevre Peninsula case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Q1
(Unconfined)
	42
(26-60)#
	0.08
(0.06-0.10)
	0.04
(0.03-0.05)
	41
(26-59)

	T1
(Confined)
	Unstable
(Unstable-Unstable)
	NA
	NA
	Unstable
(Unstable-Unstable)

	T2
(Confined)
	Unstable
(Unstable-Unstable)
	NA
	NA
	Unstable
(Unstable-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref302133896][bookmark: _Toc337566430][bookmark: _Toc349670502]Figure 27. Approximation of the near coastal water table and interface locations for the LeFevre Peninsula
[bookmark: _Toc308004729]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 32, freshwater discharge to the sea q0 of around 90 ML/km/yr (for the Q1 aquifer) was calculated. Figure 28 shows wedge toe location xT and scaled wedge toe xT for a range of reduced q0 values for the Q1 unconfined aquifer.
[image: ]
[bookmark: _Ref302133944][bookmark: _Toc337566431][bookmark: _Toc349670503]Figure 28. Values of xT and xT for a range of q0 values for the LeFevre Peninsula Q1 unconfined aquifer
The impact of future extraction on SWI extent in the confined aquifers cannot be analysed as they are theoretically unstable at current levels of extraction.

[bookmark: _Toc300586030][bookmark: _Toc337566378]C.5 Adelaide Metropolitan, South Australia
[bookmark: _Toc308004730]Conceptualisation and parameterisation
Hydrogeological parameters for the coastal fringe of the Adelaide Metro case study area are shown in Table 34. A detailed description of the system is given by Zulfic et al. (2008).
For the purposes of the mathematical analysis it is assumed that extraction occurs in the coastal fringe, and has therefore been incorporated into the net recharge parameter.
[bookmark: _Ref302134759][bookmark: _Toc308004731][bookmark: _Toc337566511][bookmark: _Toc349670583]Table 34. Hydrogeological parameters for the Adelaide Metro case study
	Aquifer
	K
(m/d)
	Wnet
(m/d)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	T1
(Confined)
	2.5
(0.1-10)#
	0
	175
(130-220)
	80
(25-120)
	-10.0 
(-24-6.5)
	5000
	0.1

	T2
(Confined)
	3
(1-10)
	0
	290
(260-320)
	105
(80-110)
	3.8 
(2-6)
	5000
	0.1


# Estimated range
[bookmark: _Toc308004732]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 35).
The theoretical steady-state interface locations for the Adelaide Metro case study can be seen in Figure 29. It was found that the interface was theoretically unstable for both of the confined aquifers. 
[bookmark: _Ref302134798][bookmark: _Toc308004733][bookmark: _Toc337566512][bookmark: _Toc349670584]Table 35. Results indicating theoretical SWI extent for the Adelaide Metro case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	T1
(Confined)
	Unstable
(Unstable-Unstable)#
	NA
	NA
	Unstable
(Unstable-Unstable)

	T2
(Confined)
	Unstable
(7469-Unstable)
	NA
	NA
	Unstable
(23704-Unstable)


#Calculated range


[bookmark: _Ref302134848][image: ]
[bookmark: _Ref302728968][bookmark: _Toc337566432][bookmark: _Toc349670504]Figure 29. Approximation of the near coastal water table and interface locations for the Adelaide Metro case study
[bookmark: _Toc308004734]Theoretical extent of SWI under future extraction scenarios
The impact of future extraction on SWI extent in the confined aquifers cannot be analysed, as they are theoretically unstable at current levels of extraction.


[bookmark: _Toc337566379]C.6 Werribee, Victoria
[bookmark: _Toc308004735]Conceptualisation and parameterisation
The Werribee case study is located in the Werribee Irrigation District, which is bordered to the south-east by Port Phillip Bay. The aquifer in the Werribee Irrigation District is a shallow unconfined system within alluvial sediments and volcanics, as found in the Werribee River Delta. Irrigation water is supplied through a system of concrete lined open channels (with water sourced from the Werribee River, upstream of the tidal limit) supplemented in recent years by treated waste water. Irrigation water is also sourced from privately operated bores, which extract water from the aquifer. 
Hydrogeological parameters for the coastal fringe of the Werribee case study are shown in Table 36. For the purposes of the mathematical analyses it is assumed that extraction is occurring in the coastal fringe and has therefore been incorporated into the net recharge parameter, along with recharge from irrigation and rainfall. A cross-section perpendicular to the coast has been used for this analysis and therefore SWI due to the Werribee River has not been considered here. 
[bookmark: _Ref302649927][bookmark: _Toc308004736][bookmark: _Toc337566513][bookmark: _Toc349670585]Table 36. Hydrogeological parameters for Werribee case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Unconfined
	5
(0.6-23)#
	85
	20
(15-22)
	-
	7 
(4-9)
	2500
	0.2


# Estimated range
[bookmark: _Toc308004737]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 37). The theoretical steady-state interface locations for the Werribee case study can be seen in Figure 30.
[bookmark: _Ref302649329][bookmark: _Toc308004738][bookmark: _Toc337566514][bookmark: _Toc349670586]Table 37. Results indicating theoretical SWI extent for the Werribee case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Unconfined
	42
(5-129)#
	0.03
(0.01-0.07)
	0.02
(0.00-0.03)
	56
(5-189)


# Calculated range


[image: ]
[bookmark: _Ref302651657][bookmark: _Toc337566433][bookmark: _Toc349670505]Figure 30. Approximation of the near coastal water table and interface locations for the Werribee case study
[bookmark: _Toc308004739]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 36, freshwater discharges to the sea q0 of around 220 ML/km/yr were calculated. A minimum discharge of around 40 ML/km/yr is required for stable conditions. Figure 31 shows the wedge toe location xT and scaled wedge toe xT under a range of reduced q0 values, as might occur under increased extraction.
[image: ]
[bookmark: _Ref302651728][bookmark: _Toc337566434][bookmark: _Toc349670506]Figure 31. Values of xT and xT for a range of q0 values for the Werribee unconfined aquifer


[bookmark: _Toc337566380]C.7 Point Nepean, Victoria
[bookmark: _Toc308004740]Conceptualisation and parameterisation
The Point Nepean case study is located in South East Melbourne, adjacent to Port Phillip Bay, and is heavily urbanised. Fresh groundwater occurs as a freshwater lens at this site. Hydrogeological parameters for the Point Nepean case study are shown in Table 38. For the purposes of the mathematical analyses extraction volumes have been incorporated into the net recharge parameter. For simplicity it has been assumed that water levels and density in Port Phillip Bay are the same as the ocean.
[bookmark: _Ref303763165][bookmark: _Toc308004741][bookmark: _Toc337566515][bookmark: _Toc349670587]Table 38. Hydrogeological parameters for the Point Nepean case study
	Aquifer
	K
(m/d)
	Wnet
(m/d)
	a
(m)
	n
(-)
	hb
(m)
	xb
(m)

	Freshwater lens
	20
	40
	4500
	0.3
	1.5
	1700


[bookmark: _Toc308004742]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the maximum freshwater thickness and freshwater volume under current conditions (Table 39). The theoretical steady-state interface location for the Point Nepean case study can be seen in Figure 32.
[bookmark: _Ref303763616][bookmark: _Toc337566516][bookmark: _Toc349670588]Table 39. Results indicating theoretical SWI extent for the Point Nepean case study
	Aquifer
	hmax
(m)
	Vf
(m2)

