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Abstract 

In coastal regions, the quality of groundwater can be compromised due to saltwater 

intrusion (SWI) caused by various natural (sea level rise and storm surge) and 

anthropogenic (pumping) hazards. The goal of this research was to distinguish 

groundwaters impacted by SWI in the bedrock aquifers of the Gulf Islands, BC and identify 

thresholds for select chemical parameters that can be used for monitoring purposes, as 

well as to develop and test an approach for assessing risk to groundwater quality in coastal 

aquifers. The most reliable indicators were Cl/(HCO3 + CO3), BEX (base exchange index), 

Cl vs. EC, depth vs TDS, and a quantile analysis, resulting in 138 well samples (out of 

795) that appear to be impacted by SWI. Based the 95th percentiles, for which 100% of 

the samples graphically showed strong evidence of SWI, the recommended threshold for 

Cl is 480 mg/L, 2,090 µS/cm for EC, and 970 mg/L for TDS. These samples were collected 

from wells that predominantly fall along the coastline. The vulnerability of the bedrock 

aquifers to SWI was assessed spatially by mapping hazards in combination with the 

aquifer susceptibility. Hazards due to pumping have the greatest influence on the 

vulnerability. Risk was evaluated spatially using an economic valuation of loss – here 

replacement of a water supply. The combination of chemical indicators and risk 

assessment maps are useful tools for identifying areas vulnerable to SWI, and these tools 

can be used to improve decision-making related to monitoring and community 

development for coastal areas. 
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Chapter 1.  
 
Introduction 

About seventy percent of the world’s population resides in coastal regions (Webb 

and Howard, 2011). Eight out of the ten largest cities in the world are located along a 

coast, resulting in a total of 2.2 billion people worldwide living 100 km from a coast (UN 

Atlas of the Oceans, 2010, 2013). The population density in coastal regions is about three 

times greater than the global average (Small and Nicholls, 2003). Thus, currently there is 

a high demand for fresh water in coastal aquifers, which adds stress to the natural system 

(Post, 2005), potentially leading to water insecurity. Population growth and warmer 

temperatures under future projected climate change conditions will likely increase the 

demand for freshwater in the future (Post, 2005). Stressors like climate change (natural 

and anthropogenic) have the potential to impact the hydrological balance in coastal 

aquifers (Turner et al., 1996). Therefore, approaches are needed to assess water security 

in coastal areas so that appropriate measures can be put in place to assure long term 

sustainability of the resource. Risk assessment and risk management may be suitable 

approaches. 

Applying risk principles to environmental systems is a relatively new concept that 

continues to evolve (Peterman and Anderson, 1999; Dunn et al., 2012). In environmental 

science, risk assessment has largely been applied to natural disasters such as landslides 

and earthquakes (Birkmann, 2006). Comprehensive risk assessment has not typically 

been applied to water related issues (Peterman and Anderson, 1999), and when it has, it 

is usually within a source water protection context. For source water protection, water 

resource vulnerability and contaminant pathways are identified and ways to manage and 

reduce risk are determined.  
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Typically, source water protection focuses on chemical hazards that are related to 

land use (vertical transport of contaminants). For example, previous research by Simon 

Fraser University (SFU) and Natural Resources Canada (NRCan) (Simpson et al., 2014) 

developed a groundwater quality risk assessment approach. In that study, the hazards 

were chemicals (groundwater contaminants), associated with different land uses, which 

could be introduced at surface (due to spills or agricultural activities). The resulting maps 

showed risk to the aquifer spatially.  

For coastal aquifers, however, contamination is associated with salinization due to 

landward encroachment of the freshwater/saltwater interface, inundation, or excess 

pumping. Contamination can occur from a variety of directions (over the top, from the side, 

or from below) and can impact the quality and quantity of freshwater. These diverse 

contamination pathways require a different conceptualization of risk and an alternative 

approach for assessing risk. Holding and Allen (2015a) adapted Simpson et al.’s (2014) 

framework to characterize risk to water security for small islands, using Andros Island in 

The Bahamas as a case study area. Indicators of risk were mapped spatially and 

incorporated hazards related to land surface contamination, along with hazards related to 

climate change (sea level rise, inundation from storm surge, and a reduction in recharge) 

and development (pumping).  

The main goal of this research is to assess risk of saltwater intrusion on the Gulf 

Islands in British Columbia, Canada. This will involve defining an indicator of saltwater 

intrusion (SWI) and mapping the risk associated with a range of coastal hazards (sea level 

rise (SLR), storm surge) and pumping. Ultimately, the combination of the risk maps and 

the indicators can be used as a tool for land use planning; to establish guidelines for 

drilling, monitoring and well operation (groundwater development and use); to direct 

monitoring efforts, and to build community preparedness (risk management). The results 

of this study will also be applicable to coastal aquifers in other provinces of Canada.  

1.1. Coastal Aquifers 

In coastal areas, freshwater aquifers are in direct contact with the ocean. The 

dense seawater typically circulates inland through the sediments or rock, creating a saline 
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zone or “wedge” below the less dense overlying freshwater aquifer (Figure 1.1) (Bear et 

al., 1999). The contact between the freshwater and saltwater is referred to as the 

freshwater/saltwater interface. This interface may be sharp and characterized by an abrupt 

transition from freshwater to saltwater as shown in Figure 1.1, but more commonly, it is 

transitional due to mixing and diffusion processes (Barlow, 2013). Under natural 

conditions, fresh groundwater flows towards the ocean; flow of freshwater is 

predominantly driven by topography but is influenced by the aquifer hydraulic conductivity. 

The position of the freshwater/saltwater interface depends on the magnitude of freshwater 

discharge, which responds to climatic variation by moving seaward if the hydraulic 

gradient increases, or moving landward if the hydraulic gradient decreases (USGS, 2000). 

Changes in the hydraulic gradient impact the natural balance between the freshwater and 

saltwater. 

 

Figure 1.1 Illustration of the freshwater/saltwater interface. On Islands, the 
freshwater is surrounded by saltwater. 

Saltwater intrusion occurs when saltwater moves into a freshwater aquifer. 

Typically this is referent to seawater intrusion, because “saltwater” can derive from 

different sources (i.e. septic effluent, landfill leachate, road salt). For the purpose of this 

study, the common term “saltwater intrusion” (SWI) is used.  

One potential driver of SWI is sea level rise. Sea level is currently rising due to 

changes in atmospheric pressure, thermal expansion of oceans, and melting of ice caps 

and glaciers. Global sea level is predicted to rise up to 0.6 metres by 2100 (Nicholls et al., 
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2007). A rise in sea level can lead to a reduction in the hydraulic gradient; particularly in 

coastal aquifers that are constrained by topography (Michael et al., 2013). A reduction in 

recharge due to lower precipitation in a warming climate would also likely lead to SWI 

(Holding and Allen, 2015a). 

Storm surge is another hazard associated with coastal areas. Storm surge is an 

abnormal rise in sea level that is associated with a storm event (Danard et al., 2003). 

Storm surge causes land erosion and flooding; when the surface becomes flooded, the 

saltwater can infiltrate into the freshwater lens from the land surface and cause localized 

salinization. Storm surges vary in size based on the morphology of the coastline and the 

topography of the ocean floor (Stoltman et al., 2007; Debernard et al., 2002). The 

topography of the ocean floor influences storm surge because currents are obstructed by 

shallow waters and wave heights increase. The shape of the coastline may also increase 

the damage potential of storm surge because tidal energy can be focused, and wind and 

water funnelled to the shoreline (Romanowski, 2010; Christiansen, 2009).  

SWI can also be exacerbated by pumping freshwater at high rates or by pumping 

numerous wells simultaneously (high well density locations) (Figure 1.2). Pumping can 

cause the freshwater/saltwater interface to move inland by reducing the natural gradient 

to the sea (USGS, 2000). Other mechanisms leading to salinization due to pumping 

include upconing from depth (Reilly and Goodman, 1985; Washington State Department 

of Ecology, 2005) and localized intrusion by reversal of the hydraulic gradient near the 

well or well field (Fetter, 2001). In fractured rock, saltwater has been shown to enter wells 

through discrete fractures (Allen et al., 2002). 
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Figure 1.2 Salinization due to SLR, storm surge and over extraction of 
groundwater by pumping (modified from Holding and Allen, 2015a 
with permission).  

1.2. Chemical Indicators of Saltwater Intrusion 

Monitoring SWI typically involves the measurement of baseline water quality 

parameters (such as electrical conductivity (EC), total dissolved solids (TDS), and major 

ions) (Barlow and Reichard, 2010). Monitoring groundwater quality can bring awareness 

to the early signs of migration of the freshwater/saltwater interface and provide information 

on saltwater encroachment (Barlow and Reichard, 2010). Even on a short term basis, 

indicators of SWI can be valuable during the drilling process to identify if saltwater is being 

encountered while the drilling progresses. In this case, a relatively inexpensive and 

readily-measured indicator is needed so as not to require full chemical analysis for 

samples collected at discrete depths during drilling. 

Multiple approaches have been proposed for determining indicators of SWI. 

Approaches vary from basic (e.g., elevated values of chloride are used to represent 

saltwater intrusion - Snow et al., 1990; USGS, 2000; Scheidleder, 2003; Kennedy, 2012), 

to graphical (Todd, 1959; Bear et al., 1999; Washington State Department of Ecology, 

2005; Allen and Liteanu, 2006; El Moujabber et al., 2006; Panno et al., 2006; Stuyfzand, 

2008; Korfali and Jurdi, 2010) to complex (e.g., model based indicators - Webb and 

Howard, 2011). The chemical indicators outlined in these approaches are either used to 
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determine the source of salinity or to determine whether saltwater intrusion has occurred 

(either an increase in chloride or change in another quantitative method). In previous 

literature, there do not appear to be any studies that have applied a range of methods to 

a particular region. 

1.3. Risk to Freshwater in Coastal Aquifers 

1.3.1. Overview of Risk Assessment  

Risk assessments determine the risk (probability of a harmful consequence/loss) 

by analysing the potential hazards and the vulnerability of a region. Quantitative risk 

assessment requires calculations of two components of risk (R): the magnitude of the 

potential loss (L) or consequence, and the probability (p) or likelihood that the loss will 

occur:  

	 	 ∗ 	                (Eq. 1.1) 

where the subscript i relates to a specific hazard. The total risk is expressed as: 

	 ∑                    (Eq. 1.2) 

In previous research, Simpson et al. (2014) defined risk to groundwater quality due 

to chemical contamination originating at the land surface as: 

	 	 ∗ 	              (Eq. 1.3) 

This equation differs slightly from Eq. 1.1 in that the probability is embedded in the 

Vulnerability (VH) term. Simpson et al. (2014) calculated the spatial risk to groundwater 

quality (according to Eq. 1.3) using maps of aquifer vulnerability and potential loss. 

Vulnerability included aquifer susceptibility and hazard threat, and the probability of 

occurrence was attached to each hazard threat (Simpson et al., 2014).  

 Holding and Allen (2015a) adapted the approach for use in small islands. Using 

the results of a chemical hazard and water use survey, risk to water security was assessed 
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on Andros Island, The Bahamas. Risk due to climate change, encompassing sea level 

rise, storm surge and a reduction to recharge was also assessed.  

A risk assessment framework tailored specifically for coastal aquifers is shown in 

Figure 1.3. The framework is based on the original conceptualization of Simpson et al. 

(2014) for risk to groundwater quality, but has been adapted to show potential hazards 

that can lead to SWI (SLR, storm surge and pumping) as described by Holding and Allen 

(2015a). Aquifer susceptibility will be assessed based on specific metrics that may be 

more suitable for identifying areas that are more susceptible to SWI (distance to coast and 

topographic slope) rather than according to the aquifer properties that reflect the ease of 

infiltration of chemical contaminants at surface as conceptualized in traditional aquifer 

vulnerability mapping. Each component of the risk assessment is discussed briefly below 

using examples from the literature that describe how each can potentially be assessed. 

 

Figure 1.3 Proposed Risk Assessment Framework 

1.3.2. Hazard Threat 

In the context of coastal aquifers, hazard threats are related to natural phenomena, 

specifically coastal hazards, such as SLR and storm surge, and human stressors such as 

over-pumping. As mentioned earlier, the position of the freshwater/saltwater interface 

depends on the magnitude of freshwater discharge, moving seaward if the hydraulic 

gradient increases, or moving landward if the hydraulic gradient decreases (USGS, 2000). 
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This interface can be controlled by natural processes; either a rise in sea level which can 

push the interface landward, or reduced recharge which permits the interface to move 

landward. In addition to SLR, tides and storms can result in overtopping or flooding of the 

land surface by seawater (Holding and Allen, 2015b).  

Flood hazard maps can be generated to show areas potentially at risk of inundation 

from SLR and storm surge. In past studies, estimating the flood hazard associated with 

tides and storms was based on a stationary mean sea level and coastal flood construction 

level was based on a natural boundary of 1.5 m. The natural boundary represents where 

the action of water is so common that it begins to leave its mark on soil or edges of the 

water; for coastal areas the natural boundary is the natural limit of permanent terrestrial 

vegetation (Auscenco Sandwell, 2001), This has become problematic because SLR is 

already occurring, and it is believed that the rate of SLR will increase in the future (KWL, 

2011; Nicholls et al., 2007). Therefore, determining a natural (static) boundary has 

become an inefficient guideline for land use planning and developing floodplain bylaws 

(KWL, 2011). According the new guidelines and specifications for Coastal Floodplain 

Mapping (KWL, 2011), coastal flooding is due to high tides, storms and tsunamis. The 

new procedures for floodplain mapping incorporate a combination of parameters; 1) higher 

high water large tide, 2) allowance for future SLR (1 m by 2100 and 2 m by 2200), 3) 

estimated storm surge (changes in atmospheric pressure, effects of strong winds blowing 

over water surface, waves, changes in ocean currents or temperature), 4) estimated wave 

effect associated with storms (flooding and erosion) and 5) freeboard (0.6 m of 

uncertainty).  

Over-pumping in coastal aquifers represents a significant hazard to groundwater 

quality because it can cause SWI. SWI can impact an individual well because 1) the well 

is situated too close to the coast, 2) it is too deep, 3) it pumped at too high a rate, or 4) a 

combination of two or more of these factors. SWI, however, can impact an aquifer, thereby 

degrading the freshwater supply. Such larger scale impacts may be caused by a single 

well for the reasons above, but more often it is caused by concentrated pumping in a 

location where the well density is too high to be sustained by the amount of recharge 

received. Holding and Allen (2015a) assessed water demand hazards on a property by 

property basis. 



 

9 

1.3.3. Aquifer Susceptibility 

The term “aquifer vulnerability” is often used interchangeably with  

“aquifer susceptibility”. In this thesis, the term “aquifer susceptibility” is used to describe 

whether or not the aquifer is susceptible to SWI. Aquifer susceptibility maps have been 

created for the Gulf Islands (Denny et al., 2007). These maps were constructed using the 

DRASTIC-Fm methodology (a modification of DRASTIC – Aller et al. 1987). DRASTIC-

Fm is an acronym for the following parameters; (D) depth to water, (R) net recharge, (A) 

aquifer media, (S) soil media, (T) topography, (I) impact of vadose zone media or 

conductivity of vadose zone, (C) aquifer hydraulic conductivity and (Fm) fractured media. 

The aquifer susceptibility mapping method was developed specifically to assess the 

intrinsic properties of the aquifer in relation to chemical contaminants that may be 

introduced at the land surface. As mentioned above, in coastal aquifers, salinization is one 

of the greatest threats to groundwater quality and this can occur from many directions: 1) 

surface (storm surge and inundation), 2) lateral intrusion due to SLR and pumping or 3) 

upconing from below (pumping). 

To address the multi-directional pathways for SWI, alternative approaches for 

mapping aquifer susceptibility in coastal regions are required. For example, Holding and 

Allen (2015a) mapped aquifer susceptibility based on the location of the freshwater lenses 

(FWLs) on Andros Island. They used numerical modeling to approximate the location and 

thickness of the FWLs, verifying the results using available data. If the lens was present 

and thick, it represented a viable long term source of freshwater and therefore was 

susceptible to contamination. Areas with thin or no lenses, were considered less 

susceptible.  

Kennedy (2012) used five parameters to characterize the vulnerability of coastal 

aquifers. The parameters include: 1) distance from the coastline, 2) topographic slope, 3) 

civic point (residential) density, 4) large groundwater users (daily non-domestic 

groundwater withdrawal rates) and 5) water level elevation relative to mean sea level 

(RMSL).  

Erlandson (2014) used the DRASTIC-Fm maps for the Gulf Islands to rate the 

relative groundwater flux. The C (hydraulic conductivity) and Fm (fractured media) were 
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combined into a composite C. Using two methods, Erlandson (2014) combined the 

composite C with the T (topography or slope) parameter to create a two relative 

groundwater flux maps. The first method used the topography parameter rating from the 

original DRASTIC methodology (Aller et al., 1987) and the second method used 

topography parameter ratings from the Nova Scotia based study (Kennedy, 2012). The 

Fm parameter highly influenced the composite C (hydraulic conductivity) and 

consequently on the groundwater flux values.  

1.3.4. Loss 

Loss can be evaluated in a variety of ways. For example, a risk assessment could 

consider economic consequences due to the contamination of groundwater supply, 

impacts to human health if a well is contaminated, or the loss to ecological systems. In 

some cases, the contamination of a well impacts more than a single homeowner; for 

example, a water intensive business such as agriculture (Simpson et al., 2014), 

commercial developments related to tourism or a water supply system which provides 

water to multiple dwellings in a subdivision or area. For agriculture, if no other water 

resource is available, the business may be required to shut down. For commercial 

development, rather than closing down, the owner may be required to import large 

amounts of water or install a rainwater collection system or water treatment facility. 

Simpson et al. (2014) identified four potential sources of water if a well becomes 

contaminated; these include 1) hooking up to municipal water supply where available, 2) 

drilling a deeper well if the geology allows, 3) importing water, or 4) investing in another 

expensive long term solution such as water treatment or rainwater harvesting. For islands 

and coastal aquifers in general, drilling a deeper well will typically not yield freshwater, as 

saltwater lies below the freshwater lens. Although drilling deeper is not an option for 

coastal regions, there is the option to drill another shallower well on the same property.  

1.3.5. Risk Management 

Risk management first involves the identification, assessment, and prioritization of 

risks stemming from a risk assessment. This is followed by a coordinated effort to 
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minimize, monitor, and control the probability and/or impact of unfortunate events. As 

mentioned previously, there is a wide array of potential indicators of saltwater intrusion, 

these indicators can be used to gauge whether there are pre-existing conditions of SWI, 

to assess if SWI is worsening over time, and to evaluate if actions taken to lessen the 

effects of SWI are effective. Thus, indicators, along with risk maps, are a key component 

of risk management because they allow the groundwater system to be monitored over 

time and space. 

1.4. Research Goals and Objectives 

Coastal aquifers are prone to salinization through multiple mechanisms that are 

driven by various stressors related to climate change and development. To assure 

freshwater security in coastal aquifers, a risk management strategy is needed. This 

requires the assessment of risks due to various coastal hazards, and a means to gauge 

the severity of contamination should it occur so that mitigative actions can be taken.   

The main goal of this research is to assess risk of saltwater intrusion on the Gulf 

Islands in British Columbia, Canada. This will involve defining an indicator of saltwater 

intrusion (SWI) and mapping the risk associated with a range of coastal hazards (sea level 

rise (SLR), storm surge), and pumping.  

The main objectives of this research are to: 

1. Identify and test an appropriate indicator of SWI (single or combination); 

2. Identify and map the hazards (natural and anthropogenic) that may lead to 
SWI; 

3. Map the aquifer susceptibility to SWI; 

4. Map the aquifer vulnerability to SWI and verify against the chemical 
indicators of SWI. 

5. Develop an approach to assess loss (consequence); and 

6. Map the risk of SWI.  
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Ultimately, the combination of the vulnerability map and the indicators can be used 

as a tool for land use planning; for establishing guidelines for drilling and well operation 

(groundwater development and use); for directing monitoring efforts, and for building 

community preparedness (risk management). While the loss and risk maps can provide a 

valuation of water in the context of the groundwater resource becoming salinized. The 

results of this study will also be applicable to coastal aquifers in other provinces of Canada. 

The Gulf Islands region, British Columbia, Canada was chosen as a study area 

because of the extensive knowledge base on the hydrogeology (e.g., Allen et al., 2002; 

Surrette and Allen, 2008; Surrette et al., 2008; Chesnaux et al., 2009), and the 

groundwater chemistry (Allen and Suchy, 2001a; Allen and Suchy, 2001b; Allen and 

Matsuo, 2001; Allen, 2004; Allen and Liteanu, 2006; Allen and Kirste, 2012), and the 

availability of a substantial water chemistry database.   

