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Abstract 

Groundwater on Salt Spring Island, British Columbia, flows through fractures in  

sedimentary and igneous rock aquifers. Recharge is dominantly by rainfall infiltration. At 

a local scale, groundwater discharges into lakes and streams; regional flow is toward the 

coast where the groundwater discharges to the ocean.  

Groundwater evolves from a Na-Cl rainwater to a Ca-HCO3 type through calcite 

dissolution. Cation exchange (Ca exchanges for Na) is a dominant process in the 

sedimentary rocks (but not in the igneous rocks), resulting in a Na-HCO3 type water. 

Mixing with a Cl-rich end-member is also a dominant process in both rock types. Some 

wells near the coast are known to be impacted by saltwater intrusion. 

Despite the differences in scale for testing, and rock type, pumping and tidal 

response tests yield similar averages across the Gulf Islands. Transmissivity is 

estimated on the order of 10-5 to 10-4 m2/s and hydraulic conductivity on the order of 10-7 

to 10-6 m/s. 

  Using Visual MODFLOW, a steady-state fresh groundwater simulation for the 

Swan Point area generated a representative flow system and established a reasonable 

range for the aquifer properties. A tidally-forced transient model simulated the tidal 

response and further constrained the aquifer properties. Next, a density-dependent flow 

and transport model was constructed in SEAWAT to simulate the current position of the 

saltwater interface, which was found to be near vertical at the coast. The lack of a wedge 

likely reflects the relatively steep topography at this site and suggests that submarine 

groundwater discharge may occur. However, the small model domain and imposed 

boundary conditions may over-estimate the amount of inflowing water. The SEAWAT 

model was then used to determine the sensitivity of the aquifer to climate change, 

encompassing an increase in mean annual recharge by ~1.5 % and SLR of 1.17 m by 

the end of this century, as well as pumping. Model results showed no significant impacts 

to the salinity distribution or saltwater wedge geometry at this particular site due to the 

steep topography. Areas with less steep topography may have greater impacts and merit 

further research. 
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Chapter 1.  
 
Introduction 

Globally, the quality and quantity of groundwater are becoming increasingly 

impacted by natural and anthropogenic stressors (Taylor et al., 2012; Green et al., 

2011). In addition to the impacts of drought and overuse of groundwater prevalent in 

other regions, islands and coastal aquifers are exposed to additional stressors given 

their proximity to the ocean. Perhaps foremost of these is the vulnerability to saltwater 

intrusion (SWI) (Carr, 1969; Bear et al., 1999; Werner et al., 2013). Groundwater often 

represents the main source of water on islands, as other sources such as lakes and 

rivers can be sparse (Bouchet and Sinclair, 2010; Mosley and Carpenter, 2005; United 

States Geological Survey (USGS), 2000a). Therefore, the management of groundwater 

resources is essential to ensure long term water supply to island residents.  

1.1. Background 

1.1.1. Coastal and island groundwater under natural and stressed 
conditions 

In coastal and island aquifers, a salinity gradient exists where seawater and 

freshwater mix at the coastal margin (Figure 1.1). This zone is called the saltwater 

interface, the transition zone, or the diffusion zone (Barlow, 2003). The stable dynamic of 

the interface was first explained by Kohout (1960) who identified cyclic flow following 

extensive observations of the Biscayne aquifer. The seawater intrudes inland, forming a 

wedge of saltwater that underlies the fresh water; the “toe” of the wedge is the most 

inland point (Figure 1.1). In island aquifers, the fresh water floats on the saltwater as a 

lens-shaped layer (Fetter, 2001). During cycling, water molecules within each fluid 

environment (fresh and salt) are transferred by convection (advection) towards the other 
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environment, and mixing occurs through molecular diffusion along the transition zone 

(Figure 1.1). The density of seawater mixing with freshwater becomes less than the 

native seawater, and thus the seawater is carried back to the surface along the interface, 

which prevents the encroachment of seawater inland (Kohout, 1960).  

 
Figure 1.1. Saltwater-freshwater interface (transition zone) in coastal and island 

environments. 

The nature and location of the interface is controlled by the freshwater head, thus 

topography plays a significant role in defining the interface position. If freshwater 

recharge to the aquifer decreases, the freshwater hydraulic gradient (or water table 

slope) will also decrease, leading to an overall decline in the height of the water table 

above sea level, and a consequent reduction in the depth to the saltwater wedge (Fetter, 

2001). In addition, groundwater pumping may lower the water table, reversing the 

hydraulic gradient near the coast and causing the saltwater interface to move landward 

(Barlow, 2003). This landward movement or encroachment of the saltwater wedge leads 

to groundwater contamination through an increase in salinity (Ferguson and Gleeson, 

2012).  

 Some areas and wells are at higher risk of contamination. Deep wells are 

particularly at risk of becoming contaminated as they may be completed close to, within, 

or below the saltwater interface and may draw in seawater during pumping (i.e., 

upconing) (USGS, 2000a). Wells located close to the shoreline are also at higher risk of 

contamination than wells located further inland (Fetter, 2001). Pumping rates exceeding 
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the capacity of the aquifer or the total drawdown of multiple wells can induce further 

movement of the saltwater interface landward. Sea level rise and storm surges through 

inundation represent a risk of fresh groundwater contamination from above, infiltrating 

the soil and reaching the water table. Low topographic areas are more prone to 

inundation and their low hydraulic gradient makes these areas also more prone to 

seawater intrusion (Ferguson and Gleeson, 2012).  

1.1.2. Fractured bedrock aquifers and saltwater intrusion 
processes 

Bedrock aquifers are aquifers comprised of consolidated geological units such as 

sedimentary rocks, basalts and fractured plutonic and metamorphic rocks (Poehls and 

Smith, 2009). Where matrix (or primary) porosity is almost nonexistent, fractures provide 

the main porosity. Fractures are planes that have lost cohesion due to stress applied to 

the rock matrix (Singhal and Gupta, 2010). The two main types of fractures are joints 

and faults. Joints form from uplift, erosion, tensional stress during folding, excess fluid 

pressure and thermal and chemical action, whereas faults form from large tectonic 

events (Berkowitz, 2002). Joints represent the separation of two surfaces away from 

each other perpendicular to the surface. Faults are the result of relative displacement of 

two surfaces (Commission on Geosciences, Environment and Resources (CGER), 

1996) and can be as small as 1 mm and as large as tens of kilometres (Singhal and 

Gupta, 2010).  

 Joint characteristics define the hydraulic properties of fractured rock. The greater 

the fracture length, the aperture (distance between the walls of the fracture) and the 

density of fractures (more fractures likely intersecting), the greater the hydraulic 

conductivity of the aquifer (Singhal and Gupta, 2010). However, a heavily fractured rock 

can have a low hydraulic conductivity if the fractures are poorly connected (Berkowitz, 

2002). Some studies have mapped greater joint density near regional geologic features 

such as fault zones (Caine and Tomusiak, 2003; Allen et al., 2003). Faults themselves 

can either act as barriers (e.g. they can truncate the aquifer matrix, or have a core 

comprised of impermeable materials such as gouge) or they can act as preferential 

pathways for groundwater flow (e.g. cut through impervious dykes, create piedmont 
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deposits) (Caine and Tomusiak, 2003). Folding can also create fractures potentially 

improving permeability (Singhal and Gupta, 2010). 

Bedrock is often not fractured uniformly. Some areas may be more fractured than 

others; therefore, the resulting hydraulic conductivity may be spatially heterogeneous. 

From the determination of fracture characteristics and connectivity, it is possible to 

identify the major distinct fracture domains of a groundwater system and estimate their 

hydraulic properties (Surrette et al., 2008). Hydraulic conductivity has been generally 

considered isotropic where fractures are distributed randomly, but if the fractures have 

some preferred orientation, the hydraulic conductivity may be anisotropic (Desroches et 

al., 2012). 

Hydrostratigraphic or hydrolithologic units have been used conventionally to 

group aquifer units according to their hydraulic properties. Many geologic formations of 

similar lithologies, or one unique geologic formation can represent one 

hydrostratigraphic unit (Poehls and Smith, 2009; Gleeson et al., 2011). A fractured 

bedrock aquifer flow regime, however, is more influenced by structure than by lithology 

and stratigraphy (Allen et al., 2003). As a result, it is perhaps more meaningful to classify 

units according to the fracture density, which can be described as hydrostructural units 

(Surrette et al., 2008). Since fracture density does not necessarily refer to lithology, one 

hydrostratigraphic unit could be further divided into two hydrostructural units (Abbey and 

Allen, 2000).  

In fractured bedrock aquifers, recharge from precipitation occurs through vertical 

and sub-vertical fractures (Carr, 1969), often at topographic highs (e.g., Hodge, 1995). 

Where surficial sediments are present, recharge water will first pass through these 

sediments before entering the underlying fractured bedrock. The high permeability at the 

interface between the surficial sediments and the highly fractured and weathered 

bedrock is identified as an important zone of groundwater flow (Welch and Allen, 2012). 

However, groundwater flow can also occur in deeper less-fractured bedrock (Welch and 

Allen, 2012; Cloutier et al., 2010) to depths of approximately 100-200 m (Gleeson et al., 

2011; Welch and Allen, 2012). At greater depths, fracture apertures typically become 

small and groundwater flow diminishes (Vance, 1994). As the groundwater moves 
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downward through the bedrock, it may encounter open bedding plane fractures or lower 

fracture density strata within which it can move laterally (Carr, 1969). These horizons 

may short-circuit groundwater flow directing it to seepage zones. Ultimately, 

groundwater will discharge in lower topographic areas, for example, as baseflow into 

creeks and streams, or into the ocean (e.g. Hodge, 1995). 

Based on a review of the literature, saltwater intrusion (SWI) has been identified 

in all types of bedrock aquifers: karst, volcanic, crystalline and sedimentary. Some 

characteristics of these aquifers are summarized in Table 1.1. 
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Table 1.1. Characteristics of bedrock aquifers: karst, volcanic, crystalline and 
sedimentary. 

Characteristics Karst Volcanic Crystalline Sedimentary 

Rock Type e.g. Limestone, 
dolomite e.g. Basalt e.g. Granite, gneiss e.g. Sandstone, 

mudstone, shale 

Dominant Flow Mechanism 
Pores; Dissolution 
fractures; Cavities; 
Conduits; Caves  

Fractures; Contacts 
between lava flows  Fractures Pores; Fractures  

Recharge 

Percolation of 
precipitation through 
cavities; Interactions 
with streams through 
soil and/or sinkholes  

Percolation of 
precipitation through 

permeable land 
surfaces and where 

low permeability 
caprock is absent 

Percolation of 
precipitation through 

vertical and sub- 
vertical fractures 

Percolation of 
precipitation through 

vertical and sub-
vertical fractures and 

pores 

Natural Factors Influencing 
Saltwater Intrusion  

 

Conduits that create 
a direct connection 

with the sea; 
Turbulent flow 

possibly boosts the 
mixing of sea and 
freshwater; High 

permeability; 
Temporary rise in 

sea level followed by 
flooding and 
infiltration of 

seawater 

Low topography; High 
permeability; Tidally 

influenced water 
table; Low recharge 

from scarce 
precipitation 

Low topography; High 
permeability fractures 
oriented perpendicular 

to the coastline 

Low topography; High 
permeability; Tidally 

influenced water table; 
Saltwater carried up 
by river channels at 

high tides 

Hydraulic Conductivity (K) 
of Fractured Media 

Hydraulic 
conductivity:  10-6 to 

10-1 m/s and flow 
rate (springs): ~0.1-

60 m3/s 

10-11 to 10-2 m/s  10-12 to 10-3 m/s 10-14 to 10-4 m/s 

From Ecker, 1976; Caswell, 1979; Chilton et al., 1990; Ng et al., 1992;  Hodge, 1995; Commission on 
Geosciences, Environment and Resources (CGER), 1996; Allen and Michel, 1999; United States Geological 
Survey, 2000a ; U.S. Army Corps of Engineers, 2004;  Arfib et al., 2007;  Fleury et al., 2007; Greenwood, 
2009;   Carreira et al., 2010;  ; Singhal and Gupta, 2010; Bauer-Gottwein et al., 2011; Park et al., 2012; 
International Association of Hydrogeologists (IAH), 2013. 