	Freshwater lens
	67
	143000




[image: ]
[bookmark: _Ref303763666][bookmark: _Toc337566435][bookmark: _Toc349670507]Figure 32. Approximation of the near coastal water table and interface locations for the Point Nepean case study
[bookmark: _Toc308004743]Theoretical extent of SWI under predevelopment and future extraction scenarios
For parameters in Table 38, freshwater discharge to the sea q0 of around 180 ML/km/yr was calculated. Figure 33 shows maximum freshwater thickness hmax for a range of q0 values as might occur under increased extraction. By way of comparison, under predevelopment conditions, an assumed net recharge of 220 mm/yr gives a hmax of around 160 m and a q0 of around 1000 ML/km/yr.
[image: ]
[bookmark: _Ref303763863][bookmark: _Toc337566436][bookmark: _Toc349670508]Figure 33. Values of hmax for a range of q0 values for the Point Nepean freshwater lens


[bookmark: _Toc337566381]C.8 Bowen, Queensland
Conceptualisation and parameterisation
Hydrogeological parameters for the coastal fringe of the Bowen case study, at Queens Beach, are shown in Table 40. For the purposes of the mathematical analyses it is assumed that all extraction occurs inland of the inland boundary, at 1 km from the coast.
[bookmark: _Toc337566517][bookmark: _Toc349670589]Table 40. Hydrogeological parameters for the Bowen case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Unconfined
	100
(0.1-100)#
	40
(10-70)
	20
(15-25)
	0.8
(0.2-2.5)
	1000
	0.1


# Estimated range
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table40). The theoretical steady-state interface locations for the Bowen case study can be seen in Figure 34.
[bookmark: _Toc337566518][bookmark: _Toc349670590]Table 41. Results indicating theoretical SWI extent for the Bowen case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Unconfined
	441
(3-Unstable)#
	0.08
(0.00-9.71)
	0.04
(0.00-1.00)
	291
(1-Unstable)


# Calculated range


[image: ]
[bookmark: _Toc337566437][bookmark: _Toc349670509]Figure 34. Approximation of the near coastal water table and interface locations for the Bowen case study
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 40, freshwater discharge to the sea q0 of around 430 ML/km/yr was calculated. A minimum discharge of around 125 ML/km/yr is required for stable conditions. Figure 35 shows wedge toe location xT in the unconfined aquifer for a range of reduced q0 values as might occur due to increases in extraction. 
[image: ]
[bookmark: _Toc337566438][bookmark: _Toc349670510]Figure 35. Values of xT and xT for a range of q0 values for the Bowen unconfined aquifer


[bookmark: _Toc337566382]C.9 North Stradbroke Island, Queensland
Conceptualisation and parameterisation
Hydrogeological parameters for the eastern and western side of North Stradbroke Island are shown in Table 42. Groundwater levels on the eastern and western sides of the island differ significantly and separate analyses were carried out for both sides. Extraction information was not available for North Stradbroke Island. For the purposes of the mathematical analyses it is assumed that there is no extraction within 500 m of the coastline. 
[bookmark: _Toc337566519][bookmark: _Toc349670591]Table 42. Hydrogeological parameters for the North Stradbroke Island (eastern side) case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Unconfined (eastern side)
	3
(0.5-5)#
	340
	40
(10-60)
	6
(5.5-7)
	500
	0.3

	Unconfined (western side)
	50
(1-155)
	340
	40
(10-60)
	22
(21-24)
	500
	0.3


# Estimated range
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 43). The theoretical steady-state interface locations for the North Stradbroke Island case study can be seen in Figure 36.
[bookmark: _Toc337566520][bookmark: _Toc349670592]Table 43. Results indicating theoretical SWI extent for the North Stradbroke case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Unconfined (eastern side)
	37
(2-72)#
	0.04
(0.01-0.15)
	0.02
(0.00-0.08)
	149
(2-431)

	Unconfined (western side)
	9
(1-16)
	0.00
(0.00-0.01)
	0.00
(0.00-0.00)
	37
(1-96)


# Calculated range


[image: ]
[bookmark: _Toc337566439][bookmark: _Toc349670511]Figure 36. Approximation of the near coastal water table and interface locations for the North Stradbroke Island (eastern side) case study
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 42 freshwater discharge to the sea q0 of around 610 ML/km/yr was calculated for the eastern side of the island. A minimum discharge of around 125 ML/km/yr is required for stable conditions. Figure 37 shows wedge toe location xT in the unconfined aquifer for a range of q0 values as might occur due to increased extraction. 
[image: ]
[bookmark: _Toc337566440][bookmark: _Toc349670512]Figure 37. Values of xT and xT for a range of q0 values for the North Stradbroke Island (eastern side) unconfined aquifer

[bookmark: _Toc337566383]C.10 Pioneer Valley, Queensland
[bookmark: _Toc308004752]Conceptualisation and parameterisation
Hydrogeological parameters for the Pioneer Valley are shown in Table 44. For the purposes of the mathematical analysis it is assumed that there is no extraction within 2 km of the coastline. The Pioneer Valley is a macro-tidal environment with tidal over-height of around 0.8 m (H Carey, Geoscience Australia, 2012, pers. comm.). A tidal over-height reduces the hydraulic head in the aquifer, which increases SWI. Analysis of the Pioneer Valley case study area was carried out with and without tidal over-height in this section.
[bookmark: _Ref303764563][bookmark: _Toc308004753][bookmark: _Toc337566521][bookmark: _Toc349670593]Table 44. Hydrogeological parameters for the Pioneer Valley case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Unconfined
	160
(60-200)#
	110
	30
(25-40)
	3.2
(1.6-4.8)
	1600
	0.1

	Unconfined
(with tidal over-height)
	160
(60-200)#
	110
	30.8
(25.8-40.8)
	2.4
(0.8-4.0)
	1600
	0.1


# Estimated range
[bookmark: _Toc308004754]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI  under current conditions (Table 45). Incorporation of the tidal over-height resulted in xT that is 90 m larger than the value without tidal over-height (for the base case parameter set). The theoretical steady-state interface location for the Pioneer Valley case study (without tidal over-height) can be seen in Figure 38.
[bookmark: _Ref304810185][bookmark: _Toc337566522][bookmark: _Toc349670594]Table 45. Results indicating theoretical SWI extent for the Pioneer Valley case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Unconfined
	201
(99-708)#
	0.01
(0.00-0.20)
	0.01
(0.00-0.10)
	240
(99-1124)

	Unconfined
(with tidal over-height)
	291
(125-Unstable)#
	0.03
(0.01-1.4)
	0.01
(0.00-1.0)
	357
(129-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref308017126][bookmark: _Toc337566441][bookmark: _Toc349670513]Figure 38. Approximation of the near coastal water table and interface locations for the Pioneer Valley case study
[bookmark: _Toc308004755]Theoretical extent of SWI under future extraction scenarios
Here tidal over-height is not considered. For parameters in Table 44, freshwater discharge to the sea q0 of around 3400 ML/km/yr was calculated. Figure 39 shows wedge toe location xT for a range of q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref304810465][bookmark: _Toc337566442][bookmark: _Toc349670514]Figure 39. Values of xT and xT for a range of q0 values for the Pioneer Valley unconfined aquifer


[bookmark: _Toc337566384]C.11 Burdekin, Queensland
[bookmark: _Toc308004756]Conceptualisation and parameterisation
Conceptualisation and parameterisation of the Burdekin case study area was very difficult because there were few water level observation bores located away from estuaries. A site within the lower Burdekin Delta and approximately 850 m from the Burdekin River was selected. Hydrogeological parameters for the Burdekin case study are shown in Table 46. For the purposes of the mathematical analysis it is assumed that there is no extraction within 1 km of the coastline. 
[bookmark: _Toc337566523][bookmark: _Toc349670595]Table 46. Hydrogeological parameters for the Burdekin case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Unconfined
	50
(10-200)#
	100
	38
(30-45)
	0.4
(-0.6-2.6)
	850
	0.3


# Estimated range
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within the unconfined aquifer, under current conditions (Table 47). It can be seen that the interface is unstable, suggesting active inland movement of the interface. 
[bookmark: _Toc337566524][bookmark: _Toc349670596]Table 47. Results indicating theoretical SWI extent for the Burdekin case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Unconfined
	Unstable
(141-Unstable)#
	3.52
(0.01-4.93)
	1.0
(0.0-1.0)
	Unstable
(418-Unstable)


# Calculated range
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 46 freshwater discharge to the sea q0 of around 150 ML/km/yr was calculated for the case study location. The minimum freshwater discharge for a stable interface was calculated to be 260 ML/km/yr. 