1.5. The Study Area: The Gulf Islands, BC 

The Gulf Islands are located in the Strait of Georgia, between Vancouver Island 

and the mainland of British Columbia (Figure 1.4). Locally, there are a few natural lakes 

on the islands, and some support domestic and agricultural use. But the majority of 

residents use groundwater from the fractured bedrock aquifers as their primary source of 

freshwater (Denny et al., 2007). The quality of groundwater on the Gulf Islands has been 

impacted locally by several sources, both natural (i.e. arsenic, manganese, iron) and 

anthropogenic contaminants (improper disposal of agricultural waste, failed septic 

systems, pesticides) and saltwater intrusion (Denny et al., 2007). During the summer 

months, when precipitation is low and water demand is high, the groundwater levels 

decline and the quality of the water can deteriorate (Allen and Suchy, 2001b).  
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Figure 1.4 Location of the Gulf Islands in British Columbia, Canada.  

Surficial materials comprise glacial and/or marine sediments, but form only a thin 

veneer over the bedrock in most areas. However, these surficial materials may have a 

significant control on recharge (Denny et al., 2007). The bedrock comprises Paleozoic to 

Jurassic igneous and sedimentary rocks (Wrangellia Terrain) present only on Salt Spring 

Island, and Upper Cretaceous rocks of marine origin which form the Nanaimo Group 

present on all the islands (Denny et al., 2007). The Nanaimo Group consists of 

interbedded sandstone, shale (mudstone) and some conglomerate (Mustard, 1994). 

During the Eocene, the Nanaimo Group was compressed into a fold and thrust belt and 

was uplifted and eroded during the Neogene (Mustard, 1994). Due to the structural history 

of the Nanaimo Group, fractures and faults are present throughout the islands at a local 

and a regional scale (Journeay and Morrison, 1999). Hydrogeologically, fractures and 

faults represent zones of high permeability due to the high density of fracturing, and 

influence groundwater flow at different scales (Surrette and Allen, 2008; Surrette et al., 

2008). This fracturing results in a complex groundwater flow system which is more 

influenced by structure than lithology and stratigraphy (Allen et al., 2003). Consequently, 

the bedrock aquifers in the Gulf Islands have been divided based on hydrostructural 

domains (Mackie, 2002), which are identified based on their relative permeability. The 
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sandstone-dominant and mudstone-dominant formations of the Nanaimo Group (and the 

older Wrangellian rocks) have similar hydraulic properties based on discrete fracture 

network modeling (Surrette and Allen, 2012) and aquifer testing (Larocque, 2014), and 

are conceptualized as equivalent porous media, while the fault and fracture zones tend to 

be more permeable and influence flow at a larger scale (Surrette and Allen, 2012).   

During the Pleistocene, the Gulf Islands underwent regional depression due to the 

weight of the overlying glaciers. The land surface was depressed by as much as 300 m 

below present sea level (Clague, 1983). During the period of submersion below sea level 

(approximately 500-1000 years), there was sufficient time for seawater to intrude into the 

bedrock aquifers (Allen and Liteanu, 2006). Following rebound of the islands, fresh 

groundwater has gradually displaced the conservative and mobile Cl (Allen and Liteanu, 

2006), but Na has been left behind on the clay exchange sites within the mudstone units; 

these mudstones exist both as massive mudstone, but also as mudstone interbeds within 

the coarser-grained sandstone.  

As a result of these geological processes, the groundwater on the Gulf Islands has 

undergone a chemical evolution. Fresh (or immature) groundwater has a Ca-HCO3 

composition reflecting evapotranspiration and carbonate mineral dissolution during 

recharge (Figure 1.5; Allen and Suchy, 2001b). However, because Na continues to be 

released through cation exchange with Ca, the groundwater evolves naturally to an 

intermediate Na-HCO3 composition (Cation Shift arrow on Figure 1.5). Mixing between 

both water types and a more mature water type, Na-Cl, is also observed (Allen and Suchy, 

2001b). Most commonly, Na-HCO3 waters mix with Na-Cl waters (Salinization Path 1 in 

Figure 1.5); however, in some wells, mixing between groundwater with a Ca-HCO3 

composition and a Na-Cl composition is observed (Salinization Path 2). Salinization Path 

1 represents mixing with a Cl-rich end member that may be remnant saltwater from when 

the islands were submerged, saline water present in the natural saltwater wedge 

underlying the island, or perhaps connate water. Most of the wells characterized by this 

mixed water type are deep or are located near the coast. Salinization Path 2 reflects wells 

that have been directly impacted by SWI.  
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Figure 1.5 Groundwater chemistry evolution on the Gulf Islands (From Allen 
and Suchy, 2001b with permission).  

The geological history of the Gulf Islands has resulted in groundwater composition 

that varies spatially. The water chemistry has evolved naturally, resulting in Na 

enrichment, making it challenging to use Na as an indicator of SWI. In addition, Cl is also 

present at high concentrations due to presence of remnant seawater, deep wells 

intersecting the wedge, or connate water from the time of deposition of sediments in a 

marine environment, making the use of Cl as an indicator of SWI problematic. 

Furthermore, recent studies (Allen and Kirste, 2012) have shown that SO4 concentrations 

can also be high in some wells due to mixing with a seawater end member that is enriched 

in SO4. For these reasons, identifying indicators of SWI is not straightforward and requires 

consideration of various approaches. 
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1.6. Thesis Organization 

Chapter 1: Provides an introduction to the thesis, including a review of factors that 

influence the occurrence of SWI in coastal aquifers; a review of approaches used to 

assess risk to aquifers and how these approaches may be adapted to assess risk of SWI 

in coastal aquifers; the research goals and objectives are stated; and an overview of the 

Gulf Islands study area is given. 

Chapter 2: Provides a review of indicators used for identifying salinization associated with 

SWI in coastal aquifers. A range of indicators based on the literature (basic and graphical) 

and a statistical approach (bivariate plots and quantile analysis) are used to evaluate 

comprehensive water chemistry database for the Gulf Islands, British Columbia. Water 

chemistry thresholds for three indicators (chloride concentration, electrical conductivity, 

and total dissolved solids concentration) are recommended for the Gulf Islands based on 

the results of the analysis, and the distributions of these indicators are mapped in the 

region.  These indicators are then tested for a new monitoring well drilled on Salt Spring 

Island.   

Chapter 3: Gives an overview of various factors that influence storm surge. An analysis 

of tidal and climate data is carried out to determine the relationship between climate and 

storm surge in the Gulf Islands.  

Chapter 4: Describes the methodology and results for assessing the risk of saltwater 

intrusion in the Gulf Islands.  

Chapter 5: Conclusions and recommendations. 
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Chapter 2.  
 
Chemical Indicators of Saltwater Intrusion 

2.1. Introduction 

Several water quality indicators, such as elevated Cl, Cl/Br, Na/Cl, enrichment of 

Ca, Cl/(HCO3 + CO3), and Base Exchange Indices have been proposed to identify 

groundwater that has been impacted by Saltwater Intrusion (SWI) (Bear et al., 1999; 

Washington State Department of Ecology, 2005; Panno et al., 2006; Kennedy, 2012). 

However, in some regions, the natural chemical evolution of the groundwater system can 

make it challenging to apply these indicators, for example, due to cation exchange 

processes that raise the relative concentration of sodium compared to calcium (Allen and 

Suchy, 2001a; Fetter, 2001). 

This chapter briefly reviews some of the indicators that have been used for 

identifying salinization associated with SWI in coastal aquifers. These indicators, as well 

as a statistical approach (bivariate plots and quantile analysis), are then used to evaluate 

a comprehensive water chemistry database for the Gulf Islands, British Columbia, 

Canada. The objective of the assessment is to determine robust and defensible indicators 

that can be used to identify wells that are impacted by salinity in a coastal setting. Using 

the indicators, spatial distribution maps will be created in order to visually understand 

regions that are experiencing SWI. The indicators are then applied to evaluate the vertical 

salinity profile within a new monitoring well drilled on Salt Spring Island. Water samples 

were collected during drilling (cumulative contribution from the open hole above the drilling 

depth) and at discrete intervals following drilling using an inflatable packer system. The 

results are discussed within the context of the evolution of the groundwater chemistry in 

the Gulf Islands.   
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2.2. Common Indicators of SWI 

Mixing of only 2% saltwater (250 ppm) in a freshwater aquifer exceeds aesthetic 

objectives for the upper limit of chloride (Cl) (water begins to taste salty) (WHO, 1996; 

Custodio, 2005; Nova Scotia Environment, 2008). If mixing exceeds 4%, then the water 

becomes unviable for many purposes, and if mixing exceeds 6% water becomes unusable 

except for cooling and flushing (Custodio, 2005; Darnault and Godinez, 2008) 

Water quality indicators of SWI are an important tool for water management 

because they enable monitoring of coastal aquifers. Monitoring typically involves the 

measurement of baseline water quality parameters (such as electrical conductivity, total 

dissolved solids, and major ions) (Barlow and Reichard, 2010). Monitoring groundwater 

quality can bring awareness to the early signs of migration of the freshwater-saltwater 

interface and provide information on saltwater encroachment (Barlow and Reichard, 

2010). However, even on a short term basis, indicators of SWI can be valuable during the 

drilling process to identify if saltwater is being encountered while the borehole progresses. 

In this case, a relatively inexpensive and readily-measured indicator is needed so as not 

to require full chemical analysis for samples collected at discrete depths during drilling. 

Multiple approaches have been proposed for determining indicators of SWI. 

Methodologies vary from basic (e.g., elevated values of chloride are used to represent 

saltwater intrusion; USGS, 2000; Kennedy, 2012; Scheidleder, 2003; Snow et al., 1990), 

to complex (e.g., model based indicators; Webb and Howard, 2011). This review focuses 

on the basic and quantitative / graphical methodologies. 

2.2.1. Basic Methods 

Saltwater contains roughly 35,000 mg/L of dissolved solids, of which 19,000 mg/L 

is chloride (USGS, 2000). Consequently, Scheidleder (2003) stated that the main cause 

of high chloride (Cl) in coastal aquifers is most likely SWI.  

Several studies have used basic methods for identifying wells affected by SWI. For 

example, USGS (2000) undertook a statistical analysis of 187 groundwater samples 

collected from Lopez Island, Washington, USA, and suggested that chloride 
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concentrations over 100 mg/L are indicative of SWI. However, the study concluded that 

further investigation is needed to characterize the sources of salinity, other than seawater, 

that contribute to the high levels of chloride. Kennedy (2012) developed a GIS based 

approach for the assessment of relative SWI in Nova Scotia; chloride concentrations 

greater than 50 mg/L were considered to represent elevated levels above background.  

The use of single chemical parameters as indicators of SWI, however, can be 

problematic. According to Snow et al. (1990), high values of Cl, Na, Br and SO4 generally 

correspond with SWI intrusion or connate water, and Ca, Mg, K and Sr are not useful when 

distinguishing between different types of saline water.  

2.2.2. Quantitative and Graphical Methods 

In environmental systems where salinity has been observed to increase (either 

through measurements of electrical conductivity or total dissolved solids), Bear et al. 

(1999) outlined several indicators that can be used to determine the source of salinity. 

These, as well as a few other indicators, are described below. 

1. An elevated chloride concentration is the clearest identification of SWI as the 

source of salinity because of the contrast in anion composition in marine and 

typical continental water types (Bear et al., 1999).   

2. The elemental ratio between Cl and Br can be used as a tracer because both 

chloride and bromide act conservatively in the absence of high amounts of organic 

matter. They may not act conservatively in the presence of high amounts of organic 

matter because they may react with the aquifer matrix. The ratio of Cl/Br in 

seawater is 297, and this ratio can be used to distinguish hypersaline brines (<297) 

from evaporite-dissolution products (>1000) and anthropogenic sources like 

sewage effluents (<800) or agriculture-return flows (low) (Bear et al., 1999). 

Although Cl/Br ratios are useful for determining groundwater movement, there are 

similarities in Cl/Br ratios for different salinity sources; as a result, this method is 

not always definitive (Panno et al., 2006). In addition, bromide is not a commonly 

measured parameter in groundwater quality testing.  
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3. Na/Cl ratios are typically lower in groundwater from areas intruded by seawater 

than in the original seawater due to cation exchange; as a result, Na/Cl ratios less 

than 0.86 may represent wells impacted by SWI. Na/Cl ratios of 1 are due to halite 

dissolution and those ratios greater than 1 are typical of groundwater contaminated 

by anthropogenic sources (Bear et al., 1999).  

4. An enrichment of Ca can be used as an indicator. High Ca/Mg and Ca/(HCO3 and 

SO4) ratios (greater than 1) may indicate the onset of SWI (Bear et al., 1999).  

5. The Simpson Ratio, first described by Todd (1959), is the ratio of Cl/(HCO3 + CO3). 

Five classes were created to evaluate the level of contamination; good quality 

(<0.5), slightly contaminated (0.5-1.3), moderately contaminated (1.3-2.8), 

injuriously contaminated (2.8-6.6), and highly contaminated (6.6-15.5) (Todd, 

1959; El Moujabber et al., 2006; Korfali and Jurdi, 2010).  

6. Base exchange indices (BEX) can also be used to distinguish if an aquifer is 

undergoing salinization or freshening. According to Stuyfzand (2008), the best 

index (for a dolomite free aquifer system) is: 

1.0716 	              (Eq. 2.1) 

 A positive BEX represents freshening, a negative BEX represents salinization, 

and a BEX with a value of zero represents no base exchange.   

A graphical method was developed by Panno et al. (2006), which involves plotting 

the ratios of different water quality parameters (Figure 2.1). Panno et al. (2006) suggest 

that a plot of Cl/Br vs. Cl best reflects the evolution of water and trends of mixing. Mixing 

occurs between one end-member, representing pristine groundwater with natural 

background concentrations, to other end-members such as road salt and septic effluent, 

basin brines and animal waste, seawater, and landfill leachate. As shown in Figure 2.1, a 

water sample with a Cl/Br ratio between approximately 250-400 and a Cl concentration 

that exceeds 400 mg/L represents a composition that resembles saltwater and therefore 

may be indicative of SWI. 
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Figure 2.1      The evolution and mixing of pristine water to saline water (from: 
Panno et al., 2006). 

An alternative graphical method is to plot Cl vs. electrical conductivity (EC) 

(Washington State Department of Ecology, 2005). Figure 2.2 shows three zones on a plot 

of Cl vs. EC: normal, mixed and SWI. EC can be directly converted to the concentration 

of total dissolved solids (TDS) if the chemical composition is known or estimated based 

on a simple conversion factor (e.g., Eutech Instruments, 1997). Figure 2.2 shows that 

groundwater samples with Cl exceeding 200 mg/L and EC exceeding ~1000 s/cm are 

most likely influenced SWI. Groundwater samples that are characterized by Cl between 

100-200 mg/L and EC between 600-2000 s/cm represent a mixing between freshwater 

and saltwater. The end members for the seawater zone were determined by an average 
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seawater composition and three water samples from Camano Island County, Washington; 

one taken from bay water and two from private wells affected by SWI (Panno et al., 2006). 

 

Figure 2.2 A plot of chloride vs. electrical conductivity from well samples 
collected from multiple sites on central Whidbey Island, WA, 
showing normal groundwater conditions (green), saltwater intrusion 
(red), and mixing between the two (yellow) (from: Washington State 
Department of Ecology, 2005).   

Traditional Piper plots (Steinich et al., 1998; Appelo and Postma, 2005) can be 

used to determine whether processes like mineral dissolution/precipitation, cation 

exchange or mixing have taken place. Samples representing seawater and young 

groundwater are often plotted as end-members with the other samples showing how the 

groundwater chemistry evolves (Figure 2.3). Symbols can also be scaled according to EC, 

for example, to evaluate whether SWI is taking place. 
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Figure 2.3 A Piper plot showing the composition and mixing of well water 
samples representing five water types: (1) Na-HCO3 (2) Na-Cl (3) Ca-
Cl (4) Ca-HCO3 and (5) Na-SO4 (from: Steinich et al., 1998). 

Finally, site-specific approaches can be used. For example, an approach specific 

to the situation where cation exchange (Ca to Na) dominates the chemical evolution 

involves plotting depth relative to sea level verses TDS, classified according to water type, 

as represented as zones (Allen and Liteanu, 2006; Figure 2.4). Zone 1 is characterized 

by waters that have a high TDS concentration due to direct salinization (mixing between 

fresh groundwater Ca-HCO3 and sea water Na-Cl). Zone 2 is characterized by waters with 

TDS values that do not increase with depth, or that just slightly increase. These waters 

reflect a cation exchange process (Ca for Na) whereby no increase in salinity is observed. 

The water types in Zone 2 vary from Ca-HCO3 to Na-HCO3, with Na-rich waters generally 

found at greater depths. Finally, Zone 3 represents waters that are mixed (between Zone 

2 waters and a saline end member). These waters show variable cation composition (Ca 

or Na), but with increasing Cl concentration (Allen and Liteanu, 2006). 
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Figure 2.4 TDS variation with sample depth relative to sea level for 
groundwater samples collected from wells on Saturna Island, British 
Columbia.  Zone 1 is direct salinization, Zone 2 is cation exchange 
and Zone 3 is a mixing between Zone 1 and 2 (from: Allen and 
Liteanu, 2006 with permission).   

2.3. Groundwater Chemistry Evolution in the Gulf Islands 

2.3.1. Regional Geological Setting 

During the Pleistocene, the Gulf Islands underwent regional depression due to the 

weight of the overlying glaciers. The land surface was depressed by as much as 300 m 

below present sea level (Clague, 1983). During the period of submersion below sea level 

(approximately 500-1000 years), there was likely sufficient time for seawater to intrude 

into the bedrock aquifers (Allen and Liteanu, 2006). Following rebound of the islands, fresh 

groundwater has gradually displaced the conservative and mobile Cl (Allen and Liteanu, 

2006), but Na has been left behind on the clay exchange sites within the mudstone units; 

these mudstones exist both as massive mudstone, but also as mudstone interbeds within 

the coarser-grained sandstone. Fresh (or immature) groundwater has a Ca-HCO3 

composition reflecting evapotranspiration and carbonate mineral dissolution during 
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recharge (Figure 2.5; Allen and Suchy, 2001b). However, because Na continues to be 

released through cation exchange with Ca, the groundwater evolves naturally to an 

intermediate Na-HCO3 composition (Cation shift arrow on Figure 2.5). Mixing between 

both water types and a more mature water type, Na-Cl, is also observed (Allen and Suchy, 

2001b). Most commonly, Na-HCO3 waters mix with Na-Cl waters (Salinization Path 1 in 

Figure 2.5); however, in some wells, mixing between groundwater with a Ca-HCO3 

composition and a Na-Cl composition is observed (Salinization Path 2). Salinization Path 

1 represents mixing with Cl-rich end member that may be remnant saltwater from when 

the islands were submerged, saline water present in the natural saltwater wedge 

underlying the island, or perhaps (although unlikely) connate water. Most of the wells 

characterized by this mixed water type are deep or are located near the coast. Salinization 

Path 2 reflects wells that have been impacted by SWI (Ca enrichment as suggested by 

Bear et al., 1999).  

The geological history of the Gulf Islands has resulted in groundwater composition 

that varies spatially. The water chemistry has evolved naturally, resulting in Na 

enrichment, making it challenging to use Na as an indicator of SWI. In addition, Cl is also 

present at high concentrations due to presence of remnant seawater, deep wells 

intersecting the wedge, or connate water, making the use of Cl as an indicator of SWI 

problematic. Furthermore, recent studies (Allen and Kirste, 2012) have shown that SO4 

concentrations can also be high in some wells due to mixing with seawater end-member 

that is enriched in SO4. For these reasons, identifying indicators of SWI is not 

straightforward and requires consideration of various approaches. 
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Figure 2.5 Groundwater chemistry evolution on the Gulf Islands (From Allen 
and Suchy, 2001b). Freshwater (red circle), ocean water (black 
rectangle), mixing between Na-HCO3 and Na-Cl water (pink), mixing 
between Ca-HCO3 and Na-Cl water (purple) and cation exchange 
(green).  

2.4. Methodology 

2.4.1. Groundwater Chemistry Database  

Over the years 1963 to 2011 several synoptic groundwater sampling studies were 

undertaken in the Gulf Islands, and a substantial water chemistry database has been 

assembled (Table 2.1).  
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Table 2.1 Sources of groundwater samples compiled into the groundwater 
chemistry database for the Gulf Islands  

Island Date Source 

Gabriola 2002 

Earle, S. and Krogh, E. (2006) Elevated fluoride and boron levels in groundwater 
from the Nanaimo Group, Vancouver Island, Canada. In Proceedings of Sea to Sky 

Geotechnique Conference, Vancouver, BC, Oct. 104, 2006, pp 1584-1591 (data 
provided by S. Earle, with permission) 

Galiano 1963-2002 Data compiled from BC WELLS database. 