Describing seawater intrusion processes in bedrock remains very challenging, 

largely because of difficulties related to characterizing the hydraulic properties of the 

fractured bedrock. First, fracture networks can be highly heterogeneous, which makes 

mapping and fracture characterization challenging. Second, fractured media does not, in 

general, meet the criteria of analytical solutions (e.g. Theis, Hantush-Jacob, Neuman) 

that are commonly used to determine aquifer hydraulic properties from aquifer tests 
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(Allen et al., 2003). Third, the principle of groundwater flow (Darcy's Law) cannot be 

used for turbulent flow, which can be encountered in karst and large open fracture 

networks (Singhal and Gupta, 2010). Because of these challenges, simplifying 

assumptions are commonly made. For example, laminar flow is assumed in most cases 

(except perhaps karst), and an equivalent porous medium (EPM) approach is commonly 

used for modeling. These assumptions would be generally valid for regional scale 

characterization, but may not accurately represent the role of discrete fractures (or 

conduits in the case of karst) at local scales.  

1.1.3. Modeling groundwater in coastal and island settings 

Two main types of modeling approaches can be used to determine the location 

of the saltwater interface. The first involves analytical solutions; the classic example 

employs the Ghyben-Herzberg principle, which defines the depth of freshwater - 

saltwater interface using a simple equation relating the pressure to the density difference 

(Bear et al., 1999). Limitation of the use of this solution arises because the saltwater 

interface is never static (Kohout, 1960) and because the equation considers a 

homogenous, unconfined aquifer. In fact, most analytical solutions apply only to very 

simple aquifer geometries.  

In order to model more complex systems, it is necessary to solve the density-

dependent flow and solute transport equations (Werner et al., 2013). However, given the 

limited amount of data usually available for model calibration, the resulting groundwater 

flow is often model dependent (Singhal and Gupta, 2010) and different solutions can be 

obtained (Berkowitz, 2002). Nevertheless, numerical models are now commonly used to 

simulate seawater intrusion-related problems. It is important to note, however, that 

intrusion of seawater into fractured bedrock aquifers can be localized as dictated by 

fracture location and connection to the seawater (Allen et al., 2003), which can lead to 

rapid transport of seawater inland (Calvache et al., 1997). This would suggest that 

discrete fracture models may be needed if the actual flow within the fractures is of 

interest. However, from a practical perspective, for large areas, an EPM approach is 

normally adopted. 
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1.1.4. Modeling climate change impacts  

Changes in recharge to a coastal aquifer will alter the hydraulic gradient and 

potentially result in the saltwater-freshwater interface shifting. Less recharge would 

result in a landward shift of the interface, while an increase in recharge (assuming the 

water table rise can be accommodated by the land) would lead to a seaward shift. Sea 

level rise (SLR) also has the potential to push the saltwater interface inland by changing 

the hydraulic gradient of the system (Ferguson and Gleeson, 2012). Nevertheless, 

Ferguson and Gleeson (2012) demonstrated that groundwater extraction has a bigger 

negative impact than SLR in coastal environment unless the hydraulic gradient is very 

low (<0.001).   

Several modeling and field studies have explored the potential impacts of climate 

change on recharge and sea level rise in coastal aquifers (e.g., Shrivastava, 1998; 

Feseker, 2007; Werner and Simmons, 2009; Yechieli et al., 2010; Watson et al., 2010; 

Webb and Howard, 2011; Chang et al., 2011; Guha and Panday, 2012). Some studies 

used steady-state numerical modeling (e.g., Werner and Simmons, 2009; Yechieli et al., 

2010) to predict the location of the saltwater interface following SLR in homogenous 

aquifers. Werner and Simmons (2009) concluded that, in unconfined aquifers, head-

controlled systems (whereby the water table is maintained at a constant elevation 

despite SLR) could result in the inland movement of the saltwater interface by hundreds 

of metres to kilometres, while flux-controlled systems (water table rises with SLR) result 

in about 50 metres inland movement following a 1 m SLR. Yechieli et al. (2010) 

incorporated changes in precipitation and topography in their simulations of SLR (1 m) in 

a Mediterranean aquifer. They found that a small slope of 0.0025 would allow the 

saltwater interface to move 400 m inland. SLR coupled with a 50% decline in 

precipitation, resulted in the saltwater interface moving 1200 m inland.  

In order to ensure better management of SWI, the response time of specific SWI 

indicators can be evaluated through transient numerical modeling (e.g., Shrivastava, 

1998; Feseker, 2007; Watson et al., 2010; Webb and Howard, 2011; Chang et al., 2011; 

Guha and Panday, 2012). A modeling study conducted in the Biscayne aquifer 

(unconfined, karst) showed that SLR (0.6, 0.9 and 1.22 m) will raise the groundwater 

levels in the aquifer by 4, 9 and 15%, respectively, and increase the salinity by 103, 310 
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and 639% (Guha and Panday, 2012). Grove aquifer (Jamaica), Shrivastava (1998) 

concluded that no significant change in the extent of the saltwater interface following 

SLR occurs, but rather an increase in salt concentration. Feseker (2007) tested reduced 

recharge and SLR independently in a semi-confined aquifer. Reduced recharge in that 

case is expected to induce intrusion at the base of the aquifer, with a response rate that 

declines with time. Thickening of the saltwater interface at the top of the aquifer occurred 

during SLR, and the concentration was still changing after SLR had stopped. SLR was 

found to have the biggest impact on salt concentration. 

Chang et al. (2011) noted that, in a confined aquifer, the saltwater interface 

returns to its original position following sea level rise due to a ‘lifting effect’ that raises the 

water table by the same amount as SLR. This effect was not observed in an unconfined 

aquifer because the increase in depth of the aquifer (due to SLR) induced an increase in 

transmissivity and saltwater intrusion. The same authors tested the response time of 

SWI by changing the hydraulic properties and discharge in a confined aquifer under 

gradual SLR. Smaller values of specific storage and dispersivity, a higher value of 

hydraulic conductivity, and greater SLR all yielded greater intrusion of the toe of the 

wedge (5% seawater isochlor), but peaks for all values were reached at the same time. 

Instantaneous SLR was found to lead to quicker and more extensive SWI, but also 

quicker self-reversal to the original position of the saltwater interface. Greater discharge 

resulted in a quicker response and a smaller intrusion than lower discharge.  

Watson et al. (2010) assumed a flux-controlled boundary and instantaneous 

SLR, while Webb and Howard (2011) adopted head controlled boundaries and gradual 

sea level rise. Watson et al. (2010) observed that the different indicators of SWI (e.g., 

toe position, salt flux) responded to SLR at different rates. For instance, the depth to the 

saltwater wedge usually reacts faster than the toe of the interface. Webb and Howard 

(2011) noted that a low ratio of hydraulic conductivity to recharge (K/R) and low porosity 

do not result in significant SWI and the stabilization occurs within decades. In contrast, 

high K/R and porosity result in significant SWI and stabilization happens on the order of 

centuries. The response of different SWI indicators and the extent of SWI intrusion vary 

significantly among the simulations showing that the configuration of the saltwater 

interface can vary significantly among aquifers.  
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Despite all these studies, the understanding of the dynamics of SWI in highly 

heterogeneous aquifers (Werner et al., 2013) and modeling of seawater intrusion in 

fractured aquifers is limited (Masciopinto, 2006). 

1.2. Study area context 

Salt Spring Island is located in the Strait of Georgia, between the mainland and 

Vancouver Island in British Columbia (BC), Canada (Figure 1.2). It is the largest island in 

the Gulf Islands (BC) region (Hodge, 1995) and is the most populated of the Gulf Islands 

with a population of about 10,000 people (Statistics Canada, 2014).    

 
Figure 1.2. Location map of the Gulf Islands (BC) showing Salt Spring Island in 

darker shading. 

Groundwater on Salt Spring Island occurs in the fractured sedimentary and 

igneous rock (Greenwood and Mihalynuk, 2009). Recharge to the aquifers derives 

primarily from precipitation. Water percolates through the fractures and recharge varies 
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spatially due to the complex distribution of fractures across the island (Allen, 2012). 

These fractures represent the main porosity of the aquifers (Kohut et al., n.d) and largely 

determine groundwater availability.  

In comparison to other southern Gulf Islands, there are many lakes on Salt 

Spring and much of the population uses lakes for water supply (Lamb et al., 2010). 

However, as reported by Kingerlee et al. (2010), 50% of Salt Spring Island residents rely 

on groundwater for drinking purposes. With lake water quality declining, particularly St. 

Mary Lake (Salt Spring Island Water Council, 2012) stress on the groundwater resource 

is expected to become greater in future as demand increases. An additional 1000 lots 

(approximately) are available for development on Salt Spring Island, for which 

groundwater is the prime drinking water supply (Salt Spring Island Water Council 

meeting, June (2013)). More development will undoubtedly lead to greater stress to the 

groundwater resource, possibly resulting in a landward movement of the saltwater 

interface and an increase total dissolved solids content, particularly near the coast 

(Hodge, 1995; Allen and Suchy, 2001; Lapcevic and Kelly, 2010). Saltwater intrusion 

has already been identified on Salt Spring Island (Hodge, 1995). Many of the water wells 

on the Gulf Islands have been drilled close to the coast and are thus more closely 

connected to the ocean by fractures (Allen and Kirste, 2012).  Stress on groundwater 

also escalates in the summer when tourism peaks and groundwater levels drop (Scibek 

et al., 2013).  

Annual total (rain plus snow) daily precipitation is projected to increase by 

approximately 6% from the 1961-1990 to 2040-2069 (2050s) period in the study region 

(Pacific Climate Impacts Consortium (PCIC), 2012). However, during the summer, 

precipitation is expected to be lower (by about 18%), which could have an impact on 

summer groundwater levels and put fresh groundwater resources at higher risk of 

contamination during the most vulnerable time of the year. SLR is also predicted for the 

2050s period (PCIC, 2012) and the rate is expected to increase (Kerr Wood Leidal, 

2011). In BC, planning for a 100-year horizon is more or less for a 1 m SLR (Ausenco 

Sandwell, 2011 as cited in Kerr Wood Leidal, 2011) depending on regional land uplift or 

subsidence (Kerr Wood Leidal, 2011). Given the projected changes in precipitation and 
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SLR, it is unclear how the hydrogeological system will respond, and how this might 

influence the current groundwater stresses on the islands. 

1.3. Research goal and objectives 

The goal of this research is to assess the response of fractured bedrock aquifers 

to stressors such as sea level rise, and changes in recharge and pumping conditions. 

Given that few previous studies on SWI have focused on bedrock aquifers, and even 

fewer have explored the potential impacts of climate change on SWI processes, this 

research topic is timely. Salt Spring Island has been selected as the case study area 

because the north end of the island is composed of sedimentary rocks and the south 

end of igneous and meta-sedimentary rocks. Consequently, this study area offers a 

unique opportunity to explore differences in the hydrogeological characteristics in 

different rock types. Salt Spring Island also has a variety of hydrogeological and 

geochemical data from previous studies upon which to base a conceptual 

hydrogeological model. 