[bookmark: _Toc337566385]C.12 Burnett Heads (Moore Park), Queensland
[bookmark: _Toc308004761]Conceptualisation and parameterisation
Hydrogeological parameters for the Burnett Heads case study, at Moore Park, are shown in Table 48. For the purposes of the mathematical analysis only the unconfined Elliot Formation aquifer is considered at this site, and it is assumed that there is no extraction within 1.5 km of the coastline. 
[bookmark: _Ref304816956][bookmark: _Toc308004762][bookmark: _Toc337566525][bookmark: _Toc349670597]Table 48. Hydrogeological parameters for the Burnett Heads (Moore Park) case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Elliot Formation
(Unconfined)
	100
(10-1000)#
	90
(60-90)
	15
(12-18)
	0.8
(0.2-2.2)
	750
	0.3


# Estimated range
[bookmark: _Toc308004763]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 49). The theoretical steady-state interface location can be seen in Figure 40.
[bookmark: _Ref304880338][bookmark: _Toc337566526][bookmark: _Toc349670598]Table 49. Results indicating theoretical SWI extent for the Burnett Heads (Moore Park) case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Elliot Formation
(Unconfined)
	216
(41-Unstable)
	0.08
(0.00-5.03)
	0.04
(0.00-1.00)
	322
(49-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref308017207][bookmark: _Toc337566443][bookmark: _Toc349670515]Figure 40. Approximation of the near coastal water table and interface locations for the Burnett Heads (Moore Park) case study
[bookmark: _Toc308004764]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 48, freshwater discharge to the sea q0 of around 500 ML/km/yr was calculated and the minimum q0 for stable interface conditions was 140 ML/km/yr. Figure 41 shows wedge toe location xT in the unconfined aquifer for a range of q0 values as might occur due to increases in extraction. 
[image: ]
[bookmark: _Ref304881312][bookmark: _Toc337566444][bookmark: _Toc349670516]Figure 41. Values of xT and xT for a range of q0 values for the Burnett Heads (Moore Park) unconfined aquifer


[bookmark: _Toc337566386]C.13 Burnett Heads (Bargara), Queensland
[bookmark: _Toc308004765]Conceptualisation and parameterisation
Hydrogeological parameters for the Burnett Heads (Bargara) case study are shown in Table 50. For the purposes of the mathematical analysis it is assumed that there is no extraction within 1 km of the coast. 
[bookmark: _Ref304883415][bookmark: _Toc308004766][bookmark: _Toc337566527][bookmark: _Toc349670599]Table 50. Hydrogeological parameters for Burnett Heads (Bargara)
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Elliot Formation
(Unconfined)
	100
(10-1000)#
	90
(60-90)
	15
(12-18)
	-
	0.9
(0.2-1.6)
	200
	0.3

	Fairymead Beds
(Confined)
	50
(10-100)
	0
	70
(65-80)
	29
(28-30)
	0.4
(0.2-1.1)
	200
	0.3


# Estimated range
[bookmark: _Toc308004767]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 51). The theoretical steady-state interface locations for the Burnett Heads (Bargara) case study can be seen in Figure 42.
[bookmark: _Ref304883746][bookmark: _Toc308004768][bookmark: _Toc337566528][bookmark: _Toc349670600]Table 51. Results indicating theoretical SWI extent for Burnett Heads (Bargara)
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Elliot Formation
(Unconfined)
	52
(19-Unstable)#
	0.00
(0.00-4.75)
	0.00
(0.00-Unstable)
	78
(23-Unstable)

	Fairymead Beds
(Confined)
	Unstable
(2222-Unstable)
	NA
	NA
	Unstable
(6667-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref304883876][bookmark: _Toc337566445][bookmark: _Toc349670517]Figure 42. Approximation of the near coastal water table and interface locations for the Burnett Heads (Bargara) case study
[bookmark: _Toc308004769]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 50, freshwater discharges to the sea q0 of around 2000 ML/km/yr (for the Elliot Formation aquifer) and 700 ML/km/yr (for the Fairymead Beds aquifer), were calculated. Figure 43 shows the wedge toe location xT and scaled wedge toe xT under a range of q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref304884839][bookmark: _Toc337566446][bookmark: _Toc349670518]Figure 43. Values of xT and xT for a range of q0 values for the Burnett Heads (Bargara) Elliot Formation unconfined aquifer

[bookmark: _Toc337566387]C.14 Perth (Whitfords), Western Australia
[bookmark: _Toc308004770]Conceptualisation and parameterisation
The Perth (Whitfords) case study is located in metropolitan Perth and is heavily urbanised. Hydrogeological parameters for the coastal fringe of the Perth (Whitfords) case study area are shown in Table 52. For the purposes of the mathematical analysis it is assumed that extraction occurs in the coastal fringe, and has therefore been incorporated into the net recharge parameter. 
[bookmark: _Ref302571635][bookmark: _Toc308004771][bookmark: _Toc337566529][bookmark: _Toc349670601]Table 52. Hydrogeological parameters for the Perth (Whitfords) case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial (Unconfined)
	15
(8-50)#
	30
	75
(50-100)
	-
	3.5
(2.2-4.5)
	3500
	0.2

	Leederville (Confined)
	1
(0.1-10)
	0
	275
(250-300)
	175
(150-200)
	4.2
(-5-7)
	3500
	0.1

	Yarragadee (Confined)
	2
(1-3)
	0
	1750
(1650-1850)
	1500
(1450-1550)
	17
(-21-30)
	4500
	0.1


# Estimated range
[bookmark: _Toc308004772]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to calculate the theoretical extent of SWI within each aquifer, under current conditions (Table 53). The theoretical steady-state interface locations for the Perth (Whitfords) case study can be seen in Figure 44.
[bookmark: _Ref304885059][bookmark: _Ref315182433][bookmark: _Toc337566530][bookmark: _Toc349670602]Table 53. Results indicating theoretical SWI extent for the Perth (Whitfords) case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial (Unconfined)
	1138
(430-Unstable)#
	0.18
(0.03-1.24)
	0.10
(0.01-1.00)
	5574
(1415-Unstable)

	Leederville (Confined)
	23181
(2500-Unstable)
	NA
	NA
	135221
(12500-Unstable)

	Yarragadee (Confined)
	54759
(8935-Unstable)
	NA
	NA
	2737966
(457294-Unstable)


# Calculated range


[bookmark: _Ref302575540][image: ]
[bookmark: _Toc337566447][bookmark: _Toc349670519]Figure 44. Approximation of the near coastal water table and interface locations for the Perth (Whitfords) case study
[bookmark: _Toc308004773]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 52, freshwater discharges to the sea q0 of around 350 ML/km/yr, 6 ML/km/yr and 375 ML/km/yr for the Superficial, Leederville and Yarragadee aquifers, respectively, were calculated. Figure 45 and Figure 46 show the wedge toe location xT (and scaled wedge toe xT for the Superficial aquifer) under a range of q0 values, as might occur under increased extraction. For example, for a reduction in q0 of 25%, the change in theoretical wedge toe location is 450 m, 7750 m and 18000 m for the Superficial, Leederville and Yarragadee aquifers, respectively.
[image: ]
[bookmark: _Ref302575516][bookmark: _Toc337566448][bookmark: _Toc349670520]Figure 45. Values of xT and xT for a range of q0 values for the Perth (Whitfords) Superficial unconfined aquifer
[image: ]
[bookmark: _Ref302640408][bookmark: _Toc337566449][bookmark: _Toc349670521]Figure 46. Values of xT for a range of q0 values for the Perth (Whitfords) Leederville and Yarragadee confined aquifers