Hornby 2000 
Allen, D.M. and Matsuo, G.P. (2001) Result of the groundwater geochemistry study 

on Hornby Island, British Columbia. Unpublished report prepared for the Islands 
Trust, Victoria, BC. 119 pp. 

Mayne 2011 

Allen, D.M. and Kirste, D. (2012). Results of the July 2011 Groundwater chemistry 
sampling study on Mayne Island, British Columbia. Report prepared for the Mayne 
Island Integrated Water Systems Society. Simon Fraser University, Burnaby, BC, 

39 pp. 

Salt Spring 2007-2008 BC Ministry of Forests, Lands and Natural Resource Operations. (data provided by 
Pat Lapcevic) 

Saturna 1998 
Allen, D.M., and Suchy, M. (2001) Results of the groundwater geochemistry study 
on Saturna Island, BC. Final report prepared for: Islands Trust Victoria, BC. Earth 

Sciences Simon Fraser University. 

Thetis 2008 BC Ministry of Forests, Lands and Natural Resource Operations. (data provided by 
Pat Lapcevic) 

Yellow Point 2000 

Earle, S. and Krogh, E. (2006) Elevated fluoride and boron levels in groundwater 
from the Nanaimo Group, Vancouver Island, Canada. In Proceedings of Sea to Sky 
Geotechnique Conference, Vancouver, BC, Oct. 104, pp 1584-1591 (data provided 

by S. Earle, with permission) 

 

The islands for which groundwater chemistry data are available include Gabriola, 

Galiano, Hornby, Mayne, Salt Spring, Saturna, Thetis and Yellow Point, near Nanaimo on 

Vancouver Island (Figure 2.6). In total, groundwater chemistry data for 992 wells were 

available. When a well had multiple entries, the most recent or complete record was used 

as a representative sample. Field and laboratory blanks, rainwater samples, ocean 

samples, and wells not suitable for statistical analysis (collected after being in a cistern, 

holding tank or after water softener was used) were removed.  
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Figure 2.6 Location of the Gulf Islands in British Columbia, Canada. Water 
chemistry data for the shaded islands/areas are considered in this 
study. 

 

The chemical parameters used in the analysis included; bicarbonate (HCO3), 

bromide (Br), calcium (Ca), chloride (Cl), electrical conductivity (EC), fluoride (F), 

magnesium (Mg), nitrate (NO3), potassium (K), sodium (Na), sulfate (SO4) and total 

dissolved solids (TDS). EC values were temperature compensated (25 ̊C), i.e. Specific 

Conductance. The commonly measured parameters were Ca, Cl, EC, F, Mg, K, Na and 

SO4, and the parameters that were not measured consistently were Br and NO3 and HCO3. 

For Yellow Point, Gabriola, and Saturna HCO3 was calculated using alkalinity according 

to the following equation (Csuros, 1994): 

Bicarbonate (mg/L) = 1.22*Alkalinity as CaCO3 (mg/L)  (Eq. 2.2) 

For consistency, the sum of all the major ions was calculated to determine TDS for all the 

samples. With the exception of Galiano (a limited dataset), all parameters are included in 
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the dataset. As the water chemistry database was created from multiple datasets, the 

analytical precision varied. The detection limits for each island are stated in Table 2.2.  

 

Table 2.2  Detection limits for chemical analyses conducted on the Gulf 
Islands. Where multiple detection limits are noted, different 
analytical techniques/laboratories were used. 

 Islan
d 

Unit Gabriol
a 

Galiano Hornb
y 

Mayn
e 

Salt 
Spring 

Saturna Theti
s 

Yello
w 

Point 

EC 
µS/c

m 1 

No 
Detectio

n 
Limits 

Reported  

1 1 1 1 1 1 

pH  0.01 0.1 0.01 0.1 0.1 0.01 0.01 

TDS mg/L 1 1 1 10 1 10 1 

HCO3 mg/L 1 0.5 1 0.5 0.5 0.5 1 

Br mg/L n/a n/a 0.1 0.1/0.02 n/a 0.1 n/a 

Ca mg/L 0.05 0.05 0.05 0.05/0.02 
0.05/0.0

1 0.05 0.05 

Cl mg/L 0.01 1 0.1 0.5/0.01 0.2 0.5 0.01 

F mg/L 0.01 0.01 0.004 
0.01/0.00

4 
0.05/0.2 0.01 0.01 

Mg mg/L 0.05 0.05 0.05 
0.05/0.00

2 0.05 0.05 0.05 

NO3 mg/L n/a n/a 0.05 
0.002/0.0

2 0.05 0.002 n/a 

K mg/L 0.1 1 0.05 1/0.01 0.01 0.05 0.1 

Na mg/L 0.1 0.05 0.001 0.05/0.01 0.1 0.05 0.1 

SO4 mg/L 1 1 0.1 0.5/0.05 0.5 0.5 1 

n/a not analyzed.  

 

2.4.2. Assessment of Common Indicators 

A variety of common indicators used in previous studies were applied to the Gulf 

Islands data in order to determine which wells may be affected by SWI. Several analyses 

were undertaken: 

1. Calculating the enrichment of Ca based on the ratio of Ca/Mg and Ca/(HCO3 + 

SO4) (in mg/L) based on Bear et al. (1999). 
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2. Calculating the ratio of Cl/(HCO3 + CO3) based on Todd (1959), El Moujabber et 

al. (2006) and Korfali and Jurdi (2010). 

3. Calculating the BEX (Eq. 2.1) for each island based on Stuyfzand (1986, 2008).  

4. Calculating and plotting the Cl/Br ratio for each island based on Bear et al. (1999) 

and Panno et al. (2006). 

5. Plotting Na vs. Cl (mol/L) for each island. 

6. Plotting Cl (mg/L) vs. EC (µS/cm) for each island following the approach by 

Washington State Department of Ecology (2005).  

7. Plotting Piper plots to view whether the groundwater chemical evolution is 

consistent from island to island, and to identify common pathways for salinization.  

8. Plotting Depth (m) vs. TDS (mg/L) for each island following the approach by Allen 

and Liteanu (2006). 

2.4.3. Statistical Methods 

A simple statistical method was used in combination with bivariate plots to identify 

potential indicators of SWI. The first step in the statistical analysis involved determining a 

representative composition of seawater. While the composition of seawater varies 

depending on a variety of factors (Encylopeaedia Britannica, 2014), the average global 

seawater composition was used (Ocean samples were available for Hornby and Saturna, 

representing the northernmost and southernmost extents of the study area. Samples were 

collected from the nearshore and are assumed to represent local ocean water 

compositions. For Br, Ca, Cl, K, Na. SO4 and TDS, the global seawater composition was 

similar (within 80%) to the Hornby and Saturna ocean samples. Although the two ocean 

samples for EC, HCO3, F, Mg and NO3 were not similar to the global seawater 

composition, to be consistent overall, the global seawater composition was used) (Water 

Quality Association, 1999; Holmes-Farley, 2003; Anthoni, 2006 and Heyda, 2006, Table 

2.3).  
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Table 2.3 Seawater composition for Hornby and Saturna samples and average 
global seawater composition (sources: Anthoni, 2006; Heyda, 2006; 
Holmes-Farley, 2003; Water Quality Association, 1999) 

 Global Hornby Saturna Global Hornby Saturna 

Parameter HCO3 Br 

mg/L 144.8 87.7 248.1 67.2 63 - 

µS/cm - - - - - - 

mol/L 2.4E-03 1.4E-03 4.1E-03 8.4E-04 7.9E-04 - 

Parameter Ca Cl 

mg/L 410.5 265 385 19400 16000 18400 

µS/cm - - - - - - 

mol/L 1.0E-02 7.9E-03 9.6E-03 5.5E-01 4.5E-01 5.2E-01 

Parameter EC F 

mg/L - - - 13 0.7 0.05 

µS/cm 56000 34300 32800 - - - 

mol/L - - - 6.8E-04 3.8E-05 2.6E-06 

Parameter Mg NO3 

mg/L 1288.5 866 996 0.5-2.5 - 9.7 

µS/cm - - - - - - 

mol/L 5.3E-02 3.6E-02 4.1E-02 8.1E-06 to 4.0E-05 - 1.6E-04 

Parameter K Na 

mg/L 391.6 300 362 10787.7 8940 8530 

µS/cm - - - - - - 

mol/L 1.0E-02 7.7E-03 9.3E-03 4.7E-01 3.9E-01 3.7E-01 

Parameter SO4 TDS 

mg/L 2697.9 2320 2150 29967.7 to 39954.4 28779.46 31071.15 

µS/cm - - - - - - 

mol/L 2.8E-02 2.4E-02 2.2E-02 - - - 

The statistical method initially considered the chemistry data for each island 

individually, and then for all islands together. For each island, a series of bivariate plots 

was generated to show each of HCO3, Br, Ca, Cl, EC, F, Mg, NO3, K, Na, SO4 and TDS 

against Cl, along with the Global Seawater Mixing Line (GSML). The GSML was 

determined for each parameter. This was done by calculating the ratio for each parameter 

with Cl; that value was then used as the slope in a linear equation (y=mx+b). Wells that 
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plot within 5% of the value of the GSML are considered as being affected by SWI with 

95% confidence.  

The next step involved combining all the data for the Gulf Islands. Each parameter 

was ranked from largest to smallest, and the percentile noted. Then, each well sample 

that appeared to be affected by SWI (determined from the bivariate plots discussed above) 

was flagged. The idea was to identify at what percentile (for each parameter) the wells 

show evidence of SWI based on the common indicators. This process would establish a 

more robust and defensible indicator of SWI. The percentage of water samples that were 

flagged as being affected by SWI were calculated for various percentiles. Although 

somewhat arbitrary, the 95th percentile, 90th percentile and 75th percentile were 

considered. 

Based on the previously mentioned steps, three parameters were considered: Cl, 

EC and TDS. Not all wells were sampled for all three parameters; therefore, for 

completeness, only the wells that had measured values of all three were used, resulting 

in 795 samples. For this reason, the dataset is considered a Partial Dataset. The results 

of the statistical analysis were later compared to the results when the Full Dataset was 

used (i.e. the statistical analysis includes all the wells regardless of whether one or more 

parameters (Cl, EC or TDS) was missing from the dataset).  

The final step was to compare the well samples that the common indicator 

methods suggest are affected by SWI with the results of the statistical method to determine 

which indicator method or combination of indicators is likely the most useful.   

2.5. Results 

2.5.1. Common Indicators 

The results of using a variety of plots and other common indicators of SWI are 

reported in this section.  These results are discussed further in relation to the statistical 

method in the next section. 
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Ion Ratios 

Enrichment of Ca can indicate SWI (Bear et al., 1999). Enrichment is reflected in 

Ca/Mg > 1 and Ca/(HCO3 + SO4) > 1. A total of 646 samples were used to calculate the 

Ca/Mg ratio, and 512 samples for the Ca/(HCO3 and SO4) ratio. All of the wells, except 

one, had Ca/Mg > 1; six samples had Ca/(HCO3 and SO4) >1.  

The ratio of Cl/(HCO3 + CO3) can be used to identify contamination by seawater. 

A total of 785 samples were used; 31 samples were slightly contaminated (Cl/(HCO3 + 

CO3) = 0.5-1.3), 15 samples were moderately contaminated (Cl/(HCO3 + CO3) = 1.3-2.8), 

5 samples were injuriously contaminated (Cl/(HCO3 + CO3) = 2.8-6.6), and 17 samples 

were highly contaminated (Cl/(HCO3 + CO3) > 6.6), 

BEX (Eq. 2.1) indicates if an aquifer is experiencing salinization or freshening. A 

total of 544 samples were used, 34 samples were indicative of salinization (BEX < 0), 79 

were near zero, and 431 samples indicated freshening (BEX > 0).   

Cl/Br vs. Cl 

Figure 2.7 shows a plot of Cl/Br versus Cl, based on the method of Bear et al. 

(1999) and Panno et al. (2006). Br was only analyzed for Hornby, Mayne, Salt Spring and 

Thetis (361 samples). Many samples fell below the detection limit and were removed; 

therefore, only 117 samples were plotted. Well samples that fall in or near the Sea Water 

zone (shaded blue in Figure 2.7) are considered to be influenced by SWI. 
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Figure 2.7 Chloride/Bromide vs. Chloride (based on the approach by Bear et al. 
1999 and Panno et al., 2006). 

Na vs. Cl 

Figure 2.8 and Figure 2.9 shows Na versus Cl for all of the Gulf Islands samples. 

The global seawater mixing line has a slope of 0.858. A Na/Cl ratio of 0.86 is thought to 

indicate SWI (Bear et al., 1999). All of the samples generally fall along this mixing line but 

outside of the 95% confidence interval. This limits the usefulness of this indicator on its 

own as the ratio is most useful for high concentrations of Na/Cl.  



 

35 

 

Figure 2.8 Sodium vs. Chloride for the Gulf Islands including Hornby ocean 
sample 
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Figure 2.9 Close up of Sodium vs. Chloride for the Gulf Islands (excluding 
Hornby ocean sample) 

Cl vs. EC 

A total of 795 well samples had both Cl and EC measurements (Figure 2.10; as 

per the approach by Washington State Department of Ecology, 2005). The well samples 

that fall within the Seawater Intrusion zone are considered to be influenced by SWI.  
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Figure 2.10 Chloride vs. Conductivity (based on approach outlined by 
Washington State Department of Ecology, 2006). Measured chloride 
concentrations for the ocean samples (not plotted) are >16,000 
mg/L. 

Piper Plot 

Figure 2.11 shows a Piper plot of all of samples for the Gulf Islands. The different 

groundwater chemical evolution paths and the Fresh Water composition field (shown in 

Figure 2.5) were transposed onto the Piper plot. The chemical evolution is fairly consistent 

from island to island. Samples considered fresh (Ca-HCO3 type) plot near the Fresh Water 

field (oval in Figure 2.11). Cation exchange is a dominant process on all the islands. 

Salinization Path 1 is characterized by an increase in Cl and usually follows cation 

exchange. Salinization Path 2 reflects an increase in Cl but without significant cation 

exchange. All of the islands follow Salinization Path 1, while only Gabriola, Hornby, 

Saturna and Yellow Point have well samples that fall along Salinization Path 2. Salt Spring 

and Galiano had incomplete datasets; as a result, they are not fully represented on the 

Piper plot.   

This Piper plot confirms that the groundwater chemistry evolution is consistent 

within the Gulf Islands, and that the same geochemical processes are taking place 

throughout the region. No one island stands out as being any different than the others. 
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Figure 2.11 Piper plot for the Gulf Island showing the groundwater chemistry 
evolution. 

Figure 2.12 shows a plot of Depth vs. TDS by island using the same zone 

categories as Allen and Liteanu (2006). To obtain the depth relative to sea level (y-axis), 

the surface elevation of each well was determined using a 25-m digital elevation model 

(DEM). The depth of each was well then subtracted from the surface elevation to obtain 

“Depth relative to sea level”. Some of the wells lacked information on well depth or TDS, 

therefore this approach was applied to 340 well samples (Galiano and Salt Spring were 

not included because they did not have well depth information). Identification of the zones 

was based on the conceptual Piper plot (see Figure 2.13). Well samples that are in Zone 

1 plot near seawater along Salinization Path 1 and 2 and reflect wells that are impacted 

by SWI. Samples plotting in Zone 3 reflect mixing between Zone 2 waters (influenced by 

cation exchange) and Zone 1 (Figure 2.13).  
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Figure 2.12 TDS vs. Depth for all samples. The linear trendline represents the 
saltwater wedge along the coast (Allen and Liteanu, 2006)  

 

Figure 2.13 Location of Zone 1 and Zone 3 waters on the Piper Plot 
(approximated). 

2.5.2. Statistical Method 

The percentages of water samples that were flagged as affected by SWI for 

various thresholds (95th percentile, 90th percentile and 75th percentile) are summarized in 
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Table 2.4. Considering the 75th percentile, <47% of wells were flagged as affected by SWI, 

suggesting that perhaps this is not a robust threshold. Of all the parameters considered, 

TDS, Cl, Na and EC had the highest percentage of wells that were flagged as affected by 

SWI for the 90th and 95th percentile (>75%) (Table 2.4).  

Table 2.4 Percentage of water samples that were flagged as affected by SWI at 
different percentiles for the Full dataset 

 Percent flagged as affected by SWI 

Ion 95th Percentile 90th Percentile 75th Percentile 

TDS 100 89 42 

Cl 98 95 47 

Na 95 87 42 

EC 79 78 41 

SO4 81 58 27 

Br n/a 

HCO3 44 34 20 

Ca 48 33 18 

F 46 37 24 

Mg 39 43 11 

K 33 26 21 

NO3 0 6 5 

Histograms for Cl, EC and TDS were created to determine the 90th and 95th 

percentile for the Partial Dataset (Figure 2.14). Samples with Cl >460 mg/L, EC >1630 

s/cm, and TDS >1040 mg/L represent the 95th percentile. Samples with Cl >130 mg/L, 

EC >870 s/cm, and TDS >660 mg/L represent the 90th percentile.  

Appendix A includes a table that identifies the well samples that fall in the 90th and 

95th percentile (Partial Dataset); a colour scheme is employed to reflect the likelihood that 

a well sample is affected by SWI. If all three parameters for a sample fall within the 95th 

(or 90th) percentile, that well sample is considered to have a “very high likelihood of being 

affected by SWI”. If only two parameters are within the 95th (or 90th) percentile, the well is 

assigned a “high likelihood of being affected by SWI”. If only one parameter is in the 95th 

(or 90th) percentile, a “moderate likelihood of being affected by SWI” is assigned. 
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In Appendix A, Column 1 flags whether the sample also had characteristics of SWI 

based on if the sample plotted along the Global Seawater Mixing Line (GSML) on various 

bivariate plots. One hundred percent (100%) of the samples in the top 95th percentile for 

Cl, show evidence of SWI from the bivariate mixing plots. Ninety-three percent (92.5%) of 

the samples in the 90th percentile for Cl show evidence of SWI. For EC, 100% of the 

samples appear to be affected by SWI in the top 95th and 90th percentiles. For TDS, 100% 

and 93.8% of wells appear to be affected by SWI for the 95th and 90th percentiles, 

respectively.  



 

42 

 

Figure 2.14 Histogram for CL, EC and TDS for the Partial Dataset. The black 
lines mark the 95th and 90th percentiles. 
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A summary of the well samples that may be affected by SWI based on the 

combination of common indicators and the statistical method is shown in Appendix B. A 

rating was given to each well sampled based on the table Appendix B. If a well sample 

was assigned a “very high likelihood of being affected by SWI” it was labelled as 95 VH or 

90 VH, according to whether it fell within the 95th or 90th percentile, respectively. If it was 

assigned as having a “high likelihood of being affected by SWI” it was labelled as 95 H or 

90 H for the 95th and 90th percentiles, respectively. Finally, if a well was assigned as having 

a “moderate likelihood of being affected by SWI” it was labelled as 95 M or 90 M for the 

95th and 90th percentiles, respectively. 

In Appendix B, boxes that are coloured gray represent wells that were not sampled 

for the particular parameter required for that indicator method, or if a value fell below the 

detection limit. Of the well samples that appear to be affected by SWI: 

 45% of well samples were not sampled for Ca, HCO3 and/or SO4 for the Ca/(HCO3 

+ SO4) indicator method. 

 19% of wells samples were not sampled for Cl, HCO3 and/or CO3 for the Cl/(HCO3 

+ CO3) indicator method.  

 34% of wells samples were not sampled for Na, K, Mg or Cl for the BEX indicator 

method.  

 80% of well samples were not sampled for Cl and/or Br for the Cl/Br vs. Cl indicator 

method.  

 8% of well samples were not sampled for Cl or EC for the Cl. vs EC indicator 

method.  

 56% of well samples did not have measurements of well depth or TDS for the 

Depth vs. TDS method.  

 8% were not sampled for Cl, EC and/or TDS and, therefore, were not included in 

the statistical method.  
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2.6. Discussion of Indicator Results 

2.6.1. Evaluation of Indicators 

The enrichment of Ca does not appear to be a good indicator for the Gulf Islands 

data. The first test (Ca/Mg) indicates that all wells (except for one) may be affected by 

SWI, as the ratio was greater than one for all of the well samples. The second test 

(Ca/(HCO3 + SO4) identifies six wells that may be affected by SWI. Calcium enrichment is 

not a useful indicator because of the cation exchange process that takes place on the Gulf 

Islands as part of the natural groundwater chemistry evolution. Because the system is 

starting out with Na saturated exchange sites, a salinization approach where Ca is on the 

exchanger is not valid for the Gulf Islands. As a result, this method is not consistent 

enough to be used as an indicator for SWI. 