The main objectives of the research are: 

1. To develop a conceptual hydrogeological model of Salt Spring Island. 

2. To compare the ranges of hydraulic properties that characterize the 
rock types on Salt Spring Island. 

3.  To assess the sensitivity of aquifers of Salt Spring Island to potential 
climate change impacts and groundwater development.  

1.4. Scope of work 

The scope of work of this research includes the following tasks: 

1.  Compiling existing hydrogeological data for Salt Spring Island. 

2.  Carrying out additional field studies to collect tidal response test data 
(to supplement existing pumping test data) and to collect groundwater 
samples in the tested wells. 

3.   Developing a hydrogeological model of Salt Spring Island, including: 

a) Characterizing the main geological units and their hydraulic properties; 
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b) Estimating recharge (current and projected under climate change); and  

c) Describing the groundwater flow system. 

4.  Describing the groundwater chemistry and comparing the chemical 
evolution to that described in previous studies of other Gulf Islands. 

5.  Developing series of numerical models to for a small area of Salt 
Spring Island to:  

a) Simulate the steady state flow system and calibrate the model to 
observed hydraulic heads; 

b) Simulate the transient response of the aquifer to tidal forcing and 
calibrate the model using observed tidal response data; 

c) Simulate the current position of the saltwater wedge; and 

d) Assess the response of the system to stressors including a 
change in recharge, sea level rise and pumping. 

1.5. Thesis organization 

This thesis has been written largely in chapter format to enable simple 

reformatting as a report to the Salt Spring Island Water Council and Natural Resources 

Canada. However, Chapter 5 has been written as a paper and will be submitted to a 

suitable scientific journal.  

Chapter 1 provides an introduction to the thesis, reviewing the basic concepts of 

SWI and fractured bedrock aquifers. Challenges with identifying SWI in fractured 

bedrock aquifers are briefly discussed as well as numerical modeling approaches in 

coastal and island settings. Finally, the study area is briefly portrayed along with its main 

water supply management issues and projected climate change.  

Chapter 2 describes the hydrogeological conceptual model of Salt Spring Island. 

Some information was gathered as part of this study, but the conceptual model largely 

reflects information collected in previous investigations on Salt Spring Island and the 

southern Gulf Islands more broadly. Climate and hydrology, soils and vegetation, 
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geology and hydrogeology, the aquifer hydraulic properties, recharge (current and 

projected), and the groundwater flow regime are described.  

Chapter 3 describes the general characteristics of the water chemistry of Salt 

Spring Island. The main geochemical processes controlling the water chemistry are 

reviewed in the context of the groundwater evolution proposed for the Gulf Islands. Also, 

water chemistry and geochemical processes proper to the two main rock types 

(sedimentary and igneous) on Salt Spring are discussed. Potential historical and current 

SWI indicators, and modes and locations of SWI are also discussed. 

Chapter 4 assesses the hydraulic properties of the various rock types on Salt 

Spring Island and how they compare with values from the neighbouring southern Gulf 

Islands. The chapter includes data from previous pumping tests and tidal response tests, 

as well as from tidal response testing conducted during summer 2013. It also describes 

the main pumping test analytical methods and the Jacob tidal analysis method used to 

analyze tidal data gathered during summer 2013.  

Chapter 5 (written as a scientific paper) compares transmissivity values from 

pumping and tidal response tests in the Gulf Islands. To my knowledge, this is the only 

comparison of pumping test data and tidal response data using a large database from a 

fractured rock setting (or perhaps any setting). The chapter includes a brief description 

of the approaches used to analyze the pumping and tidal response test data. The results 

are compared for the different rock types.  

 In Chapter 6, the numerical modeling is described. The goal of this modeling 

exercise is to model the saltwater interface configuration under a change in recharge, 

sea level rise, and pumping. A steady-state freshwater flow model (using Visual 

MODFLOW) is calibrated to hydraulic heads measured in wells. A transient freshwater 

flow model is then run (also using Visual MODFLOW) to better constrain the hydraulic 

properties using the tidal fluctuations measured in an observation well. A density-

dependent flow and transport model (using SEAWAT) is then used to simulate the 

freshwater-saltwater interface. Finally, the SEAWAT model is stressed to changes in 

recharge and sea level rise, and pumping to explore the potential impacts of climate 

change and development on the freshwater-saltwater interface.  
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Chapter 2.   
 
The Study Area 

2.1. Geography of Salt Spring Island 

The southern Gulf Islands comprise some 40 islands and are located in the 

southwest corner of British Columbia (BC), at the southeastern tip of Vancouver Island. 

The islands lie within the Strait of Georgia, between the mainland (Vancouver) and 

Vancouver Island (Figure 2.1).  

Salt Spring Island, the study area for this research, is the largest (185.54 km2) 

and most populous island (10,234 inhabitants in 2011; Statistics Canada, 2014) in the 

Gulf Islands; it is about 26 km long and 9 km wide (Islands Trust, 1978). To the west, 

Salt Spring Island is bordered by Vancouver Island and to the east lie the outer Gulf 

Islands; Galiano, Mayne, Saturna, and Pender Islands. The maximum elevation of Salt 

Spring Island is Bruce Peak: 709 masl (Wikipedia, 2014b). Other prominent peaks 

include Baynes Peak (Mount Maxwell): 593 masl (Peakbagger, 2004); Mount Tuam: 602 

masl; and Mount Eskrine: 441 masl (Wikipedia, 2014b). The coastlines are rocky and 

characterized by either steep cliffs or low relief outcrops (Mackie, 2002).  
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Figure 2.1. Location map of Salt Spring Island (BC), topography and main mountains 

(spatial data from DataBC (iMapBC), n.d.; Bednarski and Rogers, 2012).    

2.2. Climate and hydrology  

The Gulf Islands experience cool, dry summers and humid, mild winters; the 

climate is referred to as Cool Mediterranean (Kerr, 1951 from van Vliet et al., 1987). The 

islands are influenced by a rain shadow resulting from the Olympic Mountains to the 

south and the insular Mountains to the west (van Vliet et al., 1987). For the 1971-2000 

period, Environment Canada (2013) reported average daily temperatures varying 
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between about 2.6 and 16.3°C on a yearly basis in the Cusheon Lake area (Station ID: 

1016992), and between 4.0 and 18.1°C in the St. Mary Lake area (Station ID: 1016995). 

Mean monthly rainfall ranges from about 22.9 mm in July to 176.5 mm in November in 

the Cusheon Lake area, and between 24.7 mm in July to 163.3 mm in November in the 

St. Mary Lake area for the same period (Figure 2.2 and Figure 2.3). Most precipitation 

falls as rain. 

 

 
Figure 2.2. Location of the two Environment Canada climate stations and surface 

water bodies on Salt Spring Island (spatial data from DataBC (iMapBC), 
n.d; Environment Canada, 2013).   
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Figure 2.3. Monthly average temperature and precipitation at the St. Mary Lake 

climate station (Station ID: 1016995) for the 1971-2000 period. The blue 
bars represent mean monthly precipitation as rain and the grey bars, 
mean monthly precipitation as snow; the red curve, mean daily 
temperature (data from Environment Canada, 2012). 

Only a small number of freshwater lakes dot the landscape of the southern Gulf 

Islands (Kohut et al., n.d.). Nevertheless, there are nine lakes on Salt Spring Island 

(Figure 2.4). Lake and watershed size do not necessarily correlate; smaller lakes 

(Blackburn, Ford and Stowell) are located in large watersheds, large lakes (Weston, 

Maxwell and St. Mary) in relatively smaller watersheds, and only three lakes (Roberts, 

Cusheon and Bullocks) have a size that is proportional to their respective watershed 

(Lamb et al., 2010). Lakes are an important surface water source to community water 

supply systems (Lamb et al., 2010). St. Mary Lake, Blackburn Lake, Cusheon Lake, 

Lake Maxwell, Ford Lake and Lake Weston flow into fish bearing streams (Barnett et al., 

1993). Table 2.1 shows surface area and volume for all lakes other than Roberts Lake.  



 

19 

 
Figure 2.4. Lakes, stream, watersheds and location of Water Survey of Canada 

(WSC) discontinued hydrometric stations (spatial data from DataBC 
(iMapBC), n.d; Environment Canada, 2011).  
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Table 2.1. Lake surface area and volume (data from Barnett et al., 1993). 

 
Surface Area (km2) Volume (km3) 

St. Mary Lake 1.81 0.01567 
Cusheon Lake 0.27 0.00116 
Blackburn Lake 0.04 0.00014 
Bullocks Lake 0.10 0.00051 
Lake Maxwell 0.28 0.00216 

Ford Lake 0.04 0.00014 
Lake Weston 0.18 0.00109 
Lake Stowell 0.06 0.00026 

Currently, Environment Canada does not operate any active (real-time) 

hydrometric stations on Salt Spring Island. However, in past years, there were five Water 

Survey of Canada (WSC) hydrometric stations on Saltspring Island; three of which 

measured flow. Duck Creek at outlet of St. Mary Lake (08HA046: 1980-1998), Cusheon 

Creek at outlet of Cusheon Lake (08HA026: 1970-1998) and Fulford Creek (08HA055: 

1983-1993). Cusheon Creek has historic records for the complete year, while Duck 

Creek and Fulford Creek records cover only a part of a year. The other two hydrometric 

stations measure water levels on St. Mary Lake (08HA024: 1969-1972) and Cusheon 

Lake near Ganges (08HA038: 1976-1998) (Barnett et al., 2013). Six more hydrometric 

stations were active in the past, mostly operated by the BC Ministry of Environment for 

short periods of time (2-3 years) (Environment Canada, 2011). Figure 2.4 illustrates the 

locations of the various discontinued hydrometric stations on Salt Spring Island.  

Low flows are observed for all streams in the Gulf Islands between June and 

October (Barnett et al. 1993). Figure 2.5 shows the annual maximum, mean and 

minimum discharge over the period of record at Cusheon Creek. Cusheon Creek 

(08HA026) had periods of zero to no flow from June to October.   
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Figure 2.5. Annual maximum, mean and minimum discharge at Cusheon Creek 

between 1977 and 1998. No data are available between 1970-1977 (data 
from Environment Canada, 2011). 

Monitoring at Fulford Creek (08HA055) only took place from March to October. 

Contrary to Cusheon Creek, annual minimum flows recorded at Fulford Creek are 

always above 0 m3/s for the 1983-1986 period (0.008, 0.025, 0.011 and 0.005 m3/s) 

(Environment Canada, 2011). This suggests Fulford Creek might be a groundwater 

discharge zone. This observation was also made by Hodge (1995), who suggested that 

flow in Fulford Creek is likely sustained by groundwater. 

2.3. Soils and vegetation 

Nineteen soil types have been identified on Salt Spring Island (van Vliet et al., 

1987). Most of parent materials are of glacial origin; very few are of fluvial origin. The 

soils are of variable texture and thickness (generally less than 1 m thick), and are 

variably drained. A detailed soils map is available as a pdf 

(http://sis.agr.gc.ca/cansis/publications/surveys/bc/bc43-1/index.html), but is not shown 

here given its poor resolution. 
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The Gulf islands are located within the Coastal-Douglas-fir Biogeoclimatic Zone 

(Krajina, 1969 from van Vliet et al., 1987). Consequently, Douglas fir are very abundant 

in the region. They are intermixed with other coniferous tree species such as grand firs 

western red cedar, shore pine, Sitka spruce and western hemlock Red alder, broadleaf 

maple, northern black cottonwood, western flowering dogwood and bitter cherry are 

deciduous trees found on Salt Spring Island. Salal, Oregon grape and fireweed are also 

found in the region (van Vliet et al., 1987). 