[bookmark: _Toc337566388]C.15 Perth (Cottesloe), Western Australia
Conceptualisation and parameterisation
The Perth (Cottesloe) case study is located in metropolitan Perth, and is heavily urbanised. Fresh groundwater occurs as a freshwater lens within a peninsula that is approximately 2 km wide and is bordered by the Indian Ocean and the Swan estuary. Hydrogeological parameters for the site are shown in Table 54. For the purposes of the mathematical analysis extraction volumes have been incorporated into the net recharge parameter. For simplicity it has been assumed that water levels and density in the Swan River estuary are the same the ocean.
[bookmark: _Toc337566531][bookmark: _Toc349670603]Table 54. Hydrogeological parameters for the Perth (Cottesloe) case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	a
(m)
	n
(-)
	hb
(m)
	xb
(m)

	Freshwater lens 
	150
	35
	1000
	0.3
	0.2
	1000


Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the maximum freshwater thickness and freshwater volume under current conditions (Table 55). The theoretical steady-state interface location can be seen in Figure 47.
[bookmark: _Toc337566532][bookmark: _Toc349670604]Table 55. Results indicating theoretical SWI extent for the Perth (Cottesloe) case study
	Aquifer
	hmax
(m)
	Vf
(m2)

	Freshwater lens
	5.1
	2412




[image: ]
[bookmark: _Toc337566450][bookmark: _Toc349670522]Figure 47. Approximation of the near coastal water table and interface locations for the Perth (Cottesloe) case study
Theoretical extent of SWI under predevelopment and future extraction scenarios
For parameters in Table 54 freshwater discharge to the sea q0 of around 35 ML/km/yr was calculated. Figure 48 shows maximum freshwater thickness hmax for a range of q0 values, as might occur due to increases in extraction. For predevelopment conditions a rainfall recharge of Wnet = 120 mm/yr can be assumed. Under these conditions, hmax = 9.5 m, Vfw = 4500 m2 and q0 = 120 ML/km/yr. 
[bookmark: _Toc337566451][image: ]
[bookmark: _Toc349670523]Figure 48. Values of hmax for a range of q0 values for the Cottesloe peninsula freshwater lens


[bookmark: _Toc337566389]C.16 Rottnest Island, Western Australia
[bookmark: _Toc308004778]Conceptualisation and parameterisation
Rottnest Island is located 18km from the coast of Western Australia, near Fremantle. It is a popular tourist destination. Fresh groundwater is present as a lens in the area of Wadjemup Hill, at the centre of the island. While this lens was used to supplement rainwater since the 1970s, a desalination plant has also been in operation since 1995. The lens has been conceptualised as an elongated lens. Approximate dimensions are 3 km from north-east to south-west and 1 km wide. Little recent information relating to extraction and use of the water resources for Rottnest Island was available. Information from Leech (1976) has been used for conceptualisation of the system and to estimate lens dimensions. Hydrogeological parameters are shown in Table 56. Extraction information was not available for this study and extraction volumes have been incorporated into the net recharge parameter. 
[bookmark: _Ref308017530][bookmark: _Toc308004779][bookmark: _Ref308017703][bookmark: _Toc337566533][bookmark: _Toc349670605]Table 56. Hydrogeological parameters for the Rottnest Island case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	a
(m)
	b
(m)
	n
(-)
	hb
(m)
	xb
(m)
x-axis

	Elongated freshwater lens
	10
	120
	1500
	500
	0.3
	0.35
	500


[bookmark: _Toc308004780]Theoretical extent of SWI for current conditions
[bookmark: _Ref308017579][bookmark: _Toc337566534][bookmark: _Toc349670606]The above hydrogeological parameters were used to estimate the maximum freshwater thickness and freshwater volume under current conditions (Table 57). The theoretical steady-state interface location for the Rottnest Island case study can be seen in Figure 49. The interfaces along both the x axis and y axis are shown. The y axis represents the longer north-east to south-west axis of the lens. 
Table 57. Results indicating theoretical SWI extent for the Rottnest Island case study
	Aquifer
	hmax
(m)
	Vf
(m3)

	Freshwater lens
	17
	8.2 E6




[image: ]
[bookmark: _Ref308017666][bookmark: _Ref308017615][bookmark: _Toc337566452][bookmark: _Toc349670524]Figure 49. Approximation of the near coastal water table and interface locations for the Rottnest Island case study
[bookmark: _Toc308004781]Theoretical extent of SWI under predevelopment and future extraction scenarios
Extraction has been incorporated into the net recharge value in Table 56. The extraction estimate is from Leech (1976), as more recent information was not available. This net recharge value was constrained using water levels for an observation well near to the centre of the lens (i.e., using hb in Table 56). 
If an increase in extraction resulted in a halving of the Wnet value in Table 56, the value of hmax would reduce to 12 m, representing a reduction in freshwater volume of about 2 GL.


C.17 Esperance, Western Australia
[bookmark: _Toc308004782]Conceptualisation and parameterisation
Esperance is located on the southern coast of Australia in the south eastern corner of Western Australia, approximately 600 km east-southeast of Perth. Hydrogeological parameters for the Esperance case study are shown in Table 58. For the purposes of the mathematical analyses it is assumed that there is no extraction within 1.6 km of the coast. 
[bookmark: _Ref308069165][bookmark: _Toc308004783][bookmark: _Toc337566535][bookmark: _Toc349670607]Table 58. Hydrogeological parameters for the Esperance case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial / Pallinup  (Unconfined)
	20
(2-40)#
	15
(1-30)
	20
(10-30)
	-
	0.8
(0.1-3)
	1600
	0.1

	Werrilup (Confined)
	10
(8-12)
	0
	32
(18-46)
	10
(0.1-33)
	0.5
(0.5-0.7)
	300
	0.3


# Estimated range
[bookmark: _Toc308004784]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 59). The theoretical steady-state interface locations for the Esperance case study can be seen in Figure 50. 
[bookmark: _Ref308069193][bookmark: _Toc308004785][bookmark: _Toc337566536][bookmark: _Toc349670608]Table 59. Results indicating theoretical SWI extent for the Esperance case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial/ Pallinup (Unconfined)
	635
(24-Unstable)#
	0.28
(0.00-55.9)
	0.15
(0.00-1.00)
	410
(8-Unstable)

	Werrilup Formation
(Confined)
	Unstable
(1-Unstable)
	NA
	NA
	Unstable
(0-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref308069255][bookmark: _Toc337566453][bookmark: _Toc349670525]Figure 50. Approximation of the near coastal water table and interface locations for the Esperance case study
[bookmark: _Toc308004786]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 58, freshwater discharge to the sea q0 of around 65 ML/km/yr for the Superficial/Pallinup unconfined aquifer was calculated, where the minimum q0 for stable conditions is 35ML/km/yr. Figure 51 shows the wedge toe location xT and scaled wedge toe xT for a range of q0 values, as might occur under increased extraction. The impact of future extraction on SWI extent in the confined aquifer cannot be analysed, as it is theoretically unstable at current levels of extraction. 
[image: ]
[bookmark: _Ref308069279][bookmark: _Toc337566454][bookmark: _Toc349670526]Figure 51. Values of xT and xT for a range of q0 values for the Esperance unconfined aquifer