The ratio of Cl/(HCO3 + CO3) appears to be a useful indicator; 100% of well 

samples that had a rating of 95 VH (statistical method) and 69% of well samples with a 

rating of 90 VH were also identified by this approach. Zero percent of well samples that 

had a rating of 95 H were identified by this approach, but there were only four well samples 

and three of them were not included because they lacked data. For well samples with a 

rating of 90 H and 90 M, 18% and 30%, respectively, were identified by this approach. 

This indicator had the best results (100%) with wells that had a rating of 95 VH, suggesting 

that this indicator should not be used alone but rather in combination with other indicators.  

BEX could potentially be a useful indicator; 70% and 20% of well samples with a 

rating of 95 VH and 90 VH were also identified with this approach. No well samples with 

a rating of 95 H and 90 H were identified using this approach, and 17% of well samples 

with a rating of 90 M were identified with this approach. Similar to the Cl/(HCO3 + CO3) 

indicator method, this indicator had the best results with wells that had a rating of 95 VH. 

Therefore, the BEX indicator would be useful if used in combination with other indicators.  

Based on the results shown in Appendix B, Cl/Br ratio does not appear to be an 

effective indicator of SWI for the Gulf Islands for the following reasons: (1) only Hornby, 

Mayne, Salt Spring and Thetis were sampled for Br (4 out of 8 islands); (2) the detection 

limit for Br on Hornby and Salt Spring was not suitable for capturing data (detection limit 
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was assumed to be 1 for Hornby and was 0.1 or 0.02 for Salt Spring, depending on the 

well sample); therefore, few samples were available; (3) 80% of the well samples that 

appear to be affected by SWI were not sampled for Br or Cl.    

Cl vs. EC does appear to be a useful indicator. All of the well samples that were 

identified using the Cl vs. EC indicator method were also identified using the statistical 

method. This is not surprising because the same parameters are considered in both 

methods.  

TDS vs. depth could be a useful indicator as 100% of the well samples that were 

identified as being affected by SWI by this approach were also identified with the statistical 

method. A limitation to this approach is that 46% of the well samples that were identified 

as being affected by SWI by the statistical method did not have a well depth measurement 

and, therefore, were not included in this approach. 

The most reliable indicators were found to be Cl/(HCO3 + CO3), BEX, Cl vs EC, 

and Depth vs TDS (common indicators, when used in conjunction) and the statistical 

method (90th and 95th percentiles); this results in 138 well samples (out of 795 samples or 

17%) that appear to be impacted by SWI. 

2.6.2. Comparison of Results for the Partial Dataset with the Full 
Dataset 

As discussed previously, the statistical analysis had only included those samples 

where all three parameters (Cl, EC and TDS) were available. A final comparison considers 

the Full Dataset for the Gulf Islands (992 samples in total; 853 Cl samples, 922 EC 

samples and 947 TDS samples). Again, only Cl, EC and TDS were used, but no well 

samples were removed. That is, if any of Cl, EC or TDS was not available for a sample, 

the sample was not discarded. Similar to the statistical method used for the Partial 

Dataset, histograms were created for Cl, EC and TDS and the 95th and 90th percentile 

were determined (Figure 2.15). 
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Figure 2.15 Histograms for Cl, EC and TDS for the Full Dataset. The black lines 
mark the 95th and 90th percentiles. 
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Table 2.5 summarizes the Cl, EC and TDS values that correspond to each of the 

95th and 90th percentiles for the Partial and Full Datasets, the percent change, and the 

total number of samples with those parameters. For the Partial Dataset, all three 

parameters have the same number of samples because only groundwater wells that were 

sampled for all three parameters were included. Table 2.4 illustrates that the 95th and 90th 

percentiles for each parameter are similar regardless of whether the Partial or the Full 

Dataset is used (except for EC). The parameter values differ more for EC than Cl and TDS 

(23% compared to 9-14%) because more samples were removed with high EC values 

when the Partial Dataset was generated. This lends support to the use of partial 

information on a well sample or in other words the Full Dataset thresholds.  

 

Table 2.5 Summary of 95th and 90th percentiles for the Partial and Full Dataset 
and the percent change between number of samples in the 95th and 
90th percentile.  

Indicators Cl (mg/L) EC (µS/cm) TDS (mg/L) 

 
Partial 
Dataset 

Full 
Dataset 

%  
Change  

Partial 
Dataset 

Full 
Dataset 

%  
Change 

Partial 
Dataset 

Full 
Dataset 

%  
Change 

95th 
Percentile 

460 480 12 1630 2090 23 1040 970 11 

90th 
Percentile 

130 130 8 870 960 23 660 620 10 

# samples 795 853  795 922  795 947  

2.6.3. Threshold Values 

The threshold values for Cl, EC and TDS based on the 95th and 90th percentiles 

are reported in Table 2.6. These threshold values derive from using the Full Dataset. The 

threshold values were chosen from the Full Dataset (rather than the Partial Dataset) 

because it encompasses all of the geochemical data available and the thresholds are less 

stringent than the Partial Dataset (except for TDS). These are the recommended values 

that can be used with either 95% confidence or 90% confidence that a well sample is 

affected by SWI. The values simply reflect, statistically, if the measured parameter falls 

within these upper percentiles of all previous chemistry data for the region.   
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Table 2.6 Recommended thresholds for each of Cl, EC and TDS. Based on the 
95th and 90th percentiles in the Full Dataset. 

Indicators Cl (mg/L) EC (µS/cm) TDS (mg/L) 

95th Percentile 480 2090 970 

90th Percentile 130 960 620 

It is important to note that the values do not distinguish between whether SWI is 

caused by active salinization due to pumping or other factors, whether old seawater or 

connate water are present, or whether the well has simply been drilled too deep and 

intersects the freshwater-saltwater interface. 

2.6.4. Potential Application of Thresholds 

Both EC and TDS are readily measured in the field using portable, inexpensive 

meters. Portable test kits are also available for Cl, but on site measurement is not 

considered to be critical. During drilling, or for simple monitoring purposes, either EC or 

TDS could be measured to give an indication of whether SWI is present. Conservatively, 

the 90th percentile values should be used to flag a likelihood of SWI. If any parameter is 

exceeded at the 90th percentile level, then the drilling should be halted (or during 

monitoring notice taken) and a water sample collected for chemical analysis.  

Following the chemical analysis, several other indicators could be assessed to 

verify the results. Ideally, a full chemical analysis would include Br, as this is a common 

and important indicator for SWI. Its use currently on the Gulf Islands is limited because it 

is measured infrequently. Similarly, well depth should be recorded for any sampled wells. 

2.7. Spatial Distribution of Indicators  

The groundwater chemistry data for the Gulf Islands can be visually represented 

using ArcGIS. Spatial distribution maps were created for the statistical indicators (Cl, EC 

and TDS) as well as BEX. BEX was included so that a general understanding of wells 

experiencing freshening or salinization could be observed. The spatial distribution maps 

are as follows, Cl (Figure 2.16), EC (Figure 2.17), TDS (Figure 2.18) and BEX (Figure 

2.19). 
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Figure 2.16 Spatial distribution of the statistical indicator, chloride. 
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Figure 2.17 Spatial distribution of the statistical indicator, electrical conductivity 
(EC). 
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Figure 2.18 Spatial distribution of the statistical indicator, total dissolved solids 
(TDS). 
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Figure 2.19 Spatial distribution of the common indicator, BEX.  

Generally, the wells that are in the 90th and 95th percentile fall along the coastline. 

There is some variability between the statistical indicators, but these spatial distribution 

maps identify regions on each island that are at risk of SWI. The BEX spatial distribution 

determines zones that are either undergoing freshening or salinization. Most of the zones 

identified by the statistical indicators are also identified by BEX but there are a few regions 

that are not. This is because the statistical method cannot determine whether or not wells 

are impacted by active saltwater intrusion or from another source of salinity (old seawater 

or water beneath the freshwater/saltwater interface).  

2.8. Case Study Demonstration of Common Indicators  

On January 14 2014, a new well (Well Plate Number 39196) was drilled on the 

road easement on the east side of Ross Road, approximately 100 m north of the 
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intersection of Walter Hook Road on Salt Spring Island. The well was drilled for the 

purpose of collecting water samples for chemical and isotopic analysis from specific depth 

intervals. In addition, the well offered an opportunity to apply the indicators proposed in 

this research.  

The well is constructed in bedrock (open hole) from the base of the surface casing 

(~19 m) to a depth of ~122 m. Bedrock was encountered at a depth of ~18.5 m. From 

~18.5 m to 44.5 m, the bedrock is described as fine grained quartz sandstone/siltstone of 

the de Courcy Formation. From 44.5 m to the bottom of the hole, the bedrock is described 

as massive mudstone of the Cedar District Formation. 

During drilling, 18 water samples were taken every ten feet by grab sampling; 

seven samples (collected every 20 feet) were bottled (SSI-1-2 to SSI-1-8), but these were 

not submitted for analysis (Table 2.7). Electrical conductivity (EC) corrected to 25°C 

(Specific Conductance) was measured on all samples using an Orion 5-Star Conductivity 

Meter. One sample (SSI-1-9) was collected during the constant discharge test after six 

hours of pumping (Table 2.7). 

From January 20-24, eight water samples were collected from discrete depth 

intervals using an inflatable packer assembly (SSI-1-9 to SSI-1-17: note that sampling 

depths are not sequential). The depth intervals were chosen based on zones which 

produced some water during drilling. The packers were separated by 10 ft (~3 m) allowing 

for a relatively narrow sampling interval. Water was pumped from the packer interval using 

a Redi-Flow 2 system and a Grundfos pump. An attempt was made to purge the interval 

by one volume; however, in some cases the yields were so low that pumping could not be 

sustained. Multiple attempts often had to be made (which accounts for the inconsistent 

sample numbers with depth shown in Table 2.7). A summary of the lithology of the well 

and the location of the discrete depth interval samples is shown in Figure 2.20.   

Water that was pumped from the discrete depth interval was passed through a flow 

through cell, and EC, pH, temperature, dissolved oxygen (DO) and oxidation-reduction 

potential (Eh) were measured. Once these parameters became relatively constant, a 

discrete depth interval sample was collected. The water samples were filtered. NH4
+, S2- 

and Fe2+ were measured in the field using a spectrophotometer (Hach DR 2800). Samples 
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were then bottled for various lab analyses (1 L for 14C, two 500 mL for 3H, 500 mL for 34S, 

250 mL for 13C, 250mL for anions and stable isotopes, and 125 mL for dissolved metals). 

Total Dissolved Solids (TDS) was computed from the lab results. 

Table 2.7 Summary of water samples collected through various methods. 
Note: the discrete interval samples do not have sequential depths. 

Date Sample ID Depth (ft) Depth (m) EC (µS/cm) 
 Samples Collected During Drilling (only EC measured) 

January 14 SSI-1-2 238 72.5 884 

January 14  245 74.7 820 

January 14  255 77.7 800 

January 14  265 80.8 863 

January 14  275 83.8 790 

January 14  285 86.9 860 

January 14  295 89.9 840 

January 14 SSI-1-3 300 91.4 911 

January 14  310 94.5 880 

January 14 SSI-1-4 320 97.5 960 

January 14  330 100.6 950 

January 14 SSI-1-5 340 103.6 1000 

January 14  350 106.7 940 

January 14 SSI-1-6 360 109.7 1000 

January 14  370 112.8 996 

January 14 SSI-1-7 380 115.8 992 

January 14  390 118.9 962 

January 14 SSI-1-8 400 121.9 1000 
 Sample Collected at the End of the Pumping Test 

January 17 SSI-1-9 400 121.9 1011 
 Samples Collected at Discrete Depth Intervals 

January 21 SSI-1-10 327 99.7 977 

January 21 SSI-1-11 345 105.2 906 

January 21 SSI-1-12 316 96.3 963 

January 21 SSI-1-13 285 86.9 939 

January 22 SSI-1-14 243 74.1 868 

January 23 SSI-1-15 117 35.7 688 

January 23 SSI-1-16 222 67.7 873 

Date Sample ID Depth (ft) Depth (m) EC (µS/cm) 

January 24 SSI-1-17 264 80.5 1095 
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Figure 2.20 Simplified lithology of SSI-1 and the location of the discrete depth 
water samples taken using the packer system. 

2.8.1. Water Chemistry Results 

The water samples collected for chemical analysis were analyzed at Simon Fraser 

University. Alkalinity was measured by titration. Anions (F-, Cl-, Br-, NO3
-, PO4

-3 and SO4
-

2) were measured by ion chromatography (IC) on a Dionex ICS-3000 chromatography 

system (error ± 3%) and dissolved major, minor and trace elements were measured using 

a Horiba Jobin-Yvon Ultima II inductively coupled plasma atomic emission spectrometer 

(ICP-AES) (error ± 3%). NH4+, S2- and Fe2+ were measured in the field using a 
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spectrophotometer (Hach DR 2800) (error ± 5%). The various parameter values and 

concentrations are reported in Appendix C. Charge balance errors were less than 2%. 

2.8.2. Comparison of EC during Drilling, Pumping, and at Discrete 
Depths 

Figure 2.21 compares EC between the water samples taken during drilling 

(measured on site) and during the packer sampling (measured in the lab) with depth. The 

EC values follow a similar trend, generally increasing with depth in a consistent fashion. 

Only one discrete depth interval sample (SSI-1-17) plots off the trend. The EC values are 

very consistent, which suggests that EC could be measured during drilling as a relatively 

inexpensive means to monitor salinity. 

 

Figure 2.21 Comparison of EC in samples taken during drilling and at discrete 
depths using the packer equipment. Discrete depth interval samples 
are plotted at the mid-point of the packed interval.  
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2.8.3. Analysis of Indicators 

The lab analysis results for the pumping test sample and the discrete interval 

samples were used to test the indicators of SWI, which were outlined previously in this 

chapter. Two ion ratio indicators were tested:  

(1) The ratio of Cl/(HCO3 + CO3), which includes five classes that evaluate the 
level of salinization (good quality [<0.5], slightly salinized [0.5-1.3], moderately 
salinized [1.3-2.8], injuriously salinized [2.8-6.6], and highly salinized [6.6-
15.5]); and 

(2) Base Exchange Index (BEX =Na+K+Mg-1.0716 Cl [meq/L]), which can be 
used to distinguish if the aquifer is undergoing salinization (negative BEX) or 
freshening (positive BEX).. 

Table 2.8 summarizes the results for both the monitoring well samples and the Salt 

Spring Island chemistry database.   

Table 2.8 Summary of ion ratio results for the monitoring well and the Salt 
Spring Island (SSI) database 

 Cl/(HCO3 + CO3) BEX 

Water Sample #  Result #  Result 

Monitoring Well 8 Good 9 Freshening 

Monitoring Well 1 Slightly Salinized 0 Salinization 

SSI Database 42 Good 98 Freshening 

SSI Database 2 Slightly Salinized 4 Salinization 

Overall, the results of these indicators are consistent between the monitoring well 

samples and the Salt Spring Island database. The ratio of Cl/(HCO3 + CO3) indicates that 

95% (42/44) of water samples in the Salt Spring Island database are of good quality. The 

water samples from the monitoring well are all of good quality. BEX indicates that 96% of 

the Salt Spring Island database wells are undergoing freshening rather than salinization. 

All of the samples from the monitoring well also indicate freshening. 

Several graphical methods were also applied to the monitoring well samples. The 

first graphical method is that of Panno et al. (2006) for Cl and Br (Figure 2.22). The data 

all plot close to the seawater-rainwater dilution trend indicating that mixing of recharge 

and a seawater-like endmember is occurring. 
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Figure 2.22 Ratio of Cl/Br vs. Chloride (method from Panno et al., 2006) 

The second graphical method is Na vs. Cl (Figure 2.23). The monitoring well 

samples have a similar range as the Salt Spring Island database. The average ratio of 

Na/Cl for the monitoring well is 1.52, which is above the global seawater mixing line (ratio 

of 0.86) and all of the water samples fall out of the 95% confidence interval of the global 

seawater mixing line. Because the concentration of Na and Cl is quite low for the water 

samples, the Na/Cl ratio is not a good indicator of SWI.   
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Figure 2.23 Ratio between sodium and chloride  

The third graphical method is Cl vs. EC, using the plotting method outlined by the 

Washington State Department of Ecology (2005) (Figure 2.24). The majority of the water 

samples from the Salt Spring Island database fall in the normal groundwater zone. The 

water samples from the monitoring well have higher Cl and EC values and fall within the 

mixing zone and saltwater intrusion zone. One sample (SSI-1-17) falls in the saltwater 

intrusion zone. Of all the sampled intervals, SSI-1-17 achieved the highest purge rate, 

suggesting that this zone was highly fractured. Interestingly, it also had the oldest 14C 

age (~2,000 – 4,000 years BP) (Allen et al., 2015). 
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Figure 2.24 Cl vs. EC for the monitoring well (method from Washington State 
Department of Ecology, 2005) 

Finally, depth vs. TDS was plotted (as used by Allen and Liteanu, 2006) (Figure 

2.25). The monitoring water samples are located in Zone 3, which is indicative of mixing 

between Zone 2 (simple cation exchange) and Zone 1 (direct salinization). The approach 

could not be compared to other water samples from the Salt Spring Island database 

because no well depth measurements were available.  
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Figure 2.25 Depth vs TDS for monitoring well (method from Allen and Liteanu, 
2006). Zone 1 is direct salinization, Zone 3 is simple cation 
exchange, and Zone 2 is mixing between the two types. 

A statistical approach (percentile ranking) was also applied to the monitoring well 

data. The 95th and 90th percentile threshold values for Cl (480 mg/L and 130 mg/L), EC 

(2090 µS/cm and 960 µS/cm) and TDS (970 mg/L and 620 mg/L) outlined previously in 

this chapter were compared with the lab analysis results (Table 2.9). None of the samples 

fall above the 95th percentile, and roughly half of the samples exceed the 90th percentile 

thresholds. Therefore, this well would be considered affected by SWI. 

Table 2.10 compares the monitoring well groundwater chemistry to groundwater 

chemistry from other locations on Salt Spring Island. Four well samples fall above the 95th 

percentile for Cl (one for EC and three for TDS) (Table 2.10).  
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Table 2.9 Summary of the statistical method for monitoring well data. Shown 
in shaded cells are the respective indicator thresholds for the 
various percentiles.  Sample ID corresponds to the depth shown in 
Table 2.6. No samples exceed the 95th percentile. 

* pumping test sample 

 

Table 2.10 Summary of Statistical Method for Salt Spring Island database 

Sample ID 
Cl 

(mg/L) Sample ID 
EC 

(µS/cm) Sample ID 
TDS 

(mg/L) 
Site 32 1579 Site 29 2985 Site 32 3849 

Site 16 752 95th Percentile 2090 Site 16 2344 

Site 29 485 Site 31 1626 Site 29 1393 

Site 14 484 Site 79 1040 95th Percentile 970 

95th Percentile 480 Site 113 1035 Site 14 853 

Site 31 149 90th Percentile 960 Site 31 622 

MoE #281 146   90th Percentile 620 

90th Percentile 130     
Total # of Wells  
Sampled for Cl 

135 
Total # of Wells  
Sampled for EC 

131 
Total # of Wells  

Sampled for TDS 
135 

Sample ID 
Cl  

(mg/L) Sample ID 
EC 

(µS/cm) Sample ID 
TDS 

(mg/L) 
95th Percentile 480 95th Percentile 2090 95th Percentile 970 

SSI-1-17 259 SSI-1-17 1095 SSI-1-17 818 

SSI-1-9* 145 SSI-1-9* 1011  SSI-1-12 703 

SSI-1-10 145 SSI-1-10 977 SSI-1-10 701 

SSI-1-12 145 SSI-1-12 963 SSI-1-16 693 

SSI-1-13 140 90th Percentile 960 SSI-1-9* 705 

90th Percentile 130 SSI-1-13 939 SSI-1-13 682 

SSI-1-16 126 SSI-1-11 906 SSI-1-14 658 

SSI-1-14 121 SSI-1-16 873 SSI-1-11 623 

SSI-1-11 101 SSI-1-14 868 90th Percentile 620 

SSI-1-15 99 SSI-1-15 688 SSI-1-15 547 
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2.9. Conclusions 

The purpose of this study was to test different indicators of saltwater intrusion that 

have been used in other studies, as well as to use a simple statistical method informed by 

bivariate plots to identify wells that are likely affected by saltwater intrusion.  