2.4. Geology  

2.4.1. Surficial geology 

The surficial geology is composed of thick layers of unconsolidated deposits from 

the last glaciation.  In most upland areas, these deposits have been eroded away 

(Hodge, 1995) and bedrock is exposed at the surface. Surficial sediments are of fluvial, 

marine and glacial materials (Halstead, 1967) and are thickest in valley bottoms (Mackie, 

2002). A range of surficial materials have been mapped: Fine Marine/Lacustrine, 

Organic (land depressions and valleys), Till and Coarse Marine/Fluvial, 

Glaciofluvial/Marine, and Colluvium and Glacial Drift (edges of valleys up to higher 

elevations). These sediments form the parent materials for the soils found on Salt 

Spring, such as Beddis, Crofton and St. Mary as described in the previous section (van 

Vliet et al., 1987). 

2.4.2. Bedrock geology  

The bedrock geology of Salt Spring Island was mapped in detail by Greenwood 

and Mihalynuk (2009) by studying outcrops and existing borehole stratigraphy data. 

Figure 2.6 shows there are important broad differences in geology between the northern 

and southern portions of Salt Spring Island. The northern portion is composed of layered 

sedimentary rocks (Nanaimo Group) (green tones), while “igneous” rocks characterize 

the southern portion (pink tones) (Greenwood and Mihalynuk, 2009). Greenwood and 

Mihalynik (2009) also generated two geological cross-sections (Figure 2.7), which are 

reproduced here. The geological legend for both the map and the cross-sections is 
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shown in Figure 2.8. The detailed geological map is available on line 

(http://www.empr.gov.bc.ca/Mining/Geoscience/PublicationsCatalogue/OpenFiles/2009/

Pages/2009-11.aspx).  
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Figure 2.6. Salt Spring Island geology showing two lines of cross-section (geology 

from Greenwood and Mihalynuk, 2009). A detailed description of the 
various rock units is given geological legend shown in Figure 2.8. 
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Figure 2.7. Cross-sections A-A’ and B-B’. Location of the cross-sections is shown on 

Figure 2.8 (modified from Greenwood and Mihalynuk, 2009). 
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Figure 2.8. Geological legend for Figures 2.6 and 2.7 (modified from Greenwood and 
Mihalynuk, 2009). 
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Eleven formations comprise the Upper Cretaceous Nanaimo Group (Table 2.2). 

These are recognized as successions of sandstone-conglomerate units interbedded by 

mudstone and fine-grained sandstone deposited in one basin (Mustard, 1994). 

Sandstone and conglomerates predominantly comprise the Benson, Comox, Extension, 

Protection, DeCourcy and Geoffrey Formations. While the Haslam, Ganges, Cedar 

District, Northumberland, and Spray Formations are mainly black shale (Greenwood and 

Mihalynuk, 2009).  

The units characterizing the south-central portion of the island are the Fourth 

Lake (Buttle Lake Group), the McLaughlin Ridge, the Nitinat Formations and Saltspring 

Intrusions (Sicker Group). These units are of Carboniferous and Permian age. Finally, 

Mount Hall Gabbro Sills are part of the Vancouver Group from the Triassic period. 

Overall, the lithology of the south central portion of the island is mainly composed of 

calcareous siltstone, cherty tuff, breccia, pyroxene, diorite, granite, granodiorite and 

hornblende (Greenwood and Mihalynuk, 2009).  

The structural distribution of the Upper Nanaimo Group was created by multiple 

ancient deformational (Mustard, 1994) and more recent glacier glacio-isostatic 

deformations (Clague, 1983). The bedrock throughout the southern Gulf Islands thus 

has been extensively folded and fractured (Journeay and Morrison, 1999). 
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Table 2.2. Lithology of Salt Spring Island. 

Rock Type Geologic Period Group Formation Dominant Lithology 

Sedimentary  Cretaceous Nanaimo 

Benson 

Sandstone and 
conglomerate 

Comox 
Extension 
Protection 
DeCourcy 
Geoffrey 
Haslam 

Black shale 
Ganges 

Cedar District 
Northumberland 

Spray 

Igneous  

Triassic Vancouver Mount Hall Gabbro 
Sills Basalt, hornblende 

Carboniferous to 
Permian 

Sicker 
McLaughlin Ridge Pyroclastic breccia, 

rhyolite 
Nitinat Pyroxene 

Saltspring Intrusions Granite, granodiorite 

Sedimentary  Buttle Lake Fourth Lake Calcareous siltstone, 
cherty tuff 

(From Greenwood and Mihalynuk, 2009) 

2.5. Hydrogeology 

2.5.1. Overview of the hydrogeology 

In the southern Gulf Islands, surficial sediments do not provide significant 

amounts of groundwater other than in areas where they are thicker (Hodge, 1995); 

fractured rock represents the main aquifer material. It has been interpreted that the 

coarse-grained formations have relatively poor intergranular permeability, and that most 

of the water flow within both fine- and coarse-grained formations is related to fracturing. 

Nevertheless, it is believed some water can be transmitted through sandstone or shale 

inter-grain pores (Hodge, 1995). Overall, the groundwater is transmitted through a 



 

29 

complex system of faults, bedding planes, joints and fractures (Hodge, 1995; Kohut et 

al., n.d; Mackie, 2002; Surette et al. 2008).  

Recharge to the Gulf Islands aquifers (as discussed in more detail in Section 2.6) 

is dominantly by infiltration of precipitation (Allen and Suchy, 2001; Appaih-Adjei, 2006). 

Groundwater levels are generally higher at high topographic elevation. Recharge 

dominates in the highlands and the groundwater eventually discharges locally into 

streams (as baseflow) or lakes, while some will flow deeper as part of the regional 

groundwater flow system (Hodge, 1995), ultimately discharging into the ocean (Kohut, 

1960). In these coastal aquifers, a zone of dispersion is considered to be present where 

freshwater and seawater mix (see Figure 1.1).  

The bedrock aquifers on Salt Spring Island are considered to be moderately to 

highly vulnerable based on level of development and susceptibility to contamination 

(Data BC (n.d.), http://maps.gov.bc.ca/ess/sv/imapbc/).  

2.5.2. Hydraulic properties and hydrostructural domains 

The various rock units in the Gulf Islands have a range of permeability due 

fracture heterogeneity (Surrette et al., 2008). Several Gulf Islands studies have 

attempted to characterize the permeability of these aquifers using various methods, 

ranging from pumping test analysis (e.g. Allen et al., 2002; Scibek et al., 2013) to 

developing a hydrostructural conceptual model using measurements of discrete 

fractures mapped throughout the Gulf Islands (Mackie, 2002; Surrette et al., 2008).  

A fractured bedrock aquifer flow regime is more influenced by structure than by 

lithology and stratigraphy (Allen et al., 2003). As a result, bedrock aquifers in the Gulf 

Islands have been divided into hydrostructural domains (Mackie, 2002); domains are 

identified according to their relative fracture network permeability. Mackie (2002) 

identified three main hydrostructural domains to classify aquifers of the Gulf Islands: 

‘highly’ fractured interbedded mudstone and sandstone (IBMS-SS), ‘less’ fractured 

sandstone (LFSS) and fracture zone (FZ). This classification was used to characterize 

domains and estimate hydraulic properties based on discrete fracture modeling at the 

regional scale (Surrette et al., 2008).  

http://maps.gov.bc.ca/ess/sv/imapbc/
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Field scale estimates of the aquifer hydraulic properties can be determined from 

slug/bail tests, pumping (or aquifer) tests, and tidal response tests. A considerable 

pumping test dataset (data from BC Ministry of Environment) had been compiled and 

analyzed for the Gulf Islands (e.g., Allen et al., 2002), but some studies for Salt Spring 

Island were not included (see Chapter 4). Additional pumping and tidal response tests 

were compiled for Gabriola Island (Scibek et al., 2013). In the present study, the aquifer 

hydraulic properties for Salt Spring Island are estimated using available pumping test 

data and tidal response data, and are compared with results obtained across the Gulf 

Islands (Chapter 4). In Chapter 5, transmissivity values obtained from pumping tests and 

tidal response tests are compared. This study does not consider the permeability of 

major faults, which, as noted above, are distinct hydrostructural domains. Major faults 

(St. Mary Lake and Gulf Islands Faults) are considered to form dominant permeable 

pathways (Kingerlee et al., 2010) in both the sedimentary rocks and the metamorphic 

igneous rocks present on Salt Spring (Allen et al., 2003). 

2.6. Recharge  

2.6.1. Previous recharge studies in the Gulf Islands  

Determining recharge in the Gulf Islands is a challenge. Recharge is believed to 

occur mainly through sub-vertical fractures, joints and faults located at the ground 

surface at regional and local topographic highs. It spatially varies due to the complexity 

of the fractured bedrock and connectivity of the fractures (Allen, 2012). Previous studies 

have attempted to estimate recharge to aquifers in the Gulf Islands including at an island 

scale (Foweraker, 1974; Hodge, 1977 and 1995; Liteanu, 2003; Allen and Liteanu, 2006; 

Trapp, 2011; Scibek et al., 2013) or for the Gulf Islands more broadly (Appiah-Adjei, 

2006; Denny et al., 2007). Various methods were used: hydrograph analysis, water 

balance modeling (using the HELP hydrologic model described below), the Water Table 

Fluctuation (WTF) method, and 3-D numerical groundwater modeling. The range in 

recharge values varies between 1 and 62.7% of mean annual precipitation, and the 

mean values from these studies range from 2.6 and 45% of mean annual precipitation 

(Table 2.3). 
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Table 2.3. Recharge estimates from previous studies in the Gulf Islands. 

      Recharge Estimate (%) 
Study  Study Area Method  Mean   Range 

Foweraker (1974) Mayne Island nr 3 nr 
Hodge (1977 and 1995) Salt Spring Island Hydrograph 2.6a  1-4.4a 

Appiah-Adjei (2006) Gulf Islands HELP 45 20-60 
Denny et al. (2007) Gulf Islands HELP 36.5b 12.1-62.7b 

Liteanu (2003)  Saturna Island 3-D numerical modeling 20 10-50 
Trapp (2011) Saturna Island HELP 56 5-56 

Scibek et al. (2013) Gabriola Island WTF method 10c 1-20c 
a The mean and range are estimated based on the total precipitation at St. Mary Lake weather station in 
2012 and the amount of precipitation recharging the aquifer used by Hodge (1995) (e.g. (25.4 mm / 974.2 
mm) * 100 = 2.6 %); b This estimate is from a series of models incorporating top soil and bedrock within a 
modeled soil column; c Values estimated for Gabriola Island using the Water Table Fluctuation (WTF) 
method; nr: method not reported. 

The method used by Foweraker (1974) is unknown, but the estimated 3% (25.4 

mm) from that study was used by Hodge (1977) in the 1977 “Groundwater Conditions on 

Saltspring Island” report (Hodge, 1977). Assuming a storativity of the order of 10-4 and 

using the hydrograph method with water levels in observation well 281 and precipitation 

data between 1984 and 1993, Hodge (1995) determined that between 1 and 43.2 mm of 

precipitation recharges groundwater in that area. This range encompasses Foweraker’s 

estimate and supports this value at a regional scale.  