[bookmark: _Toc337566391]C.18 Albany (Ocean side), Western Australia
[bookmark: _Toc308004787]Conceptualisation and parameterisation
The Albany groundwater resources underlie a peninsula that has the Princess Royal Harbour to the north and the Indian Ocean to the south. The peninsula is approximately 5 km wide. The hydrogeology in the Albany region is highly complex and differs between the coastal side and harbour side of the peninsula. For the purpose of conceptualisation, the geology in close proximity to observation bores (used to estimate heads for the mathematical analysis) was used. For the coastal side of the peninsula, the Superficial, Pallinup and Werrilup Formation Sand aquifers are conceptualised as a single unconfined aquifer system. The Superficial clay and Werillup Formation clay aquitards are assumed not to be present. Hydrogeological parameters for the coastal side are shown in Table 60. It is assumed that there is no extraction within 1.5 km of the coastline. 
[bookmark: _Ref308069455][bookmark: _Toc308004788][bookmark: _Toc337566537][bookmark: _Toc349670609]Table 60. Hydrogeological parameters for the Albany (Ocean side) case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial/ Pallinup/ Werrilup
	5
(1-50)#
	160
	20
(15-25)
	6
(-0.7-8)
	1500
	0.1


# Estimated range
[bookmark: _Toc308004789]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 61). The theoretical steady-state interface locations for the Albany (ocean side) case study can be seen in Figure 52.
[bookmark: _Ref308069469][bookmark: _Toc337566538][bookmark: _Toc349670610]Table 61. Results indicating theoretical SWI extent for the Albany (Ocean side) case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial/ Pallinup/ Werrilup
	34
(7 – Unstable)#
	0.04
(0.01-2.77)
	0.02
(0.00-1.00)
	22
(4-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref308069427][bookmark: _Toc337566455][bookmark: _Toc349670527]Figure 52. Approximation of the near coastal water table and interface locations for the Albany (ocean side) case study
[bookmark: _Toc308004790]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 61, freshwater discharge to the sea q0 of around 280 ML/km/yr was calculated. The minimum q0 for stable interface conditions was calculated to be 55 ML/km/yr. Figure 53 shows wedge toe location xT and scaled wedge toe xT for a range of q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref308069402][bookmark: _Toc337566456][bookmark: _Toc349670528]Figure 53. Values of xT and xT for a range of q0 values for the Albany (Ocean side) unconfined aquifer


[bookmark: _Toc337566392]C.19 Albany (Harbour side), Western Australia
[bookmark: _Toc308004791]Conceptualisation and parameterisation
For the harbour side of the Albany peninsula, the Superficial unconfined aquifer overlies the Superficial clay aquitard. The Werillup Formation Clay is assumed absent and the Pallinup Basal Middle Sands and Werillup Formation Sand are conceptualised as a single confined system. Hydrogeological parameters for the coastal side are shown in Table 62. It is assumed that there is no extraction within 0.8 km of the coastline. 
[bookmark: _Ref308069562][bookmark: _Toc337566539][bookmark: _Toc349670611]Table 62. Hydrogeological parameters for the Albany (Harbour side) case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yy)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial (Unconfined)
	5
(2-60)#
	160
	5
(5-10)
	-
	2
(1.7-5.5)
	250
	0.1

	Pallinup/ Werrilup (Confined)
	5
	0
	25
	20
	1.8
(-5-3.3)
	800
	0.1


# Estimated range
[bookmark: _Toc308004792]Theoretical extent of SWI for current conditions
[bookmark: _Ref308069574][bookmark: _Toc337566540]The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 63). The theoretical steady-state interface locations for the Albany (Harbour side) case study can be seen in Figure 52. 
[bookmark: _Toc349670612]Table 63. Results indicating theoretical SWI extent for the Albany (Harbour side) case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial (Unconfined)
	6
(2-19)
	0.02
(0.00-0.06)
	0.01
(0.00-0.03)
	2
(1-13)

	Pallinup/ Werrilup (Confined)
	140
(17–Unstable)
	NA
	NA
	94
(3-Unstable)


# Calculated range


[image: ]
[bookmark: _Ref308069631][bookmark: _Toc337566457][bookmark: _Toc349670529]Figure 54. Approximation of the near coastal water table and interface locations for the Albany (Harbour side) case study
[bookmark: _Toc308004793]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 62, freshwater discharges to the sea q0 of around 100 ML/km/yr and 65 ML/km/yr for the Superficial and Pallinup/ Werrilup aquifers, respectively, were calculated. For the Superficial aquifer, the minimum q0 required for stable conditions was calculated as 15 ML/km/yr. For the confined Pallinup/ Werrilup aquifers, Figure 55 shows the wedge toe location xT under a range of reduced values of q0, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref308069691][bookmark: _Toc337566458][bookmark: _Toc349670530]Figure 55. Values of xT for a range of q0 values for the Albany (Harbour side) confined aquifer
[bookmark: _Toc337566393]
C.20 Busselton, Western Australia
[bookmark: _Toc308004794]Conceptualisation and parameterisation
Hydrogeological parameters for the coastal fringe of the Busselton case study area are shown in Table 64. The geology is complex in this region and there a large range of values for the base of the confined aquifer. For the purposes of the mathematical analyses it is assumed that all extraction occurs inland of the inland boundary, at 4.3 km from the coast.
[bookmark: _Ref306805798][bookmark: _Toc308004795][bookmark: _Toc337566541][bookmark: _Toc349670613]Table 64. Hydrogeological parameters for the Busselton case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial
(Unconfined)
	2
(0.5-5)#
	30
(10-60)
	10
	-
	6.0
(2.5-7.5)
	1500
	0.2

	Leederville
(Confined)
	1
(0.2-2)
	0
	80
(20-100)
	65
(25-105)
	7
(5-8.7)
	4300
	0.1


# Estimated range
[bookmark: _Toc308004796]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 65). The theoretical steady-state interface locations for the Busselton case study can be seen in Figure 56.
[bookmark: _Ref306806179][bookmark: _Toc308004797][bookmark: _Toc337566542][bookmark: _Toc349670614]Table 65. Results indicating theoretical SWI extent for the Busselton case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial
(Unconfined)
	16
(4-59)#
	0.02
(0.00-0.05)
	0.01
(0.00-0.02)
	10
(3-39)

	Leederville
(Confined)
	600
(158-1480)
	NA
	NA
	1302
(132-5181)


# Calculated range


[image: ]
[bookmark: _Ref306806212][bookmark: _Toc337566459][bookmark: _Toc349670531]Figure 56. Approximation of the near coastal water table and interface locations for the Busselton case study
[bookmark: _Toc308004798]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 64, freshwater discharge to the sea q0 of around 60 ML/km/yr was calculated for the unconfined aquifer (a minimum value of 8 ML/km/yr was calculated as being required for stable conditions) and 32 ML/km/yr for the confined aquifer. Figure 57 and Figure 58 show wedge toe location xT for the unconfined and confined aquifers, respectively, for a range of reduced values of q0, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref306806681][bookmark: _Toc337566460][bookmark: _Toc349670532]Figure 57. Values of xT and xT for a range of q0 values for the Busselton unconfined aquifer

[image: ]
[bookmark: _Ref306806667][bookmark: _Toc337566461][bookmark: _Toc349670533]Figure 58. Values of xT for a range of q0 values for the Busselton confined aquifer


[bookmark: _Toc337566394]C.21 Bunbury, Western Australia
[bookmark: _Toc308004799]Conceptualisation and parameterisation
Bunbury is located on the western coast of Australia approximately 120 km south of Perth within the Swan Coastal Plain. Hydrogeological parameters for the coastal fringe of the Bunbury case study area are shown in Table 66. Geology is very complex in this area. It is assumed that there is no extraction in the coastal fringe. 
[bookmark: _Ref308069995][bookmark: _Toc308004800][bookmark: _Toc337566543][bookmark: _Toc349670615]Table 66. Hydrogeological parameters for the Bunbury case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Superficial (Unconfined)
	10
(3-16)#
	30
(10-60)
	15
(10-20)
	-
	6.2
(5.6-6.6)
	3000
	0.2