Based on the analysis, chloride (Cl), electrical conductivity (EC) and total dissolved 

solids (TDS) are the best indicators of saltwater intrusion. Using a Partial Dataset (795 

samples), comprising only those wells where all three parameters (Cl, EC and TDS) were 

measured, the 95th percentiles are 460 mg/L, 1630 µS/cm and 1040 mg/L, respectively. 

Bivariate plots were then used to identify samples that fall along the Global Seawater 

Mixing Line and these samples were flagged, showing that 100% of the samples in the 

95th percentile for Cl, EC and TDS are likely to be affected by saltwater intrusion. The 90th 

percentiles for Cl, EC and TDS are 130 mg/L, 870 µS/cm and 660 mg/L, respectively, with 

87.5%, 100% and 85% of the water samples in the 90th percentile likely being affected by 

saltwater intrusion.  

Using the Full Dataset (853 Cl samples, 922 EC samples and 947 TDS samples), 

which had one or two missing parameters (Cl, EC and TDS), the values at the 95th and 

90th percentiles did vary significantly for Cl and TDS compared to the higher quality Partial 

Dataset (<14% difference), but varied by 23% for EC. The 95th and 90th percentiles for Cl 

are 480 mg/L and 130 mg/L, 2,090 µS/cm and 960 µS/cm for EC, and 970 mg/L and 620 

mg/L for TDS, respectively.  

Given the similarity in the results between the Partial and Full Datasets, the 

threshold values from the Full Dataset are recommended to identify wells that are likely 

impacted by salinity in the Gulf Islands. The values from the Full Dataset are less stringent 

and they derive from all of the available data for the Gulf islands. Due to the combined use 

of graphical methods and a statistical method, these indicators are considered robust and 

defensible. It is important to note that no distinction is made between whether the wells 

are currently impacted by active saltwater intrusion, or whether the source of salinity is 

older seawater, or simply saline water beneath the freshwater interface. The threshold 

values simply reflect, statistically, if the measured parameter falls within these upper 

percentiles of all previous chemistry data for the region.   
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Using both common and statistical indicators, spatial distribution maps were 

created and zones affected by saltwater intrusion were identified. Not surprisingly, the 

wells that are in the 90th and 95th percentile predominantly fall along the coastline, with 

some exceptions (i.e. Yellow Point).   

Finally, the indicators were used to evaluate samples collected during the drilling, 

testing and discrete depth interval sampling of a new monitoring well on Salt Spring Island. 

Thresholds are exceeded at several depth intervals indicating that this well is impacted by 

salinity. The water chemistry from the monitoring well is also consistent with the water 

chemistry for the rest of Salt Spring Island. As discussed in Section 2.3, the groundwater 

chemistry of the Gulf Islands shows an evolution that reflects the post-glacial history of the 

region. The groundwater sampled in the monitoring well has undergone cation exchange 

(Na enrichment) and appears to be impacted by salinization, similar to other wells in the 

region.   
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Chapter 3.  
 
Storm Surge in Southwestern British Columbia 

3.1. Introduction 

From an impact point of view, coastal communities, especially those in low, deltaic 

regions, are exposed to natural threats such as extreme windstorms and the storm surges 

associated with those events (Abeysirigunawardena et al., 2009). Storm surge is an 

abnormal rise in sea level that is associated with a storm event (Danard et al., 2003). 

Storm surge can result in an overtopping of the land surface by sea water, which may lead 

to contamination of fresh groundwater from salt (e.g., Holding and Allen, 2015a; Holding 

and Allen, 2015b). Climate change is expected to result in global sea level rise and more 

extreme weather events, both of which are expected to impact the magnitude of storm 

surge in the future (Nicholls et al., 2007).  

In this chapter, the various factors influencing storm surge (e.g., climate, water 

levels and morphology of the coastline) in southwestern British Columbia (BC) are 

discussed. To understand the relationship between climate and storm surge, an analysis 

of sea level residual (associated with storm surge) was carried out using historical tidal 

and wind data for the Gulf Islands region.  

3.2. Causes of Storm Surge 

Storm surge is the residual sea level that is determined by subtracting predicted 

tide water levels from observed tide water levels. Residual sea levels are attributed to 1) 

wind and atmospheric pressure; 2) thermal expansion or contraction of water due to 

weather systems such as El Nino-Southern Oscillation (ENSO); 3) water level related to 

tides, sea level rise; and 4) morphology of the coastline (Abeysirigunawardena et al., 2011; 

Stoltman et al., 2007; Debernard et al., 2002). Seasonal fluctuations in atmospheric 

pressure, wind and current velocity can cause annual cycles of 30 to 50 cm of water to be 

superimposed onto long term sea level trends (Thomson et al., 2008). 
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3.2.1. Wind and Atmospheric Pressure 

Strong onshore winds and barometric pressure changes associated with coastal 

storms can cause major coastal flooding (National Oceanic and Atmospheric 

Administration (NOAA), 2015). Wind is the most significant contributing factor to high 

water levels during a storm surge (Danard et al., 2003); wind exerts a horizontal force on 

the ocean that creates a surface current in the direction of the wind. These currents are 

obstructed in shallow waters and cause the water level to rise on the downwind side and 

fall on the windward side of waves. Also, during storms, atmospheric pressure is low; 

therefore, less pressure is applied to the ocean and the water is able to rise up and 

contribute to storm surge (Romanowski, 2010). Thus, wind and pressure act together and 

“push” water onto the coastline (Public Safety and Emergency Preparedness Canada, 

2003).  

3.2.2. El Nino-Southern Oscillation 

In BC, there are two naturally occurring ocean-atmosphere phenomena which 

strongly influence climate variability; Pacific Decadal Oscillation (PDO) and El Nino-

Southern Oscillation (ENSO) (topic of this section) (Walker and Sydneysmith, 2008). 

ENSO has a 3 to 7 year cycle, and during the warm “El Nino” years, sea-surface 

temperatures, sea levels and local climate across BC are influenced, as warm waters from 

the equatorial Pacific travel north along the west coast of North America (Walker and 

Sydneysmith, 2008). Monthly mean sea levels are typically elevated tens of centimeters 

above background values during El Nino years; as a result, extreme sea level events in 

BC usually occur at these times. When sea levels are higher than average due to the 

expansion of seawater related to warm ENSO events, a moderate windstorm may become 

more hazardous (Bornhold, 2008; Thomson et al., 2008; Abeysirigunawardena et al., 

2009). 

3.2.3. Water Level 

Water level is an important factor that influences storm surge magnitude. First, 

water levels vary during the tidal cycle. The tide levels and the timing of a storm have a 

strong control over whether a storm surge will occur. Stoltman et al. (2007) suggest that 
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a storm surge would need to occur at or near high tide in order to have much impact;  

otherwise if a storm surge were to occur at a low tide, it would not raise sea level to a 

height which would have damage potential. The impacts of storm surges at low tides will 

most likely not be noticeable, but the impacts during a King Tide may be devastating 

(Shaw et al., 1998; Walker et al., 2007; Thomson et al., 2008; Abeysirigunawardena and 

Walker, 2013). King tides, also known as perigean spring tides, are extreme high tides 

that occur when the gravitational forces of the sun and the moon reinforce each other. 

These events typically occur twice a year (near the summer and winter solstices), but are 

most extreme during the winter (LiveSmart BC, 2013). On the BC coast, water levels 

during spring tides can reach or slightly exceed 5.0 m at Point Atkinson and 3.1 m at 

Victoria (Figure 3.1); if a storm surge of 0.6 m occurred concurrently with a spring tide, the 

resulting sea level would be equivalent to the record high of 1982 at Point Atkinson or the 

2003 at Victoria, even without climate influences such as ENSO (Tinis, 2011). 

Finally, under future climate change, thermal expansion of oceans and the melting 

of land-based ice will both contribute to global sea level rise (Bindoff et al., 2007). Global 

sea level is predicted to rise up to 0.6 m or more by 2100 (Nicholls et al., 2007). Because 

of sea level rise, it is possible that future storm events will have a larger impact on the 

coastline of BC (Walker and Barrie, 2006). 
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Figure 3.1 Location of tide stations in southwestern British Columbia 

3.2.4. Morphology of the Coastline 

Storm surges vary in size based on the morphology of the coastline (Stoltman et 

al., 2007). The size of a storm surge is influenced by the topography of the ocean floor 

and the small scale coastline geometry; as a result, storm surge has an inherent local 

character (Debernard et al., 2002). The topography of the ocean floor influences storm 

surge because currents are obstructed by shallow waters and wave heights increase. As 

well, the shape of the coastline may also increase the damage potential of storm surge. 

In small areas, such as bays, tidal energy is focused, and wind and water are funnelled to 

the shoreline. This funnelling of water may actually cause the local sea level to rise 

significantly higher than expected (Romanowski, 2010). For example, the tide range 

(difference between high and low tide) can be as much as 21 m in the Bay of Fundy, 

between Nova Scotia and New Brunswick; this demonstrates how the funneling of rising 

water in bays can influence local sea level (Christiansen, 2009). 
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3.3. Methodology  

3.3.1. Tide Data and the Residual  

Hourly observed tidal data are available through the Department of Fisheries and 

Oceans Canada (DFO, 2014). Table 3.1 summarizes the tidal stations that are located 

around the Gulf Islands study region, and Figure 3.2 shows the locations of these stations.  

Table 3.1 Summary of tidal stations and periods of record in the Gulf Islands 
region, BC. Shaded grey are the two stations with the most complete 
records. 

Station Name 
Station 
Number 

Start Year  End Year 
Total 

Number 
Years 

Number of 
Years with 
an Entire 

Year of Data 

Vancouver Island 

Sidney  7260  1953  2012  8  0 

Tsehum Harbour  7262  1983  1983  1  0 

Patricia Bay  7277  1966  2014  41  38 

Swartz Bay  7270  1963  1963  1  0 

Piers Island  7272  1980  1980  1  0 

Cowichan Bay  7310  1961  1961  1  0 

Maple Bay  7315  1969  1970  2  1 

Crofton  7450  1960  1971  3  0 

Chemainus  7455  1961  1961  1  0 

Ladysmith  7460  1954  2014  5  1 

Boat Harbour  7480  1972  1972  1  0 

Nanaimo Harbour  7917  1976  2003  9  6 

Nanoose Harbour  7930  1976  1993  9  6 

Northwest Bay  7938  1967  1968  2  0 

Winchelsea Island  7935  1967  1977  10  6 

Salt Spring Island 

Fulford Harbour  7330  1952  1992  41  38 

Ganges  7407  1915  1915  1  0 

Pender Island 

Hope Bay  7360  1961  1961  1  0 

Bedwell Harbour  7350  2001  2002  2  0 

Saturna 
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Station Name 
Station 
Number 

Start Year  End Year 
Total 

Number 
Years 

Number of 
Years with 
an Entire 

Year of Data 

Narvaez Bay  7345  1965  1965  1  0 

Tumbo Channel  7510  1965  1975  10  7 

Samuel Island 

Samuel Island  7370  1961  1961  1  0 

Samuel Is.  7515  1961  1961  1  0 

Mayne Island 

Georgina Point  7525  1959  1959  1  0 

Village Bay  7414  1964  1964  1  0 

Galiano Island 

Whaler Bay  7532  1964  2002  6  1 

Montague Harbour  7420  1964  1961  1  0 

Thetis Island 

Preedy Harbour  7471  1961  1961  1  0 

Valdes Island 

Valdes Island  7542  1963  1963  1  0 

Gabriola Island 

Pylades Channel  7442  1999  1999  1  0 

Silva Bay  7550  1967  1967  5  1 

Hornby Island 

Hornby Island  7953  1967  1971  4  0 

Denman Island  7955  1971  1971  1  0 
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Figure 3.2 Tide stations in the Gulf Islands, BC. Green represents temporary 
tidal stations; red represents the permanent tidal station (Patricia 
Bay) and blue represents the Fulford Harbour station used in this 
study.  

Patricia Bay is the only permanent tidal station, while the others are temporary. 

Patricia Bay and Fulford Harbour have the largest and most complete datasets; both have 

data for 41 years, with 38 years containing data for the entire year. The data from Fulford 

Harbour were used in this study as the station is located on the Gulf Islands. The period 

of record spans November 26, 1952 to July 31, 1992. There are short periods of missing 

data, but for the most part the dataset is continuous at Fulford Harbour from 1952 to 1992.  

The DFO provided the predicted hourly tide data for Fulford Harbour (Mike 

Foreman, direct communication). The residual (or storm surge) was calculated by 
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subtracting the hourly predicted tide data1 from the hourly observed tide data; an example 

is shown in Table 3.2.  

Table 3.2 Example of tide data used to calculate the residual tide at Fulford 
Harbour, BC.  

Date  Observed Tide (m)  Predicted Tide (m)  Residual Tide (m) 

16/12/1982 4:00  3.45  2.535  0.915** 

16/12/1982 5:00  3.9  3.006  0.894 

16/12/1982 6:00  4.19  3.341  0.849 

16/12/1982 7:00  4.33*   3.5  0.83 

16/12/1982 8:00  4.29  3.484  0.806 
* Max observed tide at Fulford Harbour, ** Max residual calculated at Fulford Harbour 

In total, there were 344,063 residual tide measurements, spanning from November 

1952 to July 1992. These include positive and negative residuals. As the study focuses 

on storm surge, only the 167,615 positive residuals were analyzed. Following the 

methodology employed by Tinis (2011) for residual tide data at Point Atkinson and 

Victoria, only residuals >20 cm at Fulford Harbour were considered. As a result, 26,021 

positive (>20 cm) residuals were analyzed statistically.  

First, a histogram of the positive residuals >20 cm, using 10 cm increments, was 

generated. Although all residuals represent storm surge, the values exceeding the 90th 

percentile are characteristic of storm events.   

Second, the percent of residuals occurring at high tide was determined. The 

highest tides on record range from 3.1 m (Victoria) to 5.61 m (Point Atkinson) (Tinis, 2011). 

To calculate the percent of residuals occurring at high tide, a range in high tide for Fulford 

Harbour had to be determined. This was done using the largest predicted tide (3.74 m) 

and the largest residual (0.92 m). High tide was assigned to be within 1.0 m (residual of 

0.92 m rounded to 1.0 m) of the highest predicted tide (3.74). This resulted in a range of 

high tide from 2.75 and 3.75 m. Using this range, the percentage of residuals which occur 

at these tides could be calculated. To verify the range of high tide, a residual of 0.92 m 

was added to the predicted tide, which resulted in observed tide between 3.67 and 4.67 

m. These values encompass the highest observed tide at Fulford Harbour (4.33 m) and 

 
1 Predicted tide data are based on tidal harmonics for Fulford Harbour 
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fall between the highest tides (3.1 and 5.61 m) recorded along the BC coast. Once high 

tide was established, the percent of residuals based on 10 cm increments was determined.  

Finally, the frequency of residuals that occur in a given month was determined to 

explore whether there is seasonality in the residual tide data.   

3.3.2. Wind Data 

As mentioned above, wind influences storm surge. Therefore, a statistical analysis 

is performed on wind and residual tide data to determine if these two parameters are 

correlated.  Rather than using residuals >20 cm (as was done for the analysis of residuals 

as described above), the residuals were separated based on a residual tide height of >40 

cm, which is more characteristic of storm events (Allen et al., 2014).  

The Salish Sea MEOPAR project team (Allen et al., 2014) has developed a three-

dimensional model for the Strait of Georgia and Salish Sea which will be used to evaluate 

storm surge risk in coastal communities. The Salish Sea MEOPAR project uses surface 

anomalies greater than 40 cm to characterize water level elevation during a storm. For 

consistency with the MEOPAR project, residuals >40 cm were extracted from the dataset 

and used in the correlation analysis with wind data.  

The wind data used in this analysis were provided by Griffin (2010) who 

downloaded the data from the NOAA (from the Integrated Surface Hourly (ISH) Database 

and from Environment Canada (EC) (from Canadian Climate Data). A single weather 

station did not have sufficient wind data for all of the residuals >40 cm. Therefore, five 

weather stations (from ISH and EC) were chosen to create a wind database that would be 

used alongside the tide data. The weather stations were selected based on distance from 

Fulford Harbour and the period of time wind data were collected. As a result, five stations 

were used to generate the data series (Table 3.3 and Figure 3.3). 

 

Table 3.3 Location and Type of Weather Stations. 

Station ID Type Lat. Long. 
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Victoria Marine 712020 ISH 48.367 -123.75 

Victoria Int’ Arpt 717990 ISH 48.65 -123.43 

Victoria Gonzales HTS 1018610 EC 48.41307 -123.325 

Nanaimo A 1025360 EC 49.05222 -123.87 

Estevan Point CS 1032731 EC 49.38319 -126.545 
EC – Environment Canada 

ISH  - Integrated Surface Hourly (ISH) Database 

 

Figure 3.3 Location of Tide and Weather Stations  

 

Victoria Gonzales HTS had the most complete record of wind data (80% of 

residuals had climate data). Therefore, this station was used as the primary weather 

station. Each of the remaining stations had varying percentages of residuals which had 

corresponding climate data: Victoria Int’l Arpt (50%), Nanaimo A (60%), Victoria Marine 

(24%) and Estevan Point CS (35%).  

A correlation analysis was performed for different climate parameters (direction, 

speed and pressure) between Victoria Gonzales HTS and each of the other stations in 

order to determine the optimal station to use for infilling the missing data (Table 3.4). The 

station with the strongest correlation with Victoria Gonzales HTS was used for infilling.  
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For direction, Victoria Int’l Airport (Pearson’s R of 0.44) and Estevan Point CS 

(Pearson’s R of 0.44) had the strongest correlation with Victoria Gonzales HTS. Because 

Victoria Int’l Arpt is closer to the Gulf Islands, it was given priority for infilling direction data. 

If there were still residuals with missing wind data, then the station with the next strongest 

correlation was used. Similarly, the strongest correlation for speed was between Victoria 

Gonzales HTS and Nanaimo A, with a Pearson’s R of 0.46. Victoria Marine had the 

strongest correlation with Victoria Gonzales HTS for pressure (Pearson’s R of 0.99). 

Direction and speed had fairly low correlation between stations, with a range in Pearson’s 

R of 0.22 to 0.46. The correlation for pressure was much stronger between stations, with 

a Pearson’s R between 0.95 and 0.99 (with the exclusion of Estevan Point CS, Pearson’s 

R of 0.19). 

Table 3.4 Correlation (Pearson’s R) between Victoria Gonzales HTS and 
remaining climate stations.  

Parameter Victoria Int’l Arpt Nanaimo A 
Victoria 
Marine Estevan Point CS 

Direction 0.44 0.31 0.27 0.44 

Speed 0.22 0.46 0.25 0.4 

Pressure 0.96 0.95 0.99 0.19 

 

Direction, speed and pressure were considered separately depending on which 

station had the strongest correlation with Victoria Gonzales HTS for that parameter. As a 

result, the percent of data from each source varies depending on the climate parameter 

(direction, speed pressure). Table 3.5 summarizes the source of data for each parameter 

according to the percentage used for infilling. The column labeled “Blank” shows the 

percent of residuals which did not have corresponding climate data.  

Victoria Gonzales HTS was dominant source of wind data for direction (79.4%), 

speed (79.5%) and pressure (56.5%). Victoria Int’l Arpt and Victoria Marine were the next 

dominant sources of wind data. Estevan Point CS was used the least for infilling, which 

was to be expected as it is the weather station furthest from Victoria Gonzales HTS. 

Table 3.5 Percentage of climate data that derived from different sources for 
each parameter. The last column “Blank” represents the percent of 
residuals that did not have corresponding climate data.  

 Victoria Victoria Nanaimo A Victoria Marine Estevan Blank 
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Gonzales HTS Int’l Arpt Point CS 

Direction 79.4% 15.7% 0.7% 0% 0.6% 3.6% 

Speed 79.5% 3.4% 7.% 0.5% 6.0% 3.5% 

Pressure 56.5% 14.6% 1.9% 22.4% 0.03% 4.6% 

3.3.3. Wind Stress 

To determine the correlation between the residual data and the wind data (direction 

and speed), rather than finding the correlation between the residual data and wind 

direction and speed separately, the wind data were used to calculate the wind stress at 

Fulford Harbour. Wind stress was determined because it incorporates both wind direction 

and speed. Wind stress was determined as follows: 

	 	 	             (Eq. 3.1) 

where 

 	 	 1.225 	 	15 	 	           (Eq. 3.2) 

	 	 	 0.49 0.065 										 	 	 10       (Eq. 3.3) 

	 	 1.14									 	3 	 	 10            (Eq. 3.4) 

	 	 0.62 1.5 											 	 	 3              (Eq. 3.5) 

and where 

	                       (Eq. 3.6) 

Because wind varies in speed and direction, wind direction must be taken into 

consideration. Therefore, as shown in Equation 3.7 a location-specific velocity (VF = 

velocity Fulford Harbour) was calculated using components of wind direction according to 

Equation 3.8. Because Fulford Harbour is situated in a bay that trends northwest-

southeast, the observed wind velocity was broken down into components to determine 



 

77 

which direction has the highest correlation with the residual data at Fulford Harbour. As a 

result, 36 different directions were chosen (at 10° intervals).   