Appiah-Adjei (2006) and Denny et al. (2007) both used the US Environmental 

Protection Agency’s (US EPA) Hydrological Evaluation of Landfill Performance (HELP) 

model (Schroeder et al., 1994) to estimate recharge. The model uses a stochastic 

weather series to drive percolation through representative soil columns incorporating top 

soil and bedrock. The mean and range estimated from these two studies are similar 

despite the higher values estimated by Appiah-Adjei (2006). Three-dimensional 

groundwater flow models have also been used to validate / test previous recharge 

estimates. Liteanu (2003) used a value of 20% and range of 10-50% based on HELP 

modeling conducted in the Gulf Islands at the time. Recharge values used by Trapp 

(2011) used a value of 56% to calibrate models to hydraulic head observations, 

seasonal water table measurements and geochemistry.  
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For the reported estimates, it is noted that the WTF method relies strongly on the 

estimated specific yield (Sy) value, and there are few estimates of this aquifer parameter 

from long term pumping test data. An order of magnitude difference in Sy leads to a 

direct order of magnitude difference in the estimated recharge. Based on fracture density 

and rough aperture estimates (Surrette et al., 2008), Sy values likely range from 0.001 

(0.1%) to 0.10 (10%), with the most likely value at around 0.01 (1%) (Allen, personal 

communication). Scibek et al. (2013) estimated a range of 1-20% of recharge on 

Gabriola Island using the Water Table Fluctuation (WTF) method. A specific yield value 

range of 0.001-0.01 was used. Scibek et al. (2013) compiled estimates of recharge and 

report on Gabriola Island and in the Gulf Islands more broadly, recharge is likely 

between 10% and 45%, with 20% being the most likely estimate. However, there 

remains considerable uncertainty in these estimates and continued research is 

underway to try and constrain recharge estimates using a 3D coupled land surface-

hydrologic model (Allen, personal communication).  

2.6.2. Recharge estimate for Salt Spring Island 

The UnSat Suite software (SWS, 2004) includes the HELP model. The model 

simulates 1D vertical groundwater flow through the unsaturated zone. The HELP model 

was initially developed to evaluate the performance of different landfill layer 

configurations by comparing water balance components (Schroeder et al., 1994). The 

HELP model was used to estimate groundwater recharge on Salt Spring Island for this 

study.  

Climate data were derived from the Victoria weather station within the UnSat 

Suite weather station database. The database climate normals were adjusted using 

monthly means for daily mean temperature, precipitation and wind speed, and seasonal 

relative humidity measured at the Victoria International Airport weather station during the 

1981-2010 period in order to improve the accuracy of generated stochastic weather 

series. The HELP module was then used to quantify the water balance in a 20-m single 

soil column comprised of glacial till/gravelly sand overlying bedrock (Figure 2.9).  
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Figure 2.9. Soil column used in the HELP simulation for Salt Spring Island. 

This soil column depth (20 m) represents the average depth to the water table 

measured for all Salt Spring Island wells located more than 100 m above sea level. 

These measurements are a compilation from many sources: well drilling (BC Ministry of 

Environment 2013a), Rick Gilleland (Salt Spring Island Water Council, personal 

communication) and 2013 field work. Four main soil classes (clay, topsoil, glacial till and 

gravelly sand) were established by Appiah-Adjei (2006) for the Gulf Islands based on 

GIS soil maps and the provincial WELLS database (BC Ministry of Environment 2013a). 

From the predominant soil types map (Appiah-Adjei, 2006), glacial till and gravelly sand 

are dominant at higher elevations on Salt Spring Island. Soil properties (Table 2.4) were 

estimated based on the average soil properties for the two dominant soil types as 

reported by Appiah-Adjei (2006). Properties of the bedrock were chosen based on the 

transient modeling results (see Section 6.4.6.); hydraulic conductivity is the average of 

sandstone and mudstone. Based on the specific yield value (0.08) used in the numerical 

model (see Chapter 6), porosity was set to be 0.1 and field capacity 0.02. Finally, based 

on other soil types in HELP, the wilting point was set to 0.002 (Table 2.4). These values 
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are highly uncertain because no studies appear to have measured these parameters in 

bedrock. Nevertheless, they are consistent with the values used by Appaid-Adjei (2006). 

Table 2.4. Soil properties of the soil column. 

 
Soil Bedrock 

Thickness 1 m 19 m 
Porosity 0.39 vol/vol 0.1 vol/vol 

Field capacity 0.069 vol/vol 0.02 vol/vol 
Wilting point 0.029 vol/vol 0.002 vol/vol 

Initial soil water content 0.1165 vol/vol 0.0475 vol/vol 
Effective saturated hydraulic 

conductivity 0.1 cm/sec 21.96 cm/day 

Evapotranspiration initial conditions are set within the weather generator (Table 

2.5). They are the same for the soil and bedrock layers of the column. The maximum 

leaf area index of 4, and the evaporative depth of 0.2 m represent conditions for a good 

stand of grass. Stand of grass was used as a middle ground between forest and 

populated areas.  

Table 2.5. Evapotranspiration conditions for the soil column. 

Maximum leaf area index 4 
Start of growing season 123 julian days 
End of growing season 282 julian days 

Evaporative depth 0.2 m 
Average wind speed 9.11 km/h 

The land surface was assigned zero slope. The subsurface inflow (into the column) is 0 

cm/day, therefore no water is gained from the sides. The simulated flow is vertically 

downward through the soil column and water can only exit from the base of the column. 

The water balance comprises values for precipitation, surface runoff, evapotranspiration, 

percolation through the soil column and water storage. The recharge (percolation 

through the soil column) was estimated at 71.86%. Water balance results are shown in 

Table 2.6. 
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Table 2.6. Water balance results from HELP modeling. 

 
mm m3 % 

Precipitation 864 8635 100 
Runoff 0 0 0 

Evapotranspiration 247 2470 29 
Percolation 621 6205 72 

Change in water storage -4 -39 -1 

The recharge value estimated for a soil column on Salt Spring for this study (72% 

of total annual precipitation) is higher than reported in previous studies. However, it is 

only approximately 10% higher than the estimates reported for the other HELP modeling 

studies (Table 2.3). Appaih-Adjei (2006) obtained the lowest recharge values for 

columns where low permeability clay overlies the bedrock. In this study, the highest 

possible permeability was used (glacial till and gravelly sand). So, the estimate is likely 

at the upper extreme. Regardless, the values simulated using HELP appear to be very 

high.  

The HELP model is a vertical percolation model and it works best for flat 

topography. Even including a surface slope does not significantly reduce the recharge 

and produce higher runoff (Allen, personal communication based on numerous 

sensitivity analyses). So, it is likely that this model is not appropriate for the steep 

topography of the Gulf Islands, where surface runoff and interflow on top of the bedrock 

surface are known to take place based on observations of water seeping along the soil-

bedrock contact during rain events. A 3D model that captures topography and can 

simulate saturation overland flow conditions would be more appropriate. 

The unrealistically high estimate of recharge from HELP led to a decision to 

employ the average value (20%) estimated by Scibek et al. (2013) in the numerical 

modeling and to test the sensitivity of the model to recharge. In addition, one aspect of 

this study is to consider climate change impacts on recharge. As discussed in Chapter 6, 

climate change projections for Salt Spring Island are used to simulate the change in 

recharge (using this same HELP model). The difference in recharge (rather than the 

absolute value) is carried through the numerical model for the climate change scenario.  
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2.7. Groundwater flow regime 

2.7.1. Island-scale groundwater flow 

A representation of island-scale groundwater flow (Figure 2.10) was estimated 

using water table data from various sources.  

1. The WELLS database (BC Ministry of Environment, 2013a). Depth to 
water is routinely measured after drilling, and these static water level 
measurements are often the only source of information available for 
regional studies. Because wells are drilled over a long time period and 
at different times of the year, there is some error in using them as 
representative of current conditions. Also, water levels may still be 
recovering from pumping and the water depth may be 
underestimated.  

2. Monthly datasets for multiple years were available for eight areas 
across Salt Spring Island for a total of 17 wells (Rick Gilleland, Salt 
Spring Island Water Council, personal communication). For each well, 
the average depth to water was calculated using all available 
measurements.  

3. Depth to water data for provincial observation wells (#281, #373) (BC 
Ministry of Environment, 2013b). Average depth to water was 
calculated from hourly measurements for 2012.  

4. Depth to water measurements from the 2013 field season.  
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Figure 2.10. Water table elevation map of Salt Spring Island. The elevation is relative 

to sea level. A generalized representation of the groundwater flow lines is 
shown. 

Measurements from Rick Gilleland, the provincial observation wells, and the 

2013 field season were all made from ground surface. Measurements from the WELLS 

database are assumed to be from top of casing, but casing height is not reported. As a 

result, a well casing elevation of about 0.3048 m (1 ft) was assumed as representative of 

most wells on the Gulf Islands. This value was used to correct the measured values to 

ground level. Ground elevation at each well was calculated using LiDAR maps 

(Bednarski and Rogers, 2012). Depth to water was then subtracted from ground 
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elevation to estimate water elevation above sea level. Extrapolation to the whole island 

was done using the natural neighbour tool in ArcGIS. Despite the various sources and 

their quality, the water table map produced is reasonable and follows the general 

topography of Salt Spring Island.  

Representative groundwater flow lines are drawn simply on the basis of water 

table topography. As expected, groundwater flows from high elevation to low at a 

regional scale. Locally, however, groundwater can be expected to discharge into 

streams and lakes. Differences in flow line direction due to geological contrasts are not 

reflected in this map. Where there is an abrupt change in permeability, flow lines will 

deflect. Also, the flow lines do not represent the likely pathways along major faults.  

2.7.2. Seasonal variations of water levels 

Water level data are available for two observation wells on Salt Spring Island 

(#281 and 373). Both wells are drilled in sedimentary rock (#281 in shale and #373 in 

conglomerate and sandstone); both wells are located in the north/central part of the 

island (Figure 2.11).  
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Figure 2.11. Location of the two BC observation wells on Salt Spring Island. 

As mentioned previously, summers are cool and dry, winters are mild and wet. 

This climate explains low water tables in the summer and higher water tables in the fall 

and winter months as shown for 2012 in Figure 2.12. From late June to September, 

there is a general decline in water level, from about 1 to 0 m (relative to the deepest 

recorded water depth). At the end of September, the water table rises sharply and 

continues to rise slowly through December, reaching a peak of 2.75 m. The rapid 

fluctuations in water table levels observed through the year can be explained by high 

precipitation events followed by recessions as the water drains from the aquifer. The 

influence of pumping in the vicinity of the observation well is unknown. There is a well 



 

40 

located ~15 m away from well #281. However, it is unknown as if the well was active 

during the observation period and/or if the two wells are hydraulically connected. All 

other wells in the area are located at a distance greater than 100 m from well #281.  

 
Figure 2.12. Groundwater level in observation well #281 in 2012. The x-axis 

represents the date and time, the y-axis is water elevation relative to the 
deepest recorded water depth. Drier periods are represented by lower 
depth to water values, wetter periods by higher values. Water level data 
are recorded hourly. 

The longest period of record available is for well #281 (April 1985 – present, 

shown here as June 2014) (Figure 2.13). Water levels were not measured at a regular 

intervals until April 2003; they were measured either many times a month or some 

months were skipped (no data were collected in 1987 and 1988). From April 2003, water 

levels were measured three times a day. Since October 2003, water levels have been 

measured hourly. Despite the lack of consistency in water level measurements prior to 

2003, Figure 2.13 shows there has not been an overall decline in water level since the 

observation well was established. The water elevation generally oscillates between 2 

and 4 m relative to base level. Since 2003, when hourly measurements were initiated, 

the hydrograph appears noisier and records higher peaks. But these are simply an 

artefact of the more frequent measurement interval.  
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Figure 2.13. Groundwater level in observation well #281 from 1984 to 2014. The x-axis 

represents the date and time, the y-axis is water elevation relative to the 
deepest recorded water depth. Drier periods are represented by lower 
depth to water values, wetter periods by higher values. No data were 
collected in 1987 and 1988. 

Water level measurements are available from 2006 to present for observation 

well #373 (Figure 2.14). As for well #281, there is no overall decline in water level during 

the period of record. Water levels generally range from 0 to 9 m. During wet periods, the 

water table is very close to the surface; measurements are between 7 and 9 m above 

base level.  
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Figure 2.14. Groundwater level measured in observation well #373 from 2006 to 2014. 