	Yarragadee (Confined)
	20
	0
	400
(175-700)
	300
(175-500)
	3
(0.5-4.5)
	3000
	0.1


# Estimated range
[bookmark: _Toc308004801]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 67). The theoretical steady-state interface locations for the Bunbury case study can be seen in Figure 59. 
[bookmark: _Ref308070008][bookmark: _Toc337566544][bookmark: _Toc349670616]Table 67. Results indicating theoretical SWI extent for the Bunbury case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Superficial (Unconfined)
	59
(12-118)#
	0.02
(0.00-0.04)
	0.01
(0.00-0.02)
	59
(8-157)

	Yarragadee (Confined)
	675000*
(2838-Unstable)
	NA
	NA
	6750000*
(16554-Unstable)


*Here the interface extends beyond the inland boundary (at 3000 m inland) and therefore outside the region considered in the conceptualisation and parameterisation for this case study area. 
# Calculated range


[image: ]
[bookmark: _Ref308070076][bookmark: _Toc337566462][bookmark: _Toc349670534]Figure 59. Approximation of the near coastal water table and interface locations for the Bunbury case study
[bookmark: _Toc308004802]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 66, freshwater discharges to the sea q0 of around 180 ML/km/yr were calculated for the Superficial aquifer. Figure 60 shows wedge toe location xT and scaled wedge toe location xT for the Superficial aquifer for a range of reduced q0 (ML/km/yr) values, as might occur under increased extraction. For example, a reduction in q0 of 25% results in a 20 m increase in theoretical wedge toe location.
For the Yarragadee confined aquifer, a q0 of around 12 ML/km/yr was calculated. The toe is a large distance inland of the coastal fringe.
[image: ]
[bookmark: _Ref308070047][bookmark: _Toc337566463][bookmark: _Toc349670535]Figure 60. Values of xT and xT for a range of q0 values for the Bunbury Superficial unconfined aquifer
[bookmark: _Toc337566395]
C.22 Carnarvon, Western Australia
[bookmark: _Toc308004803]Conceptualisation and parameterisation
Carnarvon is located approximately 900 km north of Perth at the mouth of the Gascoyne River on the Indian Ocean. Hydrogeological parameters for the coastal fringe of the Carnarvon case study area are shown in Table 68. For the purposes of the mathematical analysis it is assumed that there is no extraction within 5 km of the coast, however production bore information could not be obtained for this case study area. 
[bookmark: _Ref308070321][bookmark: _Toc308004804][bookmark: _Toc337566545][bookmark: _Toc349670617]Table 68. Hydrogeological parameters for the Carnarvon case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Quarternary Riverbed Sand (Unconfined)
	150
(20-800)#
	25
	5
(0-7)
	-
	2.1
(0.2-5)
	5000
	0.2

	Alluvium (Confined)
	11
(1-120)
	0
	55
(45-65)
	45
(30-60)
	1
(-1.2-3.4)
	4200
	0.15


# Estimated range
[bookmark: _Toc308004805]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 69). The theoretical steady-state interface locations for the Carnarvon case study can be seen in Figure 61. 
[bookmark: _Ref308070349][bookmark: _Toc308004806][bookmark: _Toc337566546][bookmark: _Toc349670618]Table 69. Results indicating theoretical SWI extent for the Carnarvon case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Quarternary Riverbed Sand (Unconfined)
	89
(1-2249)#
	0.02
(0.00-0.76)
	0.01
(0.00-0.51)
	30
(0-911)

	Alluvium (Confined)
	9450*
(594-Unstable)
	NA
	NA
	21263*
(892-Unstable)


# Calculated range
*Here the interface extends beyond the inland boundary (at 4200 m inland) and therefore outside the region considered in the conceptualisation and parameterisation for this case study area.


[image: ]
[bookmark: _Ref308070291][bookmark: _Toc337566464][bookmark: _Toc349670536]Figure 61. Approximation of the near coastal water table and interface locations for the Carnarvon case study
[bookmark: _Toc308004807]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 68, freshwater discharges to the sea q0 of around 200 ML/km/yr and 1 ML/km/yr for the unconfined and confined aquifers, respectively, were calculated. Figure 62 shows the wedge toe location xT and scaled wedge toe xT under a range of reduced values of q0, as might occur under increased extraction. 
For the Older Alluvium confined aquifer, a q0 of approximately 10 ML/km/yr was calculated. The toe is a large distance inland of the coastal fringe.
[image: ]
[bookmark: _Ref308070259][bookmark: _Toc337566465][bookmark: _Toc349670537]Figure 62. Values of xT and xT for a range of q0 values for the Carnarvon unconfined aquifer
[bookmark: _Toc337566396]
C.23 Exmouth (Cape Range), Western Australia
[bookmark: _Toc308004808]Conceptualisation and parameterisation
Exmouth is located approximately 1300 km north of Perth on the eastern side of the Cape Range Peninsula. Hydrogeological parameters were determined for the Exmouth Town sub-area in the eastern coastal part of the Cape Range Peninsula, within 3km of the coast (Table 70). Groundwater flow is likely to be highly influenced by karstic features. It is assumed that no groundwater extractions occur within 2.5 km of the coast. Town water supply bores are located approximately 4 km from the coast and saline upconing has been reported, with seawater intrusion reported up to 5 km from the coast. This case study has been modelled as an unconfined aquifer setting with the intersection of the wedge and base of the Cape Range Group of limestone aquifers defining the wedge toe. In line with the hydrogeology cross-section presented by the Water and Rivers Commission (2000) the Exmouth case study has been conceptualised and analysed as an unconfined aquifer setting with the intersection of the wedge and base of the Cape Range Group of limestone aquifers defining the wedge toe. It is important to note however that the resource has also been described as a freshwater lens and for this reason a discussion of results using both conceptualisations is provided. 
[bookmark: _Ref308070483][bookmark: _Toc308004809][bookmark: _Toc337566547][bookmark: _Toc349670619]Table 70. Hydrogeological parameters for the Exmouth case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Cape Range Group
(Unconfined)
	150
(20-200)#
	25
	85
(50-120)
	0.7
(-1.5-1.4)
	2700
	0.1


# Estimated range.
[bookmark: _Toc308004810]Theoretical extent of SWI for current conditions
[bookmark: _Ref308070451][bookmark: _Ref316285741][bookmark: _Toc308004811][bookmark: _Toc337566548][bookmark: _Toc349670620]The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions and assuming an unconfined aquifer conceptualisation (Table 71). The interface was found to be unstable. A theoretically unstable interface means that a steady-state location cannot be calculated.
Table 71. Results indicating theoretical SWI extent for the Exmouth case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Cape Range Group
(Unconfined)
	Unstable
(1293-Unstable)#
	4.5
(0.04-18.2)
	1.00
(0.02-1.00)
	Unstable
(6238-Unstable)


# Calculated range
For a freshwater lens conceptualisation the theoretical maximum freshwater thickness at the centre of the peninsula was calculated to be about 45 m (i.e., the depth to the interface is about 43 m). At the bore field (about 4 km from the coast) the theoretical depth to the interface was calculated to be 34 m. 
[bookmark: _Toc308004812]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 70 and using an unconfined aquifer conceptualisation, freshwater discharges to the sea q0 of around 230 ML/km/yr were calculated, with a value of 500 ML/km/yr being required for theoretically stable interface conditions. A similar value for q0, of 250 ML/km/yr, is calculated using the freshwater lens conceptualisation. A value of 170 ML/km/yr is given by the Water and Rivers Commission (1999).