                (Eq. 3.7) 

where 

	 | 	 | 	 ∗             (Eq. 3.8) 

*direction between 0 to 360 degrees in 10 degree intervals  

The thirty-six different VF values were then substituted into the Equation 3.1 to 

determine the wind stress. A correlation between residuals and wind stress (for different 

directions) was performed in order to see if there is a specific direction that corresponds 

with larger residuals. This would suggest a connection between wind and storm surge.  

3.4. Results 

3.4.1. Storm Surge Patterns 

The observed the tidal range was 4.74 m (max = 4.33 m and min = -0.43 m) at 

Fulford Harbour. The predicted tidal range was 3.97 m (max = 3.74 m and min = -0.23 m). 

The frequency analysis results for residuals >20 cm are shown in Figure 3.4. At Fulford 

Harbour, the 90th and 95th percentiles are 43 and 49 cm, respectively. The 90th percentile 

at Victoria and Point Atkinson are 40 and 45 cm, respectively (Tinis, 2011). Therefore, 

residual tide data for Fulford Harbour (43 cm) are consistent with other tidal data along the 

southwestern coast of British Columbia. 
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Figure 3.4 Frequency distribution at Fulford Harbour. The residual water levels 
(>20 cm) are divided into 10 cm bins. The 90th and 95th percentile are 
represented by the horizontal black lines which correspond with 
residuals of 43 and 49 cm, respectively.  

The percentages of residuals occurring at high tide are shown in Figure 3.5. In 

total, 37% of residuals >20 cm occur at high tide (2.75 m). Figure 3.5 presents all of 

residuals >20 cm, but as mentioned previously, residuals >40 cm are used to characterize 

a storm surge (Allen et al. 2014). Therefore, according to Figure 3.5, residuals >40 cm 

occur at high tide only 5.7% of the time. This suggests that large storm surges occurring 

at high tide (which would be most damaging) are not frequent events.  
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Figure 3.5 Percent of residuals > 20 cm occurring at high tide (>2.75 m).  

In order to understand the seasonal behaviour of storm surges, the frequencies of 

residuals were plotted based on the month of occurrence. Residuals were divided into two 

groups (20-40 cm and >40 cm); residuals between 20 and 40 cm are the most frequent 

and occur throughout the entire year, but most often from October through April, while 

residuals >40 cm do not occur throughout the whole year, only from October through April 

(Figure 3.6).  
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Figure 3.6 Frequency of residuals between 20-40cm and >40 cm per month for 
1952 to 1992.  

3.4.2. Storm Surge and Climate 

Wind Stress 

Wind stress was first correlated to residuals >40 cm. There was no correlation 

between wind stress and residuals >40 cm (Pearson’s R <0.10) as shown in Table 3.6. 

As a result, Pearson’s R was calculated for different ranges of residuals in an attempt to 

seek a stronger correlation. The correlation improved somewhat for residuals >60 cm 

(0.24), >70 cm (0.27) and >80 cm (0.69), but the number of samples decreased 

significantly relative to the number of residuals >40 cm; a decrease of 92.2%, 98.4% and 

99.7% for residuals >60 cm, >70 cm and >80 cm, respectively. 
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Table 3.6 Summary of correlation (Pearson’s R) between wind stress and 
residuals >40 cm in increments of 10 cm 

Degrees >40cm >50cm >60cm >70cm >80cm 

Number of Residuals 3654 1153 287 57 10 

0 0.08 0.07 0.24 0.26 -0.35 

10 0.10 0.05 0.21 0.22 0.24 

20 0.09 0.04 0.05 -0.02 0.50 

30 0.04 0.03 -0.05 -0.12 0.50 

40 0.03 0.06 0.04 0.03 -0.50 

50 0.07 0.08 0.22 0.26 -0.39 

60 0.09 0.06 0.23 0.26 -0.28 

70 0.10 0.05 0.14 0.12 -0.05 

80 0.06 0.03 -0.03 -0.11 0.69 

90 0.03 0.04 -0.03 -0.07 -0.47 

100 0.05 0.08 0.16 0.18 -0.44 

110 0.08 0.07 0.24 0.27 -0.34 

120 0.10 0.05 0.20 0.21 -0.19 

130 0.08 0.03 0.03 -0.04 0.32 

140 0.04 0.03 -0.05 -0.11 0.42 

150 0.04 0.07 0.05 0.05 -0.49 

160 0.07 0.08 0.23 0.26 -0.39 

170 0.09 0.06 0.23 0.25 -0.27 

180 0.10 0.04 0.13 0.10 -0.02 

190 0.06 0.03 -0.04 -0.11 0.69 

200 0.03 0.04 -0.02 -0.06 -0.50 

210 0.05 0.09 0.17 0.20 -0.43 

220 0.08 0.07 0.24 0.27 -0.33 

230 0.10 0.05 0.19 0.20 -0.17 

240 0.08 0.03 0.02 -0.06 0.40 

250 0.04 0.03 -0.05 -0.11 0.31 

260 0.04 0.07 0.07 0.07 -0.48 

270 0.07 0.08 0.23 0.27 -0.38 

280 0.09 0.06 0.23 0.25 0.02 

290 0.10 0.04 0.11 0.07 0.02 

300 0.05 0.03 -0.04 -0.12 0.67 

310 0.03 0.05 -0.01 -0.04 -0.51 

320 0.06 0.09 0.19 0.22 -0.42 

330 0.08 0.07 0.24 0.27 -0.32 
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Degrees >40cm >50cm >60cm >70cm >80cm 

Number of Residuals 3654 1153 287 57 10 

340 0.10 0.05 0.19 0.19 -0.15 

350 0.07 0.03 0.01 -0.07 0.49 

360 0.03 0.03 -0.05 -0.10 0.15 

Pressure 

Pressure had the strongest correlation with the residual data as wells as between 

all of the climate station (when compared station to station, Pearson’s R between 0.95-

0.99, excluding Estevan Point CS). Pearson’s R for pressure and residuals >40 cm was -

0.25; this value decreased as larger residuals were compared with pressure (e.g. >50 cm 

had a Pearson’s R of -0.18). 

3.5. Discussion 

Storm surge is a coastal hazard that has occurred historically throughout BC and 

will likely continue, and perhaps may be more frequent and intense, in the future. The 90th 

and 95th percentiles of residuals at Fulford Harbour are 43 and 49 cm, respectively. These 

values are very similar to the 90th percentile for Victoria (40 cm) as well as the 40 cm 

residual used in the Salish Sea MEOPAR project to characterize water levels during a 

storm. Therefore, 40 cm was used as a threshold for analysing residuals considered to be 

representative of a storm surge. Only 5% of residuals >40 cm occur at high tide (<2.75 

m). This illustrates the infrequency of this type of hazardous event (high tide and storm 

surges occurring simultaneously) historically in southwestern BC. Also residuals >40 cm 

occur predominantly from October through April.  

No strong correlation exists between wind stress and residuals >40 cm (Pearson’s 

R <0.10). The correlation improved with an increase in residual size (residuals >60 cm 

(Pearson’s R = 0.24), >70 cm (Pearson’s R = 0.27) and >80 cm (Pearson’s R = 0.69), but 

the number of samples used in the correlation analysis decreased significantly which limits 

the credibility of these results. The strongest correlation was between residuals and 

pressure (Pearson’s R = -0.25) but it is too small to be significant.  
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The most significant result is of this work is that there is no correlation between 

wind stress and storm surge for Fulford Harbour. Therefore, wind cannot be used as a 

predictor of storm surge using this particular dataset. Several factors govern the wind 

direction in the Strait of Georgia; winds are typically from the northwest in the summer and 

from the southeast during the winter due to the trade wind patterns (Thomson, 1981). The 

general wind patterns can also be altered due to funnelling effects in the Juan de Fuca 

Strait, Puget Sound and the Fraser Valley. Thus, Fulford Harbour simply may not be a 

representative station. Climate stations which are located outside of the Strait of Georgia 

which better capture the trade winds may provide a better data source.   

The best way to characterize storm surge is through the residual which must be 

calculated directly using observed and predicted tidal data. Given that Tinis (2011) and 

Allen et al. (2014) characterize a storm surge by residuals >40 cm, the results from this 

work determined the 90th and 95th percentile at Fulford Harbour to be 43 and 49 cm. In 

subsequent chapters, storm surge will thus be characterized by residuals >49 cm as it is 

the more conservative value and it was calculated using data from the Gulf Islands.  
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Chapter 4.  
 
Aquifer Risk Mapping 

4.1. Introduction 

Aquifer vulnerability mapping is commonly carried out to assess potential for the 

vertical transport of contaminants (typically related to land use) from the ground surface 

to the aquifer (Ontario Ministry of Environment, 2004). For coastal aquifers, however, 

salinization represents the most important threat to groundwater. Contamination 

associated with salinization can occur from multiple directions: from above due to 

inundation or storm surge, laterally due to encroachment of the freshwater/saltwater 

interface, and from below due to over extraction of groundwater from wells (i.e. upconing). 

Because of the diverse pathways of contamination in coastal aquifers, a different approach 

is required for conceptualize and assess risk to the aquifer.  

The approach outlined in this chapter follows a similar framework as Holding and 

Allen (2015) for assessing water security for small islands. Their approach employed 

numerical groundwater flow and transport modeling to simulate where the freshwater lens 

is present and thus susceptible to various hazards including: chemicals related to land 

use, over extraction of groundwater, and inundation due to sea level rise and storm surge.  

In the current study, attributes related to the land surface and coastal geometry are used 

to map the aquifer susceptibility. Various hazards related only to salinization are then 

superimposed to assess the aquifer vulnerability. Risk is assessed by considering the 

consequence of the loss of the groundwater supply. The mapping is carried out in ArcGIS 

10 ©.  

4.2. Risk Assessment  

Risk assessments determine the risk (probability of a harmful consequence/loss) 

by analysing the potential hazards and the vulnerability of a region. In previous research, 
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Simpson et al. (2014) defined risk to groundwater quality due to chemical contamination 

originating at the land surface as: 

	 	 ∗ 	                     (Eq. 4.1) 

Simpson et al. (2014) calculated the spatial risk to groundwater quality (according 

to Eq. 4.1) using maps of aquifer vulnerability and potential loss. Vulnerability included 

aquifer susceptibility and hazard threat, and was calculated using the following equation 

(Simpson et al., 2014):  

	 	 	 ∗ 	 	              

                                                                                                         (Eq. 4.2) 

 Holding and Allen (2015a) adapted the approach for use in small islands. Using 

the results of a chemical hazard and water use survey, risk to water security was assessed 

on Andros Island, The Bahamas. Risk due to climate change, encompassing sea level 

rise, storm surge and a reduction to recharge was also assessed.  

A risk assessment framework tailored specifically for coastal aquifers is shown in 

Figure 4.1. The framework is based on the original conceptualization of Simpson et al. 

(2014) for risk to groundwater quality, but has been adapted to show potential hazards 

that can lead to saltwater intrusion (SWI), including sea level rise (SLR), storm surge and 

pumping, as described by Holding and Allen (2015a). In this study, aquifer susceptibility 

will be assessed based on specific metrics that may be more suitable for identifying areas 

that are more susceptible to SWI (e.g., distance to coast and topographic slope) rather 

than according to the aquifer properties that reflect the ease of infiltration of chemical 

contaminants at surface as conceptualized in traditional aquifer vulnerability mapping. 

Each component of the risk assessment is discussed briefly below using examples from 

the literature that describe how each can potentially be assessed. 
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Figure 4.1 Risk assessment framework for coastal aquifers (modified from 
Simpson et al. 2014) 

4.2.1. Vulnerability 

Hazard Threat 

In the context of coastal aquifers, hazard threats are related to human stressors 

such as pumping, and to natural phenomena, specifically coastal hazards such as SLR 

and storm surge. Pumping in coastal aquifers can be a significant hazard to groundwater 

quality because it can cause SWI, which can degrade the freshwater supply. SWI can be 

induced by in an individual groundwater pumping well if 1) the well is situated too close to 

the coast, 2) it is too deep, 3) it pumped at too high a rate, or 4) a combination of two or 

more of these factors. SWI may be caused by a single well for the reasons above, but 

more commonly it is caused by concentrated pumping in a location where the well density 

is too high to be sustained by the amount of recharge received. Kennedy (2012) used civic 

point (residential density) in a GIS based approach for assessing relative SWI vulnerability 

in Nova Scotia. Holding and Allen (2015a) assessed water demand hazards on a property 

by property basis. 

Flood hazard maps can be generated to show areas potentially at risk of inundation 

from SLR and storm surge. According to new guidelines and specifications for Coastal 

Floodplain Mapping (KWL, 2011), coastal flooding is caused by high tides, storms and 
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tsunamis. The new procedures for floodplain mapping incorporate a combination of 

parameters: 1) higher high water large tide (average of the highest high water levels over 

~19 years of data); 2) allowance for future SLR (1 m by 2100 and 2 m by 2200); 3) 

estimated storm surge (changes in atmospheric pressure, effects of strong winds blowing 

over water surface, waves, changes in ocean currents or temperature); 4) estimated wave 

effect associated with storms (flooding and erosion); and 5) freeboard (0.6 m of 

uncertainty) (Ausenco Sandwell, 2011). 

Coastal morphology and local wind set-up also influence water levels along coastal 

regions. Although no direct correlation between wind and storm surge was found in 

Chapter 3, winds may generate local surge in water depths less than 30 m (Ausenco 

Sandwell, 2011). In small areas, such as bays, tidal energy is focused, and wind and water 

are funnelled to the shoreline. This funnelling of water may cause the local sea level to 

rise significantly higher than expected (Romanowski, 2010). Local surge is typically only 

generated when there is a substantial body of shallow water depth (<30 m) in front of a 

shoreline (KWL, 2011).  

Aquifer Susceptibility 

Aquifer susceptibility maps have been created for the Gulf Islands (Denny et al., 

2007). These maps were constructed using the DRASTIC-Fm methodology (a 

modification of DRASTIC – Aller et al., 1987). DRASTIC-Fm is an acronym for the 

following parameters; (D) depth to water, (R) net recharge, (A) aquifer media, (S) soil 

media, (T) topography, (I) impact of vadose zone media or conductivity of vadose zone, 

(C) aquifer hydraulic conductivity and (Fm) fractured media. The aquifer susceptibility 

mapping method was developed specifically to assess the intrinsic properties of the 

aquifer in relation to chemical contaminants that may be introduced at land surface. In 

coastal aquifers, salinization is one of the greatest threats to groundwater quality and this 

can occur from many directions: 1) surface (storm surge and inundation), 2) lateral 

intrusion due to SLR and pumping or 3) upconing from below (pumping). 

To address the multi-directional pathways for SWI, alternative approaches for 

mapping aquifer susceptibility in coastal regions are required. For example, Holding and 

Allen (2015a) mapped aquifer susceptibility based on the location of the freshwater lenses 
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(FWLs) on Andros Island. Numerical modeling was used to approximate the location and 

thickness of the FWLs, verifying the results using available data. If the lens was present 

and thick, it represented a viable long term source of freshwater and therefore was 

susceptible to contamination. Areas with thin or no lenses, were considered less 

susceptible.  

Kennedy (2012) used five parameters to characterize the vulnerability of coastal 

aquifers. The parameters included: 1) distance from the coastline, 2) topographic slope, 

3) civic point (residential) density, 4) large groundwater users (daily non-domestic 

groundwater withdrawal rates) and 5) water level elevation relative to mean sea level 

(RMSL).  

Erlandson (2014) used the DRASTIC-Fm maps for the Gulf Islands to rate the 

relative groundwater flux. The C (hydraulic conductivity) and Fm (fractured media) were 

combined into a composite C. Using two methods, Erlandson (2014) combined the 

composite C with the T (topography or slope) parameter to create relative groundwater 

flux maps using two approaches. The first approach used the topography parameter rating 

from the original DRASTIC methodology (Aller et al., 1987) and the second approach used 

topography parameter ratings from the Nova Scotia based study (Kennedy, 2012). The 

Fm parameter highly influenced the composite C (hydraulic conductivity) and 

consequently the groundwater flux values.   

4.2.2. Loss 

Loss can be evaluated in a variety of ways. For example, a risk assessment could 

consider economic consequences due to the contamination of groundwater supply, 

impacts to human health if a well is contaminated, or the consequences to ecological 

systems. In some cases, the contamination of a well impacts more than a single 

homeowner; for example, a water supply system, water intensive business such as 

agriculture (Simpson et al., 2014) or commercial developments related to tourism. For 

agriculture, if no other water resource is available, the business may be required to shut 

down. For commercial development, rather than closing down, the owner may be required 
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to import large amounts of water or install a rainwater collection system or water treatment 

facility. 

Simpson et al. (2014) identified four potential sources of water if a well becomes 

contaminated; these include: 1) hooking up to municipal water supply where available; 2) 

drilling a deeper well if the geology allows; 3) importing water; or 4) investing in another 

expensive long term solution such as water treatment or rainwater harvesting. For islands 

and coastal aquifers in general, drilling a deeper well will typically not yield freshwater, as 

saltwater lies below the freshwater lens, but there is the option to drill another shallower 

well on the property.  For individual homeowners or small businesses in the commercial 

or industrial sector these may be suitable options, but for larger businesses, such as those 

in the agricultural sector, they would be impractical.  

In the risk assessment by Simpson et al. (2014) three potential scenarios were 

considered for the loss due to contamination of a groundwater supply (replacement cost, 

economic loss and healthcare cost). In coastal settings and the purpose of this study, 

groundwater supply is contaminated by saltwater which does not present a health threat2; 

as a result the healthcare cost will not be included in this risk assessment. Replacement 

cost could be associated with drilling a new well in an inland location and installing 

infrastructure to deliver it to users in areas affected by SWI, importing water or installing a 

rainwater collection system. Installation of a rainwater collection system costs between 

$25,000 to $50,000 (Bob Burgess, Gulf Islands Rainwater Connection Ltd, personal 

communication) and importing water costs around $500 per month ($6,000 per year) for 

a household of two people (Dan Foley, Summer Rain Water Delivery, personal 

communication). For the purpose of this study, the cost of installing a rainwater collection 

system is used for the replacement cost.  

Economic loss is the loss of a water intensive business, such as agriculture, that 

would have to shut down due to the loss of a water supply. Depending on the size or 

nature of the business, this loss may not only affect business owners but it could also 

affect local economy. To simplify the assessment, economic loss was based on the annual 

revenue generated by the business (Simpson et al. 2014). Simpson et al. (2014) was able 

 
2 High sodium, however, is potentially detrimental to people with hypertension. 
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to assigned values based on the type of farm (dairy, berries, etc.), although detailed 

information on the type of agriculture is not available for the southern Gulf Islands, a 

generic $2,632/acre (value of farmland and buildings) was obtained from Statistics 

Canada (2006).  

4.2.3. Risk Assessment Framework 

The risk assessment framework from Figure 4.1 was further refined to create a 

detailed risk assessment framework (Figure 4.2), which was used to create a GIS based 

Risk Assessment Methodology for coastal aquifer.  

 

Figure 4.2 Risk assessment framework (modified from Simpson et al., 2014). 
Red outlines indicate which parameter was chosen out of the two 
options to be used in the risk assessment. Blue outlines show 
results used in common. Two methods were used to calculate 
vulnerability (well density (WD) and coastal hazards (CH) - WD was 
applied to all southern Gulf Islands and CH was applied only to Salt 
Spring Island.  
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4.3. Methodology  

4.3.1. Vulnerability 

Hazard Threat 

This section describes the methodologies employed to map hazard threats, 

including pumping and two coastal hazards: 1) flooding, which is associated with sea level 

rise, tidal fluctuations and storm surge, and 2) coastal morphology. Ultimately, the flood 

hazard map and coastal morphology map were merged in ArcGIS and rescaled (1 to 5) to 

create the coastal hazard map for naturally occurring stressors. 

Pumping 

 Pumping was represented by creating a groundwater well density map in ArcGIS. 