The x-axis represents the date and time, the y-axis is water elevation 
relative to the deepest recorded water depth. Drier periods are 
represented by lower depth to water values, wetter periods by higher 
values.   

Overall, the water level variations in the two observation wells show consistent 

seasonal variations, with water levels dropping to seasonal lows in the late summer and 

recovering the following fall/winter. Amplitude varies from 4 to 9 m. There appear to be 

no trends, although a statistically-based trend analysis was not carried out. A longer 

period of record would be needed to do such a trend analysis. 
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Chapter 3.  
 
Groundwater Chemistry of Salt Spring Island 

3.1. Introduction 

Saltwater intrusion, also referred to as salinization, is a widespread problem that 

results in contamination of freshwater aquifers. It is defined as the influx of saline waters 

into fresher waters. Freshwater in coastal aquifers is particularly vulnerable to salt 

contamination through many different pathways (Barlow and Reichard, 2010). Old saline 

waters trapped in sediments from post depositional compaction or submersion of the 

aquifer under seawater (Dakin et al., 1983), evaporitic salts in the aquifer skeleton 

(Bosch et al., 1992), sea spray, the movement of water from adjacent aquifers, current 

seawater intrusion, and anthropogenic sources are modes of saltwater contamination to 

coastal and island aquifers. Intensive water use (pumping) for agriculture, industrial and 

residential activities also contributes to saltwater intrusion. During saltwater intrusion, 

contamination often remains localized but there are instances in which contamination 

has spread through whole aquifers (Barlow and Reichard, 2010). Ultimately, saltwater 

intrusion remains the dominant process of salinization of these coastal and island 

aquifers due to their proximity to the ocean.  

Some areas and wells are at higher risk of contamination. Low topographic areas 

are more prone to inundation and their low hydraulic gradient makes these areas more 

prone to seawater intrusion (Ferguson and Gleeson, 2012). Deep wells are particularly 

at risk of becoming contaminated as they may be completed close to, within, or below 

the saltwater interface and may draw in seawater during pumping. This problem was 

encountered on Lopez Island (Washington) where the United States Geological Survey 

(USGS) identified the depth of the deep bedrock wells as the primary reason for 

contamination from seawater intrusion (USGS, 2000a). Wells located close to the ocean 
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are in general more vulnerable to seawater contamination because the saltwater 

interface is located at shallower depth closer to the coastal margin. However, in 

fractured bedrock, fractures may extend inland some distance, placing wells inland more 

at risk of contamination. Finally, pumping rates exceeding the capacity of the aquifer or 

the total drawdown of multiple wells can induce further movement of the saltwater 

interface landward. High pumping rates have been identified as one of the main causes 

of seawater contamination in the Blato aquifer (Croatia) due to high pumping rates 

during tourism season (Terzic et al., 2008). 

Saline water (TDS between 400 and 1000 mg/L) was identified on Salt Spring 

Island at a few locations prior to 2007 (Figure 3.1) (Hodge, 1995). Samples collected in 

2007-08 and in 2013 (as discussed in this chapter) also indicate saline water (TDS>620 

mg/L and/or Cl>300 mg/L1) at other locations (Figure 3.1). Some wells producing salty 

water are believed to be drilled below the freshwater lens, close to seashore, or near a 

fault zone (Greenwood, 2011). For example, a well located close to the St. Mary Lake 

Fault, near the St. Mary Lake shoreline, is classified as salty (Figure 3.1). Fresh 

groundwater flowing down surrounding hills and pushing salty water up the St. Mary 

Lake Fault has been proposed as an explanation for salty water sampled at that location 

(Greenwood, 2011). In addition, there are salt springs on Salt Spring Island. Dakin et al. 

(1983) referred to the Fernwood spring on Salt Spring Island and showed that this spring 

has a similar composition to seawater. 

Approximately 20% of the water supply on Salt Spring Island is groundwater 

(Lamb et al., 2010). Given the importance of groundwater, it is important to have a good 

understanding of the spatial variation of water chemistry. This chapter describes the 

groundwater chemistry on Salt Spring Island. It defines the general characteristics of 

water chemistry in the context of the local geology, which differs for the northern and 

southern portions of the island as described in Chapter 2. The main geochemical 

processes controlling the water chemistry are also discussed in the context of the 

groundwater evolution within the Gulf Islands based on previous research. The 

occurrence of saltwater intrusion is also discussed. 
 
1 Based on a preliminary study by Klassen (in prep) samples with Cl concentration > 300 mg/L, or 

the TDS > 620 mg/L are considered to be impacted by salinization. 



 

45 

 
Figure 3.1. Locations with TDS between 400 and 1000 mg/L (Hodge, 1995 after 

Hodge, 1977) and with TDS > 620 mg/l and/or Cl > 300 mg/L during the 
2007-08 and 2013 sampling events. The size of the red and orange 
circles are not proportional to the extent of saltwater intrusion; they only 
show approximate locations.  
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3.2. Methods 

3.2.1. Sampling programs 

A total of 146 samples were collected from privately owned wells over a two-year 

period (2007-08) in order to get a snapshot of groundwater quality on the island. These 

samples were collected by the BC Ministry of Environment, and the resulting chemical 

database was made available for interpretation in this study. The majority of the samples 

were collected between June and October 2007 (125 samples). In 2008, an additional 

21 samples were collected. Ten of the wells sampled in 2007 had high arsenic. As a 

result, five of these wells were analyzed before and after arsenic removal treatments in 

2008 (Kingerlee et al., 2010). (Further information regarding the sampling procedures 

and laboratory analysis can be found in Kingerlee et al., 2010). The wells are open 

boreholes (no casing) drilled through the bedrock. One additional well located in the 

south of the island was sampled by Agrichem in 2008 and the results are included in this 

study. 

In June 2013, as part of this study, an additional 13 water samples were 

collected. Of the 13 water samples, two are lake water samples, two are ocean samples, 

one is from a salt spring located on the northern coast of the island, and three were 

collected at different depths in the same well. Well samples are from open boreholes 

drilled through bedrock (6), dug (1) or artesian (1) wells. All wells were unused at the 

time of sampling. Samples were either “grabbed” (in the case of the dug well, lake, 

ocean and salt spring) or collected with a bailer (discrete depths in a well). 

3.2.2. Analysis 

The purpose of this study is to interpret the spatial distribution of the groundwater 

chemistry data in the context of the geology, rather than conducting a time series 

analysis due to limited time-varying data. The following summarizes the criteria used to 

evaluate whether or not a sample was included in the analysis: 

• Where multiple samples were collected from the same well at different times, 
a representative sample was included.  

• The 2007 sample was chosen if there was a repeat sample in 2008.  
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• Samples only collected in 2008 were included.  

• Samples collected before and after arsenic treatment removal (2008) were not 
included because they were included in 2007.  

• All well samples collected in 2013 were included.  

• Samples collected at different depths (3) are represented by the ion 
concentration values sampled at the deepest sampling point.  

• When dissolved concentrations were missing, total concentrations were used.  

• Site 58 was not included given the lack of major ion concentrations. 

• Some samples had been collected after a cistern or holding tank, after a water 
softener, or in shallow dug wells or in unconsolidated sediments. These 
samples may not represent natural groundwater quality so they were excluded 
from the analysis.  

• For most of the samples collected in 2007 and 2008, HCO3 was not analyzed. 
When all other major ion concentrations were available, an electrical balance 
was performed to estimate the HCO3 concentration.  

Each sample site was assigned a well site number as well as a well tag number 

(WTN), when possible. The well site number corresponds to the sampling site for the 

campaign and the WTN is the BC Ministry well identification number in the WELLS 

database (BC Ministry of Environment, 2013a). Only some of the wells sampled in 2007 

and 2008 were assigned a WTN because a well record could be confirmed in the 

WELLS database. For the remaining samples, including 2013 samples, the location of 

the wells was determined with a hand-held GPS and a sample site number was 

assigned to each sample. Appendix A summarizes the major ion chemistry for the 

representative samples. The table also includes the analytical precision. For reasons of 

confidentiality, the WTN is not reported.  

Ultimately, data from 142 sites were included in the analysis: 2007, 2008, 2013 

groundwater samples, one well sampled by Agrichem in 2008, and two BC observation 

wells (#281 and #373) (BC Ministry of Environment, 2013b), plus a representative 

seawater and rainwater sample. The average ocean representative sample was 

calculated from two ocean samples collected in June (2013) for the ion-ion plots, but 

both samples are included in the Piper diagram. The rainwater representative sample 

was obtained from NatChem (Environment Canada, 2007) for Saturna Island.  
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In order to interpret the spatial distribution of the water chemistry data, an 

ArcMap shapefile, including well location and water chemistry, was created for each 

groundwater sample site and overlain on the geology map created by Greenwood (2009) 

(Figure 3.2). As described in Chapter 2, the geology of the southern portion of the island 

differs from the geology of the northern portion. The unconformity is represented at 

surface by the abrupt transition from pink tones to green tones in the geology map 

(Figure 3.2). Sedimentary rocks comprising the Upper Cretaceous Nanaimo Group are 

exposed at surface in the northern portion of the island, while older rocks, broadly 

classified as “igneous rocks”, are present to the south. It is noted that while the term 

“igneous” is used for these rocks, they are of variable age (Paleozoic: Devonian to 

Triassic), spanning intrusive, volcanics, metavolcanics, metasediments (Greenwood, 

2009). Also, sedimentary rocks from the Haslam Formation are represented to the south 

of the unconformity to a limited extent. 

A Piper diagram was constructed to identify water-types and geochemical 

processes associated with samples located in the two major rock types. Piper diagrams 

show the relative concentrations of the major ions (Cl, SO4, HCO3, Na+K, Ca, Mg) and 

can be used to understand the chemical evolution. Several bivariate plots were made to 

study the relationship between specific ions: Na vs. Cl, SO4 vs. Cl, Na vs. HCO3, 

Ca/HCO3 vs. HCO3, and Mg vs. Ca. 

Finally, median and range of total dissolved solids (TDS) were compared 

between samples in the two main rock types. TDS was calculated by adding the main 

ions (Cl, SO4, HCO3, Na, K, Ca, and Mg). 
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Figure 3.2. Location of sample sites for years 2007, 2008 and 2013, as well as the 

approximate locations of ocean samples. Salt Spring Island geology is by 
Greenwood (2009). 
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3.3. Results  

3.3.1. Total dissolved solids (TDS) 

TDS concentrations range from rainwater (5 mg/L) to seawater (24,111 mg/L). 

Rainwater has the same water type as ocean water due to its proximity to the ocean 

(see Piper diagram in Figure 3.3); as it falls, rain picks up particles from seaspray.  

Median TDS values are quite similar between the two main rock types: 

sedimentary (307 mg/L) and igneous (260 mg/L). However, the ranges are different: 

sedimentary (10 to 4,622 mg/L) and igneous (110 to 1,113 mg/L). Overall, the range in 

TDS is large and non-uniform across the island.   

3.3.2. Piper diagram – Determining water types 

Figure 3.3 shows the Piper diagram for Salt Spring Island. Samples are colour 

coded according to main rock type: sedimentary (green) and igneous (pink). The 

symbols are also scaled in the upper diamond according to TDS concentration. The 

samples collected from the sedimentary rock commonly are of Ca-HCO3, Na-HCO3 and 

Na-Ca-Mg-HCO3 types, while samples collected in the igneous rock commonly are of 

Ca-HCO3 and Na-Ca-Mg-HCO3 types.  Both the ocean water sample and the rain water 

sample are Na-Cl types. The salt spring has a Na-Cl type. 