[bookmark: _Toc337566397]C.24 Broome, Western Australia
[bookmark: _Toc308004813]Conceptualisation and parameterisation
Broome is approximately 1700 km north-northeast of Perth in the southwest Kimberly region of Western Australia. Hydrogeological parameters for the coastal fringe of the Broome case study area are shown in Table 72. The unconfined aquifer in both the Cable Beach and Coconut Wells areas were considered. It is assumed that there is no extraction within 8 km of the coast. 
[bookmark: _Ref308070529][bookmark: _Toc308004814][bookmark: _Toc337566549][bookmark: _Toc349670621]Table 72. Hydrogeological parameters for the Broome case study aquifers
	Aquifer/
Area
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Broome Sandstone
(Unconfined)/
Cable Beach
	15
(8-25)#
	25
(20-30)
	200
(120-280)
	2.0
(0.2-4.5)
	1000
	0.1

	Broome Sandstone
(Unconfined)/
Coconut Wells
	15
(8-25)
	25
(20-30)
	200
(120-280)
	3.5
(3.2-6.0)
	2500
	0.1


# Estimated range
[bookmark: _Toc308004815]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 73). The theoretical steady-state interface location for the Cable Beach area can be seen in Figure 63. 
[bookmark: _Ref308070555][bookmark: _Toc308004816][bookmark: _Toc337566550][bookmark: _Toc349670622]Table 73. Results indicating theoretical SWI extent for the Broome case study areas
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Broome Sandstone
(Unconfined)/
Cable Beach
	7676
(2289-Unstable)#
	0.66
(0.12-43.65)
	0.42
(0.06-1.00)
	45988
(9044-Unstable)

	Broome Sandstone
(Unconfined)/
Coconut Wells
	5471
(1809-Unstable)
	0.42
(0.08-60.48)
	0.24
(0.04-1.00)
	34566
(6975-Unstable)


# Calculated range.


[image: ]
[bookmark: _Ref311270522][bookmark: _Ref308070587][bookmark: _Toc337566466][bookmark: _Toc349670538]Figure 63. Approximation of the near coastal water table and interface locations for the Broome, Cable Beach case study area
[bookmark: _Toc308004817]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 72, freshwater discharges to the sea q0 of around 580 ML/km/yr and 460 ML/km/yr were calculated for Cable Beach and Coconut Wells respectively. A minimum discharge value of around 370 ML/km/yr was calculated for both locations. Figure 64 shows wedge toe location xT and scaled wedge toe location xT for the Cable Beach area for a range of reduced q0 values, as might occur under increased extraction. For example, for the Cable Beach area a reduction in q0 of 15% results in a 3.5 km increase in wedge toe location and an 18% reduction results in unstable conditions. Although not shown here, it was found that a 35% decrease in q0 resulted in unstable conditions in the Coconut Wells area.
[image: ]
[bookmark: _Ref308173689][bookmark: _Toc337566467][bookmark: _Toc349670539]Figure 64. Values of xT and xT for a range of q0 values for the Broome, Cable Beach unconfined aquifer
C.25 Derby, Western Australia
[bookmark: _Toc308004818]Conceptualisation and parameterisation
Hydrogeological parameters for the coastal fringe of the Derby case study area are shown in Table 74. The conceptual model for Derby Peninsula assumes that the Munkayarra shale aquitard is not present. The full extent of the Munkayarra Shale aquitard in the study area is not completely known. The shale is thought to have been eroded from the anticline beneath the town of Derby and therefore likely to occur primarily outside of the peninsula. The Wallal Sandstone and Erskine Sandstone aquifers have been considered a single unconfined aquifer for the purposes of mathematical analysis and it has also been assumed that no extractions occur within 4km of the coast. 
[bookmark: _Ref308070699][bookmark: _Toc308004819][bookmark: _Toc337566551][bookmark: _Toc349670623]Table 74. Hydrogeological parameters for the Derby case study aquifers
	Aquifer
	K
(m/d)
	Wnet
(m/d)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Wallal/Erskine Sandstone
(Unconfined)
	1
(0.2-3)#
	20
	350
(225-500)
	2
	4000
	0.1


# Estimate of the range.
[bookmark: _Toc308004820]Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 75), which was found to be unstable. 
[bookmark: _Ref308070779][bookmark: _Toc308004821][bookmark: _Toc337566552][bookmark: _Toc349670624]Table 75. Results indicating theoretical SWI extent for the Derby case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Wallal/Erskine Sandstone
(Unconfined)
	Unstable
(Unstable-Unstable)#
	10.9
(1.2-77)
	1.0
(1.0-1.0)
	Unstable
(Unstable-Unstable)


# Range of calculated results.
[bookmark: _Toc308004822]Theoretical extent of SWI under future extraction scenarios
For parameters in Table 74, freshwater discharges to the sea q0 of around 40 ML/km/yr were calculated for the Derby case study, with a value of 140 ML/km/yr being required for stable interface conditions.


[bookmark: _Toc337566399]C.26 Botany, New South Wales
Conceptualisation and parameterisation
The Botany case study is located in the Botany Basin, metropolitan Sydney, and is heavily urbanised. Hydrogeological parameters are shown in Table 76. It is assumed that there is no extraction within 1000 m from the coast, however extraction information was not available for this study. 
[bookmark: _Ref308185214][bookmark: _Toc337566553][bookmark: _Toc349670625]Table 76. Hydrogeological parameters for the Botany case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Botany Sand Beds
(Unconfined)
	30
(20-85)#
	430
	25
(23-30)
	1.2
(-0.5-4)
	1000
	0.3


# Estimated range
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 79). The theoretical steady-state interface location can be seen in Figure 69.
[bookmark: _Toc337566554][bookmark: _Toc349670626]Table 77. Results indicating theoretical SWI extent for the Botany case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Botany Sand Beds
(Unconfined)
	208
(55-Unstable)#
	0.35
(0.02-3.02)
	0.19
(0.01-1.00)
	497
(126-Unstable)


# Calculated range
[image: ]
[bookmark: _Toc337566468][bookmark: _Toc349670540]Figure 65. Approximation of the near coastal water table and interface locations for the Botany case study area
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 76, freshwater discharge to the sea q0 of around 470 ML/km/yr was calculated along with a minimum discharge value of around 270 ML/km/yr. Figure 66 shows wedge toe location xT and scaled wedge toe location xT for a range of reduced q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref308186854][bookmark: _Toc337566469][bookmark: _Toc349670541]Figure 66. Values of xT and xT for a range of q0 values for the Botany unconfined aquifer


[bookmark: _Toc337566400]C.27 Stuarts Point, New South Wales
Conceptualisation and parameterisation
The Stuarts Point case study is located between Yarrahapinni Hills in the west through to the coast in the east. The conceptualisation is for the area to the west of the estuarine Macleay River, wherein salinity is equal to seawater. Although there is a discontinuous low permeability unit at about -10m AHD (and approximately 1m thick), the aquifer is modelled as a single layer as the limited data does not warrant a more detailed characterisation. Hydrogeological parameters are shown in Table 78. It is assumed that there is no extraction within 1750 m from the coast, however no extraction information was available for this study. 
[bookmark: _Ref308186899][bookmark: _Toc337566555][bookmark: _Toc349670627]Table 78. Hydrogeological parameters for the Stuarts Point case study
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Stuarts Point Coastal Sands
(Unconfined)
	20
	270
	35
(30-40)#
	5.5
(2.5-6.5)
	1750
	0.1


# Estimated range.
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 79). The theoretical steady-state interface location can be seen in Figure 69.
[bookmark: _Ref308185264][bookmark: _Toc337566556][bookmark: _Toc349670628]Table 79. Results indicating theoretical SWI extent for the Stuarts Point case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Stuarts Point Coastal Sands
(Unconfined)
	112
(78-274)#
	0.06
(0.04-0.24)
	0.03
(0.02-0.13)
	130
(78-356)