A list of groundwater wells for the Gulf Islands was downloaded from the BC WELLS 

database (BC MoE, 2014). In the province of BC, groundwater wells are reported on a 

voluntary basis, which results in the WELLS database being incomplete3. When the 

WELLS Gulf Islands dataset was compared with the wells sampled for groundwater 

chemistry (see Chapter 2), 200 of 870 sampled wells were not reported in WELLS. There 

are also 69 water supply system wells (more than one connection). Therefore, the well 

dataset for this study was enlarged to include all of the sampled groundwater wells and 

the water supply systems wells. Wells were weighted 1 to 5 to represent low to high water 

use (relative rating) in order to take into consideration different potential pumping rates 

(Table 4.1). Water supply systems were further divided (and weighted) based on number 

of units/houses they supply. Water supply systems either obtain water through deep or 

shallow wells, surface water or combined. If a water supply system used surface water, it 

was assigned a value of 0. 

 

 

 
3 It is estimated that perhaps only 30 percent of all wells in BC are reported in WELLS (D. Allen, 

SFU, personal communication). 
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Table 4.1 Designated weight for different well uses.  

Weight Well Use 

0 Abandoned 

0 Observation 

1 No Label 

1 Other 

1 Private Domestic 

1 Unknown Well Use 

2 Commercial/Industrial 

3 Irrigation 

(3-5) Water Supply System # Units 

3 Water Supply System n/a 

3 Water Supply System 1 

3 Water Supply System 2-14 

4 Water Supply System 15-300 

5 Water Supply System 301-10,000 

 

Two methods were used to represent well density: Method 1 calculates the density 

of wells per grid cell (used by Kennedy, 2012) and Method 2 calculates a magnitude per 

unit area from point features that fall within a neighbourhood around each cell (point 

density). Well density (for both methods) was assigned a rating according to Table 4.2. 

Table 4.2 Rating table for well density (as described in Kennedy, 2012) 

Rating Well Density 

5 >20 

4 10-20 

3 5-10 

2 1-5 

1 0 

Each method was evaluated based the relationship between the electrical 

conductivity (EC) indicator for sampled wells and well density rating. Specifically, 

groundwater samples above the EC threshold values (95th and 90th percentile) (see 

Chapter 2) were plotted against the rating extracted from the well density map at the well 

point. Groundwater wells that have high EC values (above threshold) are more likely to 
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experience SWI. As a result, they should coincide with a high well density rating. The 

approach that best represents the groundwater data was used to generate the risk map.    

Flood Hazard 

Designated Flood Level (DFL) is the appropriate allowance for future sea level rise, 

tide and the total storm surge expected during the designated flood (Equation 4.3): 

	              (Eq. 4.3) 

Highest high water large tide (HHWLT) is the average of the highest high water 

levels over approximately 19 years of data, and was obtained through the Canadian 

Hydrographic Service (CHS) for Fulford Harbour and Ganges Harbour (both tide gauges 

on Salt Spring Island). The average of the two tide gauges two was used to represent the 

HHWLT on Salt Spring Island (Table 4.3). Mean and maximum sea level rise projections 

were derived from Thomson et al. (2008). Regional adjustment was added to mean and 

maximum SLR projections to determine overall SLR (overall SLR is not shown in Table 

4.3). The 95th percentile and maximum storm surge heights derived in Chapter 3 were also 

used (Table 4.3).  

Table 4.3 Summary of DFL components for Fulford Harbour and Ganges 
Harbour on Salt Spring Island 

Location 
HHWLT 

(m) 

Mean 
SLR 
(m) 

Max 
SLR 
(m) 

Regional 
Adjustment 

(m) 

95th Percentile 
Storm Surge 

(m) 

Max Storm 
Surge 

(m) 
Fulford Harbour 1.57 0.87 1.17 -0.119 0.49 0.92 

Ganges Harbour 1.57 0.87 1.17 -0.119 0.49 0.92 

Salt Spring Island 
Average 1.57 0.87 1.17 -0.1 0.49 0.92 

Combinations of SLR (mean and maximum) and storm surge (95th percentile and 

maximum) were added to HHWLT to determine a range in DFL values, which were then 

assigned a ranking from 1 to 5 (Table 4.4). The lowest DFL is the most conservative and 

is assigned the highest rating because it is most likely to occur, whereas the largest DFL 

is the least likely to occur and therefore has the smallest rating. Uncertainty, therefore, 

was incorporated into the hazard rating, resulting in a hazard threat of greater magnitude 

having an overall lower rating than a hazard threat of smaller magnitude. 
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Table 4.4 Rating table for Flood Hazard Map 

Rating SLR Storm Surge DFL (m) 

5 Mean  95th Percentile  <2.8 

4 Max  95th Percentile  2.8-3.1 

3 Mean  Max  3.1-3.2 

2 Max  Max  3.2-3.5 

1 Max  Max  >3.5 

The DFL values were then represented in ArcGIS using topographic data. The 

topographic data available for the Gulf Islands includes a LiDAR map (resolution 2 m grid) 

(Bednarski and Rogers, 2012) and a Canadian Digital Elevation Model (CDEM) (25 m 

grid) (Natural Resource Canada). Because the magnitude of the DFL is small relative to 

the resolution of the topographic data, the DFL could only be represented for islands with 

LiDAR data. Of the islands with LiDAR data, Salt Spring Island was the only island with a 

tidal station with projected SLR, calculated HHWLT and an analysis of historical storm 

surge (Chapter 3). Therefore, coastal hazards were only mapped for Salt Spring.    

Coastal Morphology  

The coastal morphology hazard map is intended to capture a greater range of 

hazards than simply those related to DFL. The parameters included in the coastal 

morphology map are: 1) depth of ocean, 2) distance from coast seaward in combination 

with either the DFL (from the previous section) or the Flood Construction Level (FCL). 

These parameters were chosen because ground topography influences where inundation 

will occur (shallow vs steep coastlines), and ocean floor topography and coast morphology 

influence where and if funnelling of water will occur. 

To generate the depth of ocean map, bathymetry data (Carignan et al., 2013) were 

contoured using a 30 m interval. To represent distance from coast, a 200 m buffer was 

created along the coast. FCL represents a more extreme DFL (Equation 4.4).  

	 	 	              (Eq. 4.4) 

Flood construction level adds a wave effect and freeboard to the DFL. Wave effect 

includes wave run up during a storm event, and freeboard accounts for uncertainties 
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associated with estimation of the calculated water level. For this study, the maximum DFL 

from the flood hazard map was used. DFL and FCL, associated with coastal topography, 

were represented in ArcGIS using the available LiDAR data. 

Ratings from 1 to 5 were assigned to the coastal morphology map based on 

combinations of water depth (<30 m), distance from coast (> or < 200 m), and coastal 

topography (DFL and FCL) (as summarized in Table 4.5). A high rating (4 or 5) was 

assigned if there is a substantial body of shallow water (<30 m depth at a distance >200 

m from coastline) along a shallow sloping coastline where inundation would occur (DFL 

or FCL). The area between the shoreline and DFL was assigned a 5, and the area between 

the DFL and FCL was assigned a 4 because the DFL was the smaller elevation and 

therefore more likely to occur (Figure 4.3).  

 

Figure 4.3 Illustration of how ratings were assigned for coastal morphology  
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Table 4.5 Rating table for the Coastal Morphology Map  

Rating Combination 

5 <30m water depth at distance >200m beside DFL coastal zone 

4 <30m water depth at distance >200m beside FCL coastal zone 

3 <30m water depth at distance <200m beside DFL coastal zone 

2 <30m water depth at distance <200m beside FCL coastal zone 

1 <30m water depth at distance <200m beside steep coastline 

  

Aquifer Susceptibility to Saltwater Intrusion 

Theoretically, under natural conditions, the freshwater-saltwater interface will 

extend inland from the coast such that areas closer to the coast will be more likely to 

become contaminated by saltwater should some disturbance (such as pumping or sea 

level rise) occur. Similarly, the interface is shallower closer to the coast. Thus, distance 

from the coast is an important parameter to consider in a SWI aquifer susceptibility map. 

The position of the salt water interface is largely determined by the groundwater flux. 

Where the groundwater flux (from inland to the coast) is high (such as in steep 

topography), the interface will be closer to coast, whereas if the flux is low (such as in low 

topography terrain), the interface may be further inland. Therefore, either topography itself 

or some representation of the flux is also important to consider in an aquifer susceptibility 

to SWI map. 

Thus, to characterize aquifer susceptibility to SWI in this study, two parameters 

were used: distance from coast (Kennedy, 2012) and either topographic slope (Kennedy, 

2012) or groundwater flux (combination of conductivity and topography) (Erlandson, 

2014a). Ultimately, distance from coast is added to topographic slope/groundwater flux 

(depending on which best represents the groundwater chemistry) to create the aquifer 

susceptibility map.  

Distance from Coast 

The distance from coast map was created by generating buffers at the assigned 

distances from the coast in Table 4.6 and assigned a rating from 1 to 5 based on Kennedy 

(2012).  
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Table 4.6 Rating table for distance from coast (based on Kennedy, 2012) 

Rating Distance from Coast (m) 

5 0 - 50 

4 50 - 250 

3 250 – 500 

2 500 – 1000 

1 1000 - 1500 

0 >1500 

Topographic Slope and Groundwater Flux 

The topographic slope map was created by calculating the slope from the LiDAR 

and CDEM maps in ArcGIS. LiDAR data were available for North and South Pender 

Islands, Salt Spring Island, Moresby Island and Portland Island (a map of islands with 

LiDAR data is shown in Appendix D). The lower resolution CDEM was available for all of 

the southern Gulf Islands. A rating from 1 to 5 was assigned to the final topographic slope 

map according to Table 4.7.  

Table 4.7 Rating table for topographic slope (based on Kennedy, 2012) 

Rating Topographic Slope 

5 <1̊ 

4 1-5̊ 

3 5-10̊ 

2 10-20 ̊ 

1 >20̊ 

The groundwater flux map used was created by Erlandson (2014a). Erlandson 

created two maps, one which used the topography parameter rating from the original 

DRASTIC maps (Aller et al., 1987) and the other according to Kennedy (2012). The 

groundwater flux map based on the rating by Kennedy (2012) was chosen so as to better 

compare the results with the topographic slope map.  

Both methods were evaluated based the relationship between topographic 

slope/groundwater flux and the groundwater chemistry data (extracted rating for sampled 

groundwater wells); specifically, groundwater samples above the threshold values (95th 

and 90th percentile) for EC. The approach which best represents the groundwater 

chemistry data was used to generate the final the risk map.    
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The distance from coast map and the slope/groundwater flux map were added to 

produce a map with a rating from 1 to 10, which was then rescaled to a rating of 1 to 5 for 

the final aquifer susceptibility map.  

Vulnerability  

Two hazard threat maps (pumping and coastal hazards) were multiplied with the 

aquifer susceptibility map to create two vulnerability maps (Eq. 4.2), one which showed 

the aquifer vulnerability to pumping (southern Gulf Islands) and the other to coastal 

hazards (Salt Spring Island). The pumping vulnerability map was created for all of the Gulf 

Islands, whereas the coastal vulnerability map could only be created for Salt Spring Island 

(limited based on available LiDAR data). The two vulnerability maps were added to create 

a total vulnerability map for Salt Spring Island. Because the pumping vulnerability map 

was for all the southern Gulf Islands, it was used in the complete risk assessment which 

considers loss.  

4.3.2. Loss 

A land use zoning dataset was obtained through the Islands Trust (Mark van Bakel, 

Islands Trust, personal communication). The Islands Trust is a federation of small 

governments serving islands in the Strait of Georgia. Map Islands Trust (MapIT) contains 

a series of maps which provide information about ecological, property and other valuable 

mapping information maintained by the Islands Trust Geographic Information System.  

A dollar value representing loss was assigned to each zone. If a groundwater 

supply is lost due to SWI, the water source could be replaced with either a rainwater 

collection system or water could be imported from the mainland or elsewhere on the Gulf 

Islands. Installation of a rainwater collection system costs between $25,000 to $50,000 

(Bob Burgess, Gulf Islands Rainwater Connection Ltd, personal communication) and 

importing water costs around $500 per month ($6,000 per year) for a household of two 

people (Dan Foley, Summer Rain Water Delivery, personal communication). Financially, 

the best long term solution would be to install a rainwater collection system; as a result, a 

conservative value of $25,000 was assigned to residential, industrial and commercial 

zones as a conservative estimate for replacement cost.  
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The method by Simpson et al. (2014) was used to determine the economic loss 

associated with the loss of a groundwater supply in an agricultural area. Simpson et al. 

(2014) assigned a loss value based on annual revenue generated by business. Income 

information on a farm by farm basis was not available, so average annual revenue ($/acre) 

was used from Statistics Canada (2007). Simpson et al. (2014) assigned values based on 

the type of farm (dairy, berries, etc.), but detailed information on the type of agriculture 

was not available for the southern Gulf Islands. Therefore, an average of $2,632/acre 

(value of farmland and buildings) obtained from Statistics Canada (2006) was used to 

determine the economic loss for agricultural land. The values in Table 4.8 were used to 

assign a rating (1 to 10) to the zone codes based on the total loss to create the final loss 

map.  

Land use zones, such as community or resource, which would not necessarily be 

affected if there were no groundwater resource available were assigned a value of 1 rather 

than 0 so that when the loss and vulnerability map are multiplied together to create the 

overall risk map, features are not lost.  

 

Table 4.8 Replacement and Economic Loss rating table for different zone 
codes (based on Simpson et al., 2014) 

Rating Replacement/Economic Loss ($) 

10 >5,000,000 

9 1,000,000 to 5,000,000 

8 500 - 1,000,000 

7 250 - 500,000 

6 100 - 250,000 

5 50 - 100,000 

4 25 - 50,000 

3 10 - 25,000 

2 5 - 10,000 

1 1 - 5,000 

4.3.3. Overall Risk 

The pumping vulnerability map was combined with the loss map (Eq. 4.1) to create 

the overall risk map.  
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4.4. Results and Discussion 

4.4.1. Vulnerability 

Hazard Threat 

Pumping 

Results of the two methods used to create well density maps for the southern Gulf 

Islands are shown in Figure 4.4a (Method 1: calculated the density per grid cell) and Figure 

4.4b (Method 2: calculated according to point density) (Full sized images can be found in 

Appendix E).  

 

Figure 4.4 Comparison between (a) Well Density Method 1 and (b) Method 2 
(red outline represents the method carried through to the risk 
assessment) 

Well density ratings for sampled groundwater wells with EC above the two 

thresholds (95th and 90th percentiles) are summarized in Table 4.9. The well density rating 

for sampled groundwater wells in Method 1 are between 2 and 3 for both the 95th and 90th 

percentiles and have mean ratings of 2.6 and 2.7, respectively. Using Method 2, the 

majority of sampled groundwater wells have a rating of 5 and the mean ratings for the 95th 

and 90th percentile are 4.5 and 4.6, respectively. Thus, the method carried through to the 

risk assessment is Method 2 because the high EC values tend to better coincide with cells 

with high well ratings. Moreover, Method 1 also has an inverse relationship between well 
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rating and frequency of threshold exceedances; the most frequent rating is 2, and as the 

rating increases, the frequency decreases (Appendix F).  

Table 4.9 Comparison between well density ratings for Method 1 and Method 2 
for sampled groundwater wells with EC values above the 95th and 
90th thresholds 

Rating Method 1 
 

Method 2 

 95th Well 
Count 

95th % 90th Well 
Count 

90th % 95th Well 
Count 

95th % 90th Well 
Count 

90th % 

1 0 0 0 0 0 0 0 0 

2 15 51.7 28 50.9 3 10.3 4 7.3 

3 11 37.9 19 34.5 1 3.4 2 3.6 

4 3 10.3 6 10.9 3 10.3 4 7.3 

5 0 0 2 3.6 22 75.9 45 81.8 

Mean 2.6  2.7  4.5  4.6  

Limitations of both methods include the incomplete WELLS database. As a result, 

the well density maps may not be a true representation of the Gulf Islands. The sampled 

groundwater database is only a partial dataset (556 wells with both map rating and EC 

value, Hornby and Yellow Point samples, excluded) of the entire groundwater well 

database (8,754 wells). Finally, the sampled groundwater database may be biased; high 

salinity wells may have been abandoned and thus not included in the groundwater 

sampling study.  

Coastal Hazards 

The flood hazard map and coastal morphology map added together to create the 

coastal hazards map; all maps are shown in Figure 4.5. Although the coastal hazard maps 

have a very low rating, there are several regions that are characterized by high ratings, 

such as around Ganges Harbour and Long Harbour on Salt Spring Island. 
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Figure 4.5 Maps of a) flood hazard, b) coastal morphology and c) resulting 
coast hazard  
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The coastal hazards map was overlain on a land use map for Salt Spring Island 

(Figure 4.6) to show the impacts of flooding and storm surge. Arrows point to regions 

where inundation will occur in agricultural, commercial, community and residential areas. 

 

Figure 4.6 Overlay of coastal hazards onto land use zones near Ganges 
Harbour, Salt Spring Island 

 

Aquifer Susceptibility 

Distance from Coast 

The distance from coast map is shown in Figure 4.7. With an increased distance 

inland, the rating decreases. 
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Figure 4.7 Distance from coast parameter for aquifer susceptibility  

Figure 4.8 shows the relation between depth and electrical conductivity (EC); 

groundwater samples are colored based on distance from the coastline (only 32% of 

sampled groundwater wells have depth data and could be included in this figure). 

Groundwater samples with an EC greater than the 95th percentile (2090 µS/cm) are 

typically within 250 m from the coast (blue and yellow samples) (with 1 sample between 

250 and 500 m), and groundwater samples with an EC greater than the 90th percentile 

(960 µS/cm) are within 500 m of the coast (blue, yellow and red samples) (with 1 sample 

between 1000 and 1500 m). Groundwater samples with EC values above the 90th and 95th 

percentile are drilled to depths between approximately -6 to -40 m (-20 to -135 ft) below 

sea level.  
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Figure 4.8 Depth vs electrical conductivity (EC) for groundwater samples 
drilled at different distances from the coastline. The horizontal blue 
section highlights the depth (0 to 40 m) at which groundwater 
samples have EC values above the 90th and 95th percentile 
thresholds 

Topographic Slope and Groundwater Flux 

Topographic slope and groundwater flux are compared in Figure 4.9. Gabriola and 

Salt Spring Island have the largest difference between the two methods. On Gabriola 

Island, topographic slope produces high ratings, and groundwater flux produces low 

ratings, whereas the opposite is observed along the southwestern coastline of Salt Spring 

Island and coastal areas along Saturna. The fractured media component of the composite 

C (hydraulic conductivity) heavily influences the groundwater flux, which may be why the 

two methods produced different ratings for Gabriola and Salt Spring Island.   
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Figure 4.9 Comparison between topographic slope and groundwater flux  

 Topographic slope and groundwater flux ratings for sampled groundwater wells 

above the 95th and 90th percentile are summarized in Table 4.10. Groundwater wells 

typically have ratings of 3 and 4 for topographic slope and a rating of 2 for groundwater 

flux (Appendix F). Although groundwater flux is perhaps a better indicator of aquifer 

susceptibility than simply topographic slope, based on Table 4.10, topographic slope 

corresponds to higher ratings for high EC values (above the threshold) and was thus is 

considered to be the more applicable method for this study area. Therefore, the distance 

from coast map and topographic slope map were added together to create the aquifer 

susceptibility map for the southern Gulf Islands (Figure 4.10).  

Table 4.10 Comparison between topographic slope and groundwater flux 
ratings for sampled groundwater wells with EC values above the 95th 
and 90th percentile thresholds   

Rating Topographic Slope Groundwater Flux 

 95th Well 
Count 

95th 
% 

90th Well 
Count 

90th 
% 

95th Well 
Count 

95th 
% 

90th Well 
Count 

90th 
% 

1 3 10.0 6 10.5 6 21.4 13 24.1 

2 4 13.3 6 10.5 18 64.3 30 55.6 

3 10 33.3 22 38.6 2 7.1 7 13.0 

4 11 36.7 20 35.1 0 0 1 1.9 

5 2 6.7 3 5.3 2 7.1 3 5.6 

Mean 3.2  3.1  2.1  2.1  
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Figure 4.10 Aquifer susceptibility map calculated from distance from coast and 
topographic slope for the southern Gulf Islands  

 

Vulnerability 

The aquifer vulnerability based on well density (pumping) is shown in Figure 4.11 

for the southern Gulf Islands. The well density and aquifer susceptibility maps were 

assigned equal weight in the creation of the aquifer vulnerability map (Figure 4.11). 