Overall, the water chemistry appears to be governed by carbonate mineral 

dissolution followed by mixing with seawater (salinization paths 1 and 2) and/or cation 

exchange as described by Allen and Suchy (2001): 

Carbonate mineral dissolution – Carbonate dissolution can be recognized by 

an increase in calcium and bicarbonate ions in the water. On Salt Spring Island, it 

represents the change in chemical composition transformation from rainwater to fresh 

groundwater. 

Cation exchange – On this diagram, cation exchange is characterized by an 

increase in sodium concentration and a small increase in TDS. Cation exchange 

appears to be a dominant process in the sedimentary rocks, but not the igneous rocks.  
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Salinization path 1 – This path is characterized by an increase in TDS and 

chloride concentration as waters, already rich in sodium, come into contact with 

seawater. Only sedimentary rock samples are located along this path. 

Salinization path 2 - This path is characterized by an increase in chloride and 

sodium concentration, and TDS. Freshwater and seawater are the two end members on 

this path. Samples from igneous rock moslty plot close to the freshwater end member, 

while sedimentary samples are better distributed along the path and show a greater 

degree of mixing with seawater.  

These various processes are explored further in the following section by 

considering the bivariate plots. 

 
Figure 3.3. Piper diagram for Salt Spring Island groundwater. Water samples were 

collected in 2007, 2008 and 2013. The size of the symbols is scaled 
according to TDS values; the larger the TDS value, the larger the symbol. 
The salt spring sample is circled. 
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3.3.3. Main geochemical processes 

Seawater mixing  

A bivariate plot with Na against Cl displaying the freshwater-seawater mixing line 

can be used to determine if groundwater is mixing with seawater. Figure 3.4 shows Na 

vs. Cl, employing the same colour and shape symbols as used for the Piper diagram, to 

illustrate the differences according to the main rock type. The mixing line was generated 

using the Na and Cl concentrations of the rain sample and an average of the two ocean 

samples. Samples located on the mixing line suggest water chemistry is strongly 

influenced by mixing with seawater (Bear et al., 1999). The salt spring sample plots 

close to this mixing line. 

Figure 3.4 supports the distribution of some samples along the salinization paths 

(1 and 2) suggesting mixing with seawater is a dominant process. According to Figure 

3.4, it appears that no rock type is significantly more prone to salinization than the other. 

On the other hand, from the Piper diagram (Figure 3.3), salinization appears more 

dominant in the sedimentary rock type. Samples located above the freshwater-seawater 

mixing line suggest another geochemical process is adding Na to the aquifer system 

(Allen and Suchy, 2001). Most samples plot above the mixing line, but Na concentrations 

are higher for the sedimentary rocks than for the igneous rocks. The potential 

provenance of the Na ion within the sedimentary rocks is discussed in the following 

section.  

Figure 3.5 suggests that some SO4 originates, to a small degree, from mixing 

with seawater. Some samples are located on the freshwater-seawater mixing line. 

Additional sources of SO4 are uncertain, but may be from the interaction of seawater 

with rocks (e.g. pyrite oxidation through dissolution) prior to mixing with freshwater (Allen 

and Kirste, 2012). Figure 3.5 shows some samples have low Cl concentrations, but still 

greater SO4 concentrations than rain. This suggests some samples interact with rocks, 

but do not mix with seawater. 
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Figure 3.4.  Bivariate plot of Na and Cl. Samples collected in the sedimentary rocks 

are green; samples collected in the igneous rocks are pink. The black line 
represents the freshwater-seawater mixing line; delineated by the Na and 
Cl concentration of ocean water and rainwater in the Gulf Islands (BC), 
light blue square and dark blue circle, respectively. The salt spring 
sample is circled. 
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Figure 3.5. Bivariate plot of SO4 and Cl.  Samples collected in the sedimentary rocks 

are green; samples collected in the igneous rocks are pink. The black line 
represents the freshwater-seawater mixing line; delineated by the SO4 
and Cl concentration of ocean water and rainwater in the Gulf Islands 
(BC), light blue square and dark blue circle, respectively. The salt spring 
sample is circled. 

Cation exchange within the sedimentary rocks 

The Piper diagram (Figure 3.3) suggests that cation exchange is an important 

geochemical process on Salt Spring Island, specifically within the sedimentary rocks. 

There is a shift in chemistry from Ca-Mg to Na+K. Thus, the relative concentrations of 

Ca and Mg decrease while the concentration of Na+K increases. Generally no increase 

in TDS is expected, unless it is coupled with calcite dissolution. Here, however, a small 

increase is observed suggesting calcite dissolution is taking place. Both processes, 

calcite dissolution and cation exchange, are captured in Figure 3.6 for samples located 

on the 1:1 curve. As mentioned previously, cation exchange is not a dominant process in 

the igneous rocks. 
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Figure 3.6. Bivariate plot of Na and HCO3.  Samples collected in the sedimentary 

rocks are green; samples collected in the igneous rocks are pink. The salt 
spring sample is circled. 

Mineral dissolution   

Within the Nanaimo Group sedimentary rocks, the clasts are comprised primarily 

of quartz and plagioclase feldspar, with lesser amounts of potassic feldspar and other 

rock fragments (Mustard, 1994). Carbonate cements are typical, with less common silica 

and rare chloritic to clay cements reported (Mustard, 1994). As discussed above, the 

“igneous” rocks are comprised of different rock types. All samples sites in the south of 

the island are located within the Saltspring Intrusions (Dg), Nitinat (DN), and McLaughlin 

Ridge (DMt and DMg) Formations (see Figure 2.6 for geological map). Greenwood 

(2009) describes the Saltpring Intrusions as granitic, the Nitinat as clinopyroxene-rich 

mafic volcanics, and the Mclaughlin Ridge as a felsic tuff. Generally, these rock types 

are considered to have low reactivity (Plummer and Carlson, 2008), which would result 

in little weathering. Both the Nanaimo Group Rocks and the older rocks were extensively 

fractured during the Eocene. In outcrops, Mackie (2002) observed joints with a thin 

coating of fine-grained calcite. 
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Figure 3.7 illustrates the relationship between the ratio Ca/HCO3 and the HCO3 

concentration for all samples. For every mole of calcite dissolved, only one mole of Ca is 

created for two moles of HCO3 (Equation 3.1). 

CaCO3 + CO2 + H2O  Ca2+ + 2HCO3
-     (3.1)  

For almost all HCO3 concentrations, there is less Ca than HCO3 in water. This 

suggests that calcite dissolution is taking place. The high Ca concentration as opposed 

to Mg concentration (Figure 3.8) suggests the origin of HCO3 is more closely related to 

calcite dissolution than to dolomite dissolution. Nevertheless, the ratio Ca/HCO3 is not 

exactly 1:2 so dolomite dissolution might account for some of the HCO3 content.   

 
Figure 3.7. Ca/HCO3 ratio against HCO3 concentration. Samples collected in the 

sedimentary rocks are green; samples collected in the igneous rocks are 
pink.   
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Figure 3.8. Mg against Ca concentration. Samples collected in the sedimentary rocks 

are green; samples collected in the igneous rocks are pink. The black line 
represents the 1:1 ratio between Ca and Mg. 

It is unclear why HCO3 and Ca are the dominant ions within the igneous rocks 

(Piper diagram). There are three hypotheses:  

1) The dominance of HCO3 in most samples could result from chemical weathering 

of calcareous argillite (Fourth Lake Formation). Even if this rock type is not 

dominant at the surface (see Figure 2.6) in the vicinity of the sampling sites, it is 

possible that fractures connect groundwater from this formation to formations in 

which the wells are located. The Fourth Formation is located in the vicinity of the 

southern tip of the island and underlies the Mount Hall Gabbro Sills Formation. 

2) Ca and Mg could originate from the dissolution of pyroxene, which is a dominant 

mineral in the Nitinat Formation (Equation 3.2): 

(Mg0.7CaAl0.3)(Al0.3Si1.7)O6 + 3.4H+ + 1.1H2O  0.3Al2Si2O5(OH)4 + Ca2+ + 

0.7Mg2+ + 1.1H4SiO4                                                                                                                                           (3.2)     

3) Finally, calcite in fractures may be the source, due to the fact that most of the 

groundwater flow in these low porosity igneous rocks is through fractures. 
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3.4. Discussion 

3.4.1. Groundwater evolution 

The groundwater evolution on Salt Spring Island is very similar to that observed 

for other Gulf Islands (e.g., Dakin et al., 1983; Allen and Suchy, 2001; Allen and Matsuo, 

2002, Allen and Kirste, 2012), with the exception that Salt Spring Island has different 

rock types in the southern portion of the island compared to the northern part of the 

island and neighbouring Gulf Islands. The following summarizes the geochemical 

processes. 

Rainwater has a low Ca concentration, and is a Na-Cl type (Figure 3.3); however, 

the concentrations of all ions are very low as evidenced by the low TDS (5 mg/L). The 

rainwater is undersaturated with respect to calcite (Appelo and Postma, 2005) so 

dissolution may take place if it comes into contact with sediments or rocks that contain 

calcite. Dissolution of calcite dominates over the dissolution of other minerals within 

these rocks because calcite is more soluble and has a faster reactivity rate. On the Gulf 

Islands, the surficial sediments are generally very thin, and present only as a thin veneer 

over bedrock. Therefore, most geochemical processes will take place in the rocks. Given 

the presence of carbonate cements in the sedimentary rocks, pyroxenes in some 

igneous rocks, and calcite coatings on fractures, calcite dissolution is likely a dominant 

process. This leads to a Ca-HCO3 water type.  

As the Ca-rich water infiltrates and moves deeper in the flow system, it gains Na 

through cation exchange, but only in the sedimentary rocks. The Na is thought to have 

been emplaced on clay mineral exchange sites during the late Pleistocene (Allen and 

Suchy, 2001). During this period, the Gulf Islands were submerged to a current elevation 

of approximately 200 masl, and seawater entered the groundwater system, enriching the 

mudstone (clay) exchange sites with Na (Appelo and Postma, 2005). Following re-

emergence, fresh groundwater flushed out the Cl from the rocks, but the Na remained 

attached to the clay exchange sites. This explains the dominant cation exchange 

process displayed on the Piper diagram and the Na/HCO3 water type (Figure 3.3) as well 

as the samples plotting above the seawater mixing line in Figure 3.4.  
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Following cation exchange, mixing with Cl-rich water becomes a dominant 

process. This mixing takes place along salinization path (1) on the Piper diagram, and is 

also evident in the Na-Cl bivariate plot. The mixing process along salinization path 1 is 

evident for the sedimentary rock samples, while absent for the igneous rocks. Mixing 

within the sedimentary rock is therefore evident from the distribution of samples along 

the chloride axis (Piper diagram), from low to high concentrations. Mixing is also 

observed on the Na-Cl bivariate plot; sedimentary samples plot slightly above the 

freshwater-seawater mixing line, often very close to the Na-Cl freshwater-seawater ratio.  

As discussed above, a second salinization path (2) has also been described for 

the Gulf Islands (Allen and Suchy, 2001). This salinization path is less well represented 

and not as definite within both the sedimentary and igneous rocks; the samples cover a 

wider range along the axis, when compared with salinization path 1. Also, all samples 

remain closer to the freshwater end member than the seawater end member, with the 

sedimentary rock samples situated closer to the seawater end member.  

Very few samples in the igneous rocks appear to undergo the above described 

groundwater evolution. This can be explained by the absence of clay exchange sites in 

the igneous rock. Thus, both Na and Cl would have been flushed from these rocks. As a 

result, if mixing were to occur within the igneous rock, it would more likely be 

represented by an increase in Na, Cl and TDS (salinization path 2). 

3.4.2. Saltwater intrusion 

Klassen (in prep) has examined the entire groundwater database for the Gulf 

Islands with the objective of identifying appropriate indicators of salinization. The 

preliminary results of that study suggest that if the Cl concentration > 300 mg/L, or the 

TDS > 620 mg/L, then the sample falls within the uppermost 5% of all Gulf Islands 

samples (i.e., the 95th percentile) and can be considered to be impacted by salinization. 