# Calculated range.


[image: ]
[bookmark: _Toc337566470][bookmark: _Toc349670542]Figure 67. Approximation of the near coastal water table and interface locations for the Stuarts Point case study
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 78, freshwater discharge to the sea q0 of around 1000 ML/km/yr was calculated, with a minimum discharge value (for stable conditions) of around 250 ML/km/yr. Figure 70 shows wedge toe location xT and scaled wedge toe location xT for a range of reduced q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Toc337566471][bookmark: _Toc349670543]Figure 68. Values of xT and xT for a range of q0 values for the Stuarts Point unconfined aquifer


[bookmark: _Toc337566401]C.28 Hat Head, New South Wales
Conceptualisation and parameterisation
The Hat Head case study is located between Smoky Cape at South West Rocks in the north and Hat Head in the south. The Hat Head National Park is adjacent to the coast and the Macleay River is approximately 3.5 km inland and parallel to the coast.
Although there is a discontinuous low permeability unit at approximately -10m AHD (and approximately 1m thick), the aquifer is modelled as a single layer as the limited data does not warrant a more detailed characterisation. Hydrogeological parameters are shown in Table 80. It is assumed that there is no extraction within 1750 m from the coast. 
[bookmark: _Ref308186984][bookmark: _Toc337566557][bookmark: _Toc349670629]Table 80. Hydrogeological parameters for the Hat Head Coastal Sands aquifer
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Coastal Sands
(Unconfined)
	20
	270
	35
(30-40)#
	5
	1750
	0.1


# Estimated range.
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 81). The theoretical steady-state interface location can be seen in Figure 69.
[bookmark: _Ref308173763][bookmark: _Toc337566558][bookmark: _Toc349670630]Table 81. Results indicating theoretical SWI extent for the Hat Head case study 
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Coastal Sands
(Unconfined)
	122
(99-147)#
	0.07
(0.06-0.07)
	0.03
(0.03-0.04)
	142
(98-194)


# Calculated range.


[image: ]
[bookmark: _Ref308173454][bookmark: _Toc337566472][bookmark: _Toc349670544]Figure 69. Approximation of the near coastal water table and interface locations for the Hat Head case study area
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 80, freshwater discharges to the sea q0 of around 950 ML/km/yr were calculated. A minimum discharge value of around 250 ML/km/yr was calculated. Figure 70 shows wedge toe location xT and scaled wedge toe location xT for a range of reduced q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref308173732][bookmark: _Toc337566473][bookmark: _Toc349670545]Figure 70. Values of xT and xT for a range of q0 values for the Hat Head coastal sands unconfined aquifer


[bookmark: _Toc337566402]C.29 Stockton, New South Wales
Conceptualisation and parameterisation
The Stockton case study is located at Port Stephens, north of Newcastle. This analysis considers only the Stockton coastal sands aquifer, which is in contact with the Pacific Ocean. Estuarine influences have not been accounted for.
Hydrogeological parameters are shown in Table 82. It is assumed that there is no extraction within 1500 m from the coast, however extraction information was not available for this study. 
[bookmark: _Ref308184198][bookmark: _Toc337566559][bookmark: _Toc349670631]Table 82. Hydrogeological parameters for the Stockton coastal sands aquifer
	Aquifer
	K
(m/d)
	Wnet
(mm/yr)
	z0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Stockton Coastal Sands
(Unconfined)
	20
	280
	15
(10-20)#
	2.5
(0.5-3.8)
	1400
	0.1


# Estimated range.
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI under current conditions (Table 83). The theoretical steady-state interface location can be seen in Figure 71.
[bookmark: _Ref308184412][bookmark: _Toc337566560][bookmark: _Toc349670632]Table 83. Results indicating theoretical SWI extent for the Stockton case study 
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Stockton Coastal Sands
(Unconfined)
	55
(22-191)
	0.08
(0.03-0.42)
	0.04
(0.01-0.24)
	27
(7-121)


# Calculated range


[image: ]
[bookmark: _Ref308183937][bookmark: _Toc337566474][bookmark: _Toc349670546]Figure 71. Approximation of the near coastal water table and interface locations for the Stockton case study area
Theoretical extent of SWI under future extraction scenarios
A minimum discharge value of around 110 ML/km/yr was calculated. Figure 72 shows wedge toe location xT and scaled wedge toe location xT for a range of reduced q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Toc349670547][bookmark: _Toc337566475]Figure 72. Values of xT and xT for a range of q0 values for the Stockton coastal sands unconfined aquifer. 


[bookmark: _Toc337566403]C.30 Howard Springs, Northern Territory
Conceptualisation and parameterisation
Hydrogeological parameters for the Howard Springs case study area are shown in Table 84. Observed head measurements were only available for the Koolpinyah/Coomalie semi-confined aquifer and therefore this is the only aquifer for which SWI was assessed. 
The analysis in this section considers both confined and unconfined aquifer conceptualisations. However, only results for the confined conceptualisation are presented in the main body of this report.
SWI is assessed from the north in the direction of Hope Inlet. There is approximately 8 km of estuarine mud flats and the coast is considered to occur at the inland extent of these mud flats, which are assumed to be a source of saline water.
[bookmark: _Ref314743340][bookmark: _Toc337566561][bookmark: _Toc349670633]Table 84. Hydrogeological parameters for the Howard Springs case study
	Aquifer
	K
(m/d)
	Wnet
(m/d)
	z0 
(m)
	h0 
(m)
	hb
(m)
	xb
(m)
	n
(-)

	Koolpinyah/ Coomalie
(Unconfined)
	40
(10-170)#
	60
	100
(55-100)
	
	10
(8.5-15)
	2000
	0.1

	Koolpinyah/ Coomalie
(Confined)
	40
(10-170)#
	0
	100
(55-100)
	25
(20-25)
	10 
(8.5-15)
	2000
	0.1


# Estimated range.
Theoretical extent of SWI for current conditions
The above hydrogeological parameters were used to estimate the theoretical extent of SWI within each aquifer, under current conditions (Table 85). For both the unconfined and confined conceptualisations SWI extent is small.
[bookmark: _Ref314743362]The theoretical steady-state interface locations for the Howard Springs case study (assuming confined conditions) can be seen in Figure 73. If the inland extent of mud flats was not used for the coast, and instead an xb of 10,000 m was applied, the value of xT is 400 m and Vsw is 333 m2.


[bookmark: _Ref320778418][bookmark: _Toc337566562][bookmark: _Toc349670634]Table 85. Results indicating theoretical SWI extent for the Howard Springs case study
	Aquifer
	xT
(m)
	M
(-)
	xT
(-)
	Vsw
(m2)

	Koolpinyah/ Coomalie
(Unconfined)
	212
(83-336)#
	0.00
(0.00-0.03)
	0.00
(0.00-0.01)
	1693
(458-3362)

	Koolpinyah/ Coomalie
(Confined)
	80
(36-99)#
	NA
	NA
	67
(24-83)


# Calculated range.
[image: ]
[bookmark: _Ref314744879][bookmark: _Ref314744852][bookmark: _Toc337566476][bookmark: _Toc349670548]Figure 73. Approximation of the near coastal water table and interface locations for the Howard Springs case study
Theoretical extent of SWI under future extraction scenarios
For parameters in Table 84, freshwater discharge to the sea q0 of around 1400 ML/km/yr was calculated for the confined aquifer conceptualisation. Figure 74 shows wedge toe location xT for a range of reduced q0 values, as might occur under increased extraction. 
[image: ]
[bookmark: _Ref314745871][bookmark: _Toc349670549]Figure 74. Values of xT for a range of q0 values for the Howard Springs
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