Features from the well density map are quite prevalent in the aquifer vulnerability map, 

but the aquifer susceptibility map either reduces the influence of pumping (where aquifer 

susceptibly rating is low) or highlights areas where the aquifer is highly vulnerable (high 

susceptibility and high well density).  
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Figure 4.11 Vulnerability map calculated from pumping and aquifer 
susceptibility for the southern Gulf Islands 

Wells with electrical conductivity (EC) values exceeding the 90th and 95th percentile 

thresholds were overlain on the aquifer vulnerability map (Figure 4.12) to qualitatively 

assess whether aquifer vulnerability correlates with high salinity. Wells that have EC 

values above the thresholds are typically found along the coast or in other areas mapped 

as vulnerable to saltwater intrusion. But there are inconsistencies. For example, East Point 

(eastern peninsula on Saturna Island) has a high vulnerability, and yet some wells are 

above the EC thresholds and others are not. Variability could be due to the discrete nature 

of fractures, which may variably affect individual wells. Fractures may act as conduits for 

freshwater (from recharge areas) or saltwater (from the ocean; see Allen et al., 2003), and 

thus, may locally influence individual wells.   
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Figure 4.12 Vulnerability map compared with groundwater chemistry for the 
southern Gulf Islands 

The vulnerability maps for both pumping and coastal hazards are compared in 

Figure 4.13 for Salt Spring Island. The pumping vulnerability map has a range of ratings 

throughout the island (higher ratings in the north/northeast and lower ratings in the 

south/southwest), whereas the coastal vulnerability map is dominated by ratings of 1 with 

higher ratings at a few coastal regions.  
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Figure 4.13 Comparison between pumping vulnerability and coastal 
vulnerability  

The two vulnerability maps were compared with chemistry data from Salt Spring 

Island. Only two groundwater samples were above the 95th and 90th percentile (1 each). 

Therefore, all of the chemistry data, regardless of percentile, were included in the analysis 

(Table 4.11). The two samples that were above the 95th and 90th percentile had ratings of 

4 and 6, respectively, for pumping vulnerability, and 1 and 2, respectively, for coastal 

vulnerability. The pumping vulnerability ratings are relatively more evenly distributed than 

the coastal vulnerability ratings, which are dominated by ratings of 1 and 2. 
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Table 4.11 Comparison between pumping and coastal vulnerability for all 
sampled groundwater wells on Salt Spring Island  

Rating Pumping Vulnerability Coastal Hazards Vulnerability 

 Well Count % Well Count % 

1 1 1.1 42 46.2 

2 10 11.0 47 51.7 

3 0 0 0 0 

4 34 37.4 0 0 

5 6 6.6 1 1.1 

6 22 24.2 1 1.1 

7 1 1.1 0 0 

8 17 18.7 0 0 

9 0 0 0 0 

10 0 0 0 0 

Mean 5.1  1.6  

There are several limitations with comparing pumping and coastal vulnerability with 

the chemistry data. First is that the chemistry dataset is a partial dataset of all the wells on 

Salt Spring Island and the sampled wells are not evenly distributed throughout the island. 

Second, for coastal vulnerability, most of the high ratings are within 250 m of the coast 

(Figure 4.8). Generally, groundwater samples that are within 250 m of the coast have EC 

values above the 95th and 90th percentile and out of the 97 groundwater samples for Salt 

Spring Island, only 24 (25%) are within that distance. As a result, the other 75% control 

the low ratings for the coastal vulnerability.  

The two vulnerability maps were added to create the final vulnerability map for Salt 

Spring Island (Figure 4.14).  
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Figure 4.14 Total vulnerability for Salt Spring Island 

4.4.2. Loss 

The replacement cost of $25,000 was assigned to commercial, industrial and 

residential land zones and the economic loss was calculated for agriculture land based on 

a generic value of $2,632/acre, which results in the loss map for the southern Gulf Islands 

(Figure 4.15).  



 

113 

 

Figure 4.15 Replacement and economic loss for the southern Gulf Islands  

 One limitation of the loss map is that it can vary depending on the value assigned 

to each zone code. For example, a conservative value of $25,000 was assigned to 

commercial, industrial and residential zones, but this value could be $50,000 or larger 

depending on if the household has more than two occupants or if rainwater harvesting is 

not a suitable solution for the commercial and industrial sectors. If the value assigned to 

these zones is increased, it would shift the majority of the ratings from 4, to 5 or 6, which 

would in turn influence the final risk map.  

There are alternative ways of representing loss. For example, loss could also 

include the change in property value if no water were available or there could be increased 

cost to a water utility and improvement for district users. Although this study considered 
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some of the financial implications associated with losing a fresh groundwater supply, a 

more comprehensive evaluation of loss could be undertaken.  

4.4.3. Overall Risk 

Pumping vulnerability (Figure 4.11) and loss (Figure 4.15) were multiplied to create 

the overall risk for the southern Gulf Islands (Figure 4.16). The loss map significantly 

influences the outcome of the risk map. Therefore, the risk map should be viewed with 

caution because it reflects a subjective evaluation of loss, as described above.  

Nevertheless, there is potential value to including loss as it represents (in this case) a 

potential financial burden to a well owner and a negative economic consequence for 

agricultural land. 

 

Figure 4.16 Overall risk for the southern Gulf Islands calculated from pumping 
vulnerability and loss 
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4.5. Conclusions 

The purpose of the risk assessment was to develop and test a methodology for 

determining risk of saltwater intrusion in coastal areas. The components of the risk 

assessment include (1) hazards (related to both human stressors and naturally occurring 

stressors such as SLR and storm surge), (2) aquifer susceptibility (distance from coast 

and topographic slope/groundwater flux), (3) vulnerability (combination of hazard threat 

and aquifer susceptibility) and (4) loss of a groundwater well to SWI. 

The pumping hazard map was ultimately generated using Method 2 (point density) 

because the higher ratings were more strongly related to wells with high EC values.  The 

coastal hazard map suggests that coastal hazards are limited to a few areas on Salt Spring 

Island (e.g. around Ganges Harbour); these areas could experience inundation (up to 

~400 m inland) related to sea level rise and storm surge.   

The graph of depth vs EC suggests that conditions which lead to wells having EC 

values greater than the 95th and 90th percentile are: 1) located within 250 m from the coast 

and (2) drilled to a depth between approximately 6 and 40 meters.  

Topographic slope was used instead of groundwater flux as one indicator of aquifer 

susceptibility to SWI because it better represents the groundwater chemistry data; for 

topographic slope the 95th and 90th percentile mostly had ratings of 3 (33% and 39%) and 

4 (37% and 35%), whereas, for groundwater flux, the 95th and 90th percentile mostly had 

ratings of 2 (64% and 55%).  

Two aquifer vulnerability maps were created by multiplying aquifer susceptibility 

with 1) the pumping hazard (all Gulf Islands) and 2) both pumping and coastal hazards 

(Salt Spring Island only). Validating the Gulf Islands vulnerability map with the 

groundwater chemistry data was difficult due to the fact that the chemistry dataset is a 

partial dataset of all groundwater wells on Salt Spring Island (and the Gulf Islands) and 

because only 25% of the sampled groundwater wells are within 250 m from the coast, 

which is generally the limit of coastal hazards, which then influence the coastal 

vulnerability map. Nevertheless, the Gulf Islands vulnerability map has potential for use 

as a tool for land use planning; for establishing guidelines for drilling and well operation 
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(groundwater development and use) and for directing monitoring efforts. The Salt Spring 

Island vulnerability map, which incorporates both anthropogenic and natural hazards, has 

the added potential of being useful for building community preparedness (risk 

management) because it incorporates flood and storm surge hazards, which pose other 

risks to landowners besides aquifer salinization.  

The potential loss of a fresh groundwater supply was heavily controlled by the 

dollar values assigned to each zone code for replacement and economic loss. 

Consequently, the overall risk map should be used with caution. The risk map could, 

however, be adapted to use other approaches to value loss.  

 

 



 

117 

Chapter 5.  
 
Conclusions and Recommendations  

The main objectives of this study were to 1) identify and test an appropriate 

indicator of SWI (single or combination); 2) identify and map the hazards (natural and 

anthropogenic) that may lead to SWI; 3) map the aquifer susceptibility to SWI based on 

existing datasets; 4) develop an approach to assess loss (consequence); and 5) map the 

risk of SWI and verify with chemical indicators of SWI. In order to accomplish these 

objectives, a series of tasks were accomplished.  

5.1. Chemical Indicators of Saltwater Intrusion 

A groundwater chemistry database was compiled using datasets from seven of the 

Gulf Islands, BC. Common indicators and a statistical method were used to evaluate the 

groundwater chemistry database in order to determine a chemical indicator or series of 

indicators of SWI. The presence of high Na concentrations originating from cation 

exchange as opposed to strictly mixing with seawater limited the choice of suitable 

indicators.  Of the common indicators, the methods most appropriate for the Gulf Islands 

include: Cl/(HCO3 + CO3), BEX, Cl vs EC and TDS vs Depth. The statistical approach 

ranked Cl, EC and TDS according to percentile, and then considered which samples also 

showed evidence of SWI based on the common indicators. Using the full groundwater 

chemistry database, samples with Cl >480 mg/L, EC >2090 s/cm, and TDS >970 mg/L 

represent the 95th percentile. Samples with Cl >130 mg/L, EC >960 s/cm, and TDS >620 

mg/L represent the 90th percentile. These are the recommended values that can be used 

with either 95% confidence or 90% confidence, respectively, that a well sample is affected 

by SWI. The indicators do not distinguish between active SWI, old seawater or seawater 

beneath the freshwater interface – they simply reflect, statistically, if the measured 

parameter falls within these upper percentiles of all previous chemistry data for the region. 

Not surprisingly, the wells that are in the 90th and 95th percentile are located along the 

coastline. 
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The results of the chemical indicator analysis provide a robust and defensible set 

of indicators for SWI that can be used for monitoring or for identifying wells that are likely 

impacted by SWI. EC, in particular, is easily measured in the field, so it is recommended 

that during drilling EC measurements be made at regular depth intervals. If the EC 

approaches the 90th percentile threshold, drilling should be terminated and a water sample 

collected for lab analysis to confirm the Cl and TDS concentrations.  These indicators were 

tested for samples collected during drilling, during a pumping test, and at discrete depth 

intervals in a new monitoring well on Salt Spring Island. Thresholds were exceeded at 

several depth intervals indicating that this well is impacted by salinity.  

5.2. Storm Surge in Southwestern BC 

Several hazards were identified for this coastal area that have the potential to lead 

to salinization of aquifers, including storm surge, sea level rise, and pumping. To better 

understand the relationship between climate and storm surge, an analysis of sea level 

residual (associated with storm surge) was carried out using historical data for Fulford 

Harbour, Salt Spring Island. The most significant result is of this work is that there is no 

correlation between wind stress and storm surge for Fulford Harbour. As a result, wind 

could not be used as a predictor of storm surge in this study. Rather than being able to 

predict storm surge based on wind, storm surge had to be mapped based on coastal 

morphology. 

The lack of correlation between wind stress and storm surge at Fulford Harbour 

may simply be due to the location of this station. Other data sources should be explored; 

for example, from stations outside the Strait of Georgia and Strait of Juan de Fuca and 

rather along the Pacific Coast. Stations along the outer coast may better capture the trade 

winds which heavily influence the wind direction throughout the Strait of Georgia. Also, 

simply looking at wind and residuals may not be sufficient for predicting storm surge. 

Research is moving towards numerical modelling approaches, such as the Salish Sea 

NEMO Model or Salish Sea MEOPAR Project (UBC) which looks specifically at storm 

surge in southwestern BC, or SLOSH and P-SURGE (NOAA) which are computational 

models for storm surge from tropical storms.  



 

119 

5.3. Aquifer Risk Mapping 

This research mapped aquifer vulnerability specific to saltwater intrusion. The 

approach required mapping coastal hazards, anthropogenic hazards and aquifer 

susceptibility. 

The various coastal hazards were mapped for the Gulf Islands, with greater detail 

provided for Salt Spring Island where LiDAR data were available. Natural (SLR and storm 

surge) and anthropogenic (pumping) hazards were mapped separately, employing 

different datasets and techniques and comparing the results. The final coastal hazard map 

suggests that coastal hazards are limited to a few areas on Salt Spring Island (e.g. around 

Ganges Harbour); these areas could experience inundation (up to ~400 m inland) related 

to sea level rise and storm surge. It is recommended to expand LiDAR mapping throughout 

the Gulf Islands in order to apply the coastal hazard mapping methods outlined for Salt 

Spring Island throughout the rest of the region.  

The aquifer susceptibility map included distance from coast and topographic slope. 

Topographic slope was chosen over groundwater flux because there was a stronger 

relation between high susceptibility ratings and high salinity. By using distance from coast 

and topographic slope, the susceptibility of the freshwater lens could be characterized, 

with high susceptibility close to the coast and where the lens is thin (shallow topography) 

or low susceptibility further inland and/or where the lens in thick (steep topography).  

Each of the two hazard maps was combined with the aquifer susceptibility map to 

create two aquifer vulnerability maps (for natural and anthropogenic hazards, 

respectively). For Salt Spring Island, a total vulnerability map was generated. The aquifer 

vulnerability was compared with the observed chemistry for the Gulf Islands. Generally, 

wells which have high EC values, fall in areas with high vulnerability but there are also 

groundwater wells with high EC in low vulnerability areas or wells with low EC in high 

vulnerability areas. This variability is likely due to the fact that the aquifer susceptibility 

map does not take into consideration the fracture network on the Gulf Islands. The 

fractures act as conduits which could either transport freshwater from recharge areas to 

areas with a high vulnerability, or alternatively, draw saltwater in to areas with a low 

vulnerability.  
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Determining loss for the risk assessment considered the financial consequence of 

a well becoming contaminated.  A loss of $2,632/acre was assigned to agricultural land 

and a replacement cost of $25,000 was assigned to commercial, industrial and residential 

areas were a rainwater harvesting system could be installed. A limitation of this method is 

that it is controlled by the dollar value assigned to each land use zone. No distinction was 

made between different types of agriculture on the Gulf Islands, and the replacement cost 

of $25,000 was the lower estimate for a rainwater harvesting system; commercial and 

industrial sectors may require a larger system which could cost up to $50,000. In order to 

better characterize loss for the Gulf Islands, several parameters could be introduced, for 

example, the change in property value if a property were to lose its water supply, the 

potential increase in cost of water supply systems if more people are required to use them, 

as well as environmental impacts such as the ecological cost associated with altering the 

natural hydrological balance if saltwater intrusion were to occur. The various ways of 

characterizing loss could greatly change the impact on the overall risk.   

The final risk to bedrock aquifer map for the Gulf Islands was created by combining 

the aquifer vulnerability map with the loss map. The risk map shows overall risk throughout 

the Gulf Islands, but it does not include natural hazards (due to limited LiDAR data). As 

mentioned above, loss heavily influenced the overall risk map, and depending on how loss 

is characterised (financial or ecological), the overall risk outcome could be quite different.  

Overall, the combination of chemical indicators and risk assessment maps are 

useful tools which can be used to improve decision-making related to monitoring and 

community development for this particular coastal area of BC and elsewhere. The aquifer 

vulnerability map is useful for determining areas which are salinized or most likely to 

become salinized and therefore is useful for water allocation or groundwater development. 

It is also recommended to further investigate the relationship between groundwater 

chemistry and vulnerability through additional field verification. As mentioned in Section 

4.4.1, only 25% of groundwater samples are located along the coast. Samples should 

target high vulnerability areas in order to verify the connection between the vulnerability 

map and observed groundwater chemistry.  
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Appendix A.  
 
Likelihood of a well being affected by SWI according to 
the 95th and 90th percentiles of samples for the Partial 
Dataset 
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Appendix B.  
 
Summary of well samples that may be affected by SWI 
based on a combination of common indicators and the 
statistical method 
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Appendix C.  
 
Water Chemistry Results for the Monitoring Well Drilled 
on Salt Spring Island, BC 

Table C1 Parameters measured in the field for SSI-1 samples. 

Sample ID Depth 
(m) 

EC 
(µS/cm) 

pH Temp 
(°C) 

DO 
(mg/L) 

Eh NH4 

(mg/L) 
S2- 

(mg/L) 
Fe2+ 

(mg/L) 
SSI-1-15 117 688 9.18 11 6.67 270 0.08 0.005 0 

SSI-1-16 222 873 9.59 10.4 0.33 77.4 0.04 0.069 0 

SSI-1-14 243 868 9.39 11 2.35 55.5 0 0.586 0 

SSI-1-17 264 1095 9.59 10.9 0.23 125 0.13 0.133 0 

SSI-1-13 285 939 9.41 11 3.43 88.5 0.1 0.825 0.01 

SSI-1-12 316 963 9.44 11.2 3.34 157 0.16 0.29 0 

SSI-1-10 327 977 9.34 11.1 5.82 114 0.14 0.515 0.01 

SSI-1-11 345 906 9.47 9.2 7.78 436 0.13 0.031 0.02 

SSI-1-9* 400 1011 9.3 10.7 0.008 -46 0.34 0.588 0 

*pumping test sample 

Table C2 Anions for SSI-1 samples 

Sample ID Cl 
(mg/L) 

Br 
(mg/L) 

SO4 

 (mg/L) 
HCO3 

(mg/L) 
SSI-1-15 99 0.49 19.9 249 

SSI-1-16 126 0.59 14.2 325 

SSI-1-14 121 0.51 1.5 320 

SSI-1-17 259 1.14 8.9 267 

SSI-1-13 140 0.53 2.8 318 

SSI-1-12 145 0.56 2.6 331 

SSI-1-10 145 0.53 2.2 327 

SSI-1-11 101 0.44 2.4 342 

SSI-1-9* 145 0.46 1.8 331 

*pumping test sample 
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Table C3 Dissolved Elements for SSI-1 samples 

Sample ID Al 
(mg/L) 

Ar 
(mg/L) 

B 

 (mg/L) 
Ba 

(mg/L) 
Ca 

(mg/L) 
Fe 

(mg/L) 
K 

(mg/L) 
Li 

(mg/L) 
Mg 

(mg/L) 
SSI-1-15 0.006 0.012 1.405 0.300 6.1 0.007 0.8 0.05 1.1 

SSI-1-16 0.009 0.007 2.435 0.086 1.5 0.022 0.3 0.06 0.1 

SSI-1-14 0.008 0.005 2.462 0.059 1.3 0.024 0.2 0.06 0.1 

SSI-1-17 0.008 0.008 2.321 0.156 2.0 0.031 0.3 0.07 0.1 

SSI-1-13 0.012 0.004 2.561 0.037 1.3 0.100 0.3 0.06 0.1 

SSI-1-12 0.014 0.010 2.581 0.032 1.3 0.075 0.3 0.06 0.1 

SSI-1-10 0.006 0.006 2.617 0.033 1.3 0.089 0.2 0.06 0.1 

SSI-1-11 0.006 0.007 2.673 0.002 1.1 0.211 0.2 0.06 0.1 

SSI-1-9* 0.006 0.006 2.478 0.065 1.5 0.019 0.2 0.06 0.1 

Table C3 cont’d 

Sample ID Mn 
(mg/L) 

Mo 
(mg/L) 

Na 

 (mg/L) 
SiO2 

 (mg/L) 
Sr 

(mg/L) 
Zn 

(mg/L) 
SSI-1-15 0.0050 0.001 154.9 9.4 0.24 0.001 

SSI-1-16 0.0010 0.001 213.5 6.2 0.07 0.001 

SSI-1-14 0.0020 0.001 200.0 7.2 0.08 0.001 

SSI-1-17 0.0020 0.001 266.9 7.1 0.12 0.001 

SSI-1-13 0.0030 0.001 205.0 6.9 0.08 0.001 

SSI-1-12 0.0020 0.001 210.0 6.4 0.08 0.001 

SSI-1-10 0.0030 0.001 212.0 6.7 0.08 0.001 

SSI-1-11 0.0020 0.001 190.7 1.7 0.03 0.001 

SSI-1-9* 0.0020 0.001 212.0 7.4 0.09 0.001 

*pumping test sample 
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Appendix D. 
 
Gulf Islands with available LiDAR data 
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Appendix E.  
 
Full sized risk maps 

 

Figure E1 Well Density rating calculated using Method 1 
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Figure E2 Well density rating calculated using Method 2 
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Figure E3 Rating scheme for flood hazard for Salt Spring Island, BC 



 

141 

 

Figure E4 Rating scheme for coastal morphology for Salt Spring Island, BC.  
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Figure E5 Rating scheme for coastal hazards for Salt Spring Island, BC 
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Figure E6 Rating scheme for topographic slope for the southern Gulf Islands 
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Figure E7 Rating scheme for groundwater flux for the southern Gulf Islands 

(Erlandson, 2014) 
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Figure E8 Rating scheme for pumping vulnerability for Salt Spring Island, BC 
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Figure E9 Rating scheme for coastal vulnerability for Salt Spring Island, BC 
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Appendix F  
 
Frequency diagrams used to evaluate maps used in risk 
mapping 

 

Figure F1 Frequency diagram used to compare well density calculated using Method 

1 and Method 2 

 

Figure F2 Frequency diagram used to compare topographic slope and 

groundwater flux 