Based on these Cl and TDS values, seven sites with high Cl and 13 sites with high TDS, 

are affected by high salinities on Salt Spring Island. All samples, but one, are located 

along salinization path 1 on the Piper diagram (Figure 3.3) spanning from low to high Cl 

concentrations. The remaining sample is located on the Ca+Mg axis above the seawater 

end member (Figure 3.3).  
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Saltwater intrusion occurs near the coast, particularly in wells that have been 

drilled near the saltwater interface or in wells where pumping either draws in seawater 

laterally or from below (upconing). Mixing with seawater can also occur along discrete 

fractures that connect a well to the ocean (Allen et al., 2002). A complicating factor on 

the Gulf Islands is that while the Cl originating from submergence is thought to have 

been flushed from these rocks (Allen and Liteanu, 2006), some Cl-rich water may be 

present in areas or at depths where the rocks were not sufficiently flushed. This means 

that it is difficult to determine if salinization is due to saltwater intrusion or simply trapped 

seawater dating back to the late Pleistocene. 

The mixing process appears to occur primarily in the sedimentary rocks, but it 

might simply be related to the higher density of wells sampled in this region. Also, the 

topography is generally lower in the northern portion of the island where sedimentary 

rock dominates, with many flat areas located close to the coast. Prior to 2007, saltwater 

intrusion had been observed around Scott Point, Southey Point, Booth Bay and Eskrine 

Point and in the south, in Fulford harbour. More recently, saltwater intrusion has also 

been observed at Fernwood (St. Mary Lake Steering Committee, n.d.). Most samples 

from the 2007-2013 study identified as having saltwater intrusion problems are located in 

flat and coastal areas. Only one is located inland; a fracture connection to the sea is a 

plausible explanation for saltwater intrusion at that location (Figure 3.1). 

Based on a spring sample collected by Dakin et al. (1983) and one in this study, 

the salt springs on Salt Spring Island appear to have a composition similar to seawater; 

although additional sampling is needed to confirm these results. 

3.5. Conclusion  

In this chapter, the main geochemical processes characterizing the groundwater 

of Salt Spring Island were discussed. The main sources of data were groundwater 

sample databases that were collected over a period of six years, during three sampling 

events: 2007, 2008 and 2013. A total of 142 samples were used in this study. Samples 

were classified by rock type (sedimentary and igneous). The main geochemical 
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processes were identified and discussed according to the two main rock types with the 

use of a Piper diagram and various ion-ion plots. 

Median TDS range is very similar between rock types, 307 and 206 mg/L, for 

sedimentary and igneous rocks, respectively. Ca-HCO3 and Na-Ca-Mg-HCO3 water 

types were identified as main water types in both sedimentary and igneous rocks. Na-

HCO3 is also dominant in sedimentary rock. Both ocean water (TDS 24,111 mg/L) and 

rainwater (TDS 5 mg/L) are classified as Na-Cl type. The salt spring has is a Na-Cl type 

(TDS 4622 mg/L). 

Overall, water chemistry appears to be controlled by seawater mixing, cation 

exchange and mineral dissolution. Seawater mixing is observed in both sedimentary and 

igneous rock as shown on the Na vs. Cl and SO4 vs. Cl plots. The distribution of the 

sedimentary samples in the Piper diagram and on the Na vs. Cl graph strongly suggests 

cation exchange is an important geochemical process in the northern portion of the 

island where the sedimentary rocks are exposed. Mineral dissolution is also identified as 

a significant geochemical process in both rock types. In the sedimentary rock, 

dissolution of calcite is likely responsible for the Ca-HCO3 water type identified. With the 

igneous rock, the dominance of Ca-HCO3 could be explained by chemical weathering of 

calcareous argillite in the Fourth Lake Formation (in one area), the dissolution of 

pyroxene, and/or dissolution of calcite present in fractures. 

The evolution of groundwater chemical composition in the sedimentary and 

igneous rocks on Salt Spring Island differs. Most sedimentary rock hosted samples 

appear to evolve as follows: as rainwater, undersaturated in Ca, infiltrates the bedrock, 

calcite is dissolved; this water moves deeper, Ca ions displace Na ions from clay 

exchange sites, emplaced during the Pleistocene when the Gulf Islands were 

submerged and seawater infiltrated the groundwater system. However, Cl ions were 

flushed following re-emergence of the islands to their present elevation and thus do not 

show significant change. This explains the Na-HCO3 water type identified for the 

sedimentary rock. Some samples are then influenced by seawater mixing and follow 

salinization path 1 on the Piper plot.  
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Contrarily to the sedimentary rock samples, samples collected in igneous rock do 

not show the cation exchange portion of the groundwater evolution due to the absence 

of clay exchange sites. If influenced by saltwater intrusion, these samples would tend to 

follow salinization path 2 on the Piper plot, which is characterized by an increase in Na, 

Cl and TDS. However, most samples remain closer to the freshwater end member on 

the Piper diagram than the seawater end member. Sedimentary rock samples also plot 

along this pathway, but closer to the seawater end member.  

Saltwater intrusion sites were identified prior to this study and several more were 

identified in this study. All locations are coastal, with the exception of one site that may 

be connected to the ocean by a fracture and one salt spring.   
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Chapter 4.  
 
Assessment of Hydraulic Properties 

4.1. Introduction 

Hydraulic properties describe the aquifers; they inform us on their capacity to 

store and transmit groundwater (Sterrett, 2007). Accurate estimation of hydraulic 

properties is crucial to proper groundwater resources management (Jha et al., 2008). 

These properties are determined through the analysis of hydraulic test data such as 

pumping (or aquifer) test data and tidal response test data.  

During a pumping test, a pump extracts water from the pumping well, ideally at a 

constant discharge rate. Water levels are recorded in this well and in observation wells 

located some distance away from the pumping well. Once the pump is shut off, water 

levels are again recorded in order to evaluate the recovery response of the wells. Using 

analytical solutions such as Theis (1935), Cooper-Jacob (Cooper and Jacob, 1946) and 

Theis recovery (Theis, 1935) among others, the hydraulic properties, transmissivity (T) 

and storativity (S) can be estimated.  

Contrary to pumping tests, which are used to define hydraulic properties of the 

aquifer within some radial distance (i.e. zone of influence2) from the pumping well, tidal 

response tests are used to assess hydraulic properties at a regional scale (Rotzoll et al., 

2013). Coastal aquifers are influenced by ocean tides; water levels in aquifers rise and 

fall in response to the rise and fall of the tide. The amplitude and response time are 

dictated by the hydraulic properties of the aquifer (Fetter, 2001). Tidal response tests are 

performed by measuring hydraulic head changes in coastal wells. Using tidal response 
 
2 The zone of influence depends on the aquifer properties and the pumping rate and time, but is 

typically some tens to hundreds of metres from the well. 
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analytical solutions (e.g. Ferris, 1951) ocean tidal cycles and water levels in wells are 

simultaneously analyzed and hydraulic properties estimated. 

Many pumping and tidal response tests datasets are available for the Gulf 

Islands, but only a limited number exist for Salt Spring Island specifically. In order to 

complement the existing datasets, tidal response tests were performed on Salt Spring 

Island during June 2013. These results are discussed in this chapter. In addition, water 

level data for the provincial observation wells were analyzed using tidal response 

analysis. Finally, to compare the hydraulic properties for Salt Spring Island to the Gulf 

Islands region more broadly, all pumping and tidal response tests results for the 

southern Gulf Islands were compiled (some were re-analyzed) and are reported here.  

4.2. Pumping test data from Salt Spring Island 

4.2.1. Source of data 

A total of 32 pumping test datasets were available for Salt Spring Island. Three 

pumping test documents were provided by the BC Ministry of Environment (E. Livingston 

Associates, 1974, 1975; and Pacific Hydrology Consultants Ltd., 1979, 1992). These 

pumping tests were performed during the 1970s and 1990s in order to define the long-

term capacity of water supply wells. One pumping test document by Lowen Hydrology 

(2000) reported on four pumping tests. Two publically available pumping test documents 

by Gooding Hydrology (2011) and Waterline Resources Inc. (2013) reported on water 

quality and aquifer capacity, respectively. All pumping test datasets available for Salt 

Spring Island are shown in Table 4.1. The documents generally include more than one 

pumping test, during which multiple wells were pumped and/or recovery tests were 

done.  
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Table 4.1. Pumping test document information.  

Consultant Purpose of 
Pumping Test 

Year of 
Pumping 

Test 
# of 

Datasets 
# 

Datasets 
Used  

Well ID Test 
Duration 

E.Livingston 
Associates Long term 

capacity of 
water supply 

wells 

1974 & 
1975 7 5 1, 2 Long and 

short 
Pacific 

Hydrology 
Consultants 

Ltd.  

1979 2 2 77-5 Long 

1992 11 2 1, 2 Long 

Lowen 
Hydrology 
Consulting 

CPCN 
conditions 2000 4 3 2, 3 b Long 

Gooding 
Hydrology  

Potable water 
report 2011 2 1 WTN c # 

14175 Long 

Waterline 
Resources 

Inc. 

Hydrogeological 
impact 

assessment 
2012 & 
2013 6 a 6 a 1, 2, WTN c 

# 97146 
Long 

 a The raw data were not available for this study. In this case, the “# of datasets available” and “# of datasets 
used” represent the number of pumping tests performed; b Well no 2 is an observation well during pumping 
of well no 3; c WTN = BC Well Tag Number; Long duration tests: >3 hours; Short duration tests: <3 hours. 

4.2.2. Analytical methods to estimate the aquifer transmissivity 
from pumping tests 

In British Columbia (BC), there are no general regulations regarding pumping test 

field procedures and methods of analysis for assessing aquifer properties. Recently, 

guidelines for conducting pumping tests have been made available ("A Guide to 

Conducting Well Pumping Tests"; BC Ministry of Environment, no date). In addition, 

there are prescribed methods for conducting pumping tests in water supply wells that 

require a Certificate of Public Convenience and Necessity (CPCN) ("Water utilities: 

Guide to applying for a CPCN"; BC Ministry of Environment, 2007). Consequently, in BC, 

pumping tests historically have been carried out (and continue to be carried out in some 

cases) in different ways depending on the purpose of the study. For example, Pacific 

Hydrology Consultants Ltd. and E. Livingston Associates used a constant drawdown 

approach, which is suited for estimating the specific capacity of the well, but not the 

aquifer properties. Standard pumping methods require a constant discharge (pumping 

rate), and if a constant discharge is not maintained throughout the test, the data can be 
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challenging to analyze. Also, for Salt Spring Island, various consultants did not always 

use the same field testing approach nor a standard analytical method for estimating the 

aquifer properties (e.g. Cooper-Jacob method), therefore, this study employed different 

approaches for assessment of the results. 

Datasets were first classified according to the type of pumping test performed: 

constant discharge rate or constant drawdown. A variety of approaches were used to 

determine the aquifer transmissivity (T) from the test data. Only one dataset provided an 

estimate of Storativity (S); therefore, the focus is on T. 

1. If a constant discharge was maintained during pumping, the 
Cooper-Jacob (Cooper and Jacob, 1946) and/or Theis recovery 
(Theis, 1935) methods were used. The Jacob method was used 
for data from the pumping part of the test, while the recovery 
method was used for data collected once the pump was shut off. 

2. If a constant discharge rate was not maintained during pumping, a 
recovery analysis was done; however, it is more difficult to analyze 
recovery data when constant discharge is not maintained during 
pumping (Sterrett, 2007). As discussed below, the resulting T 
values were consistent with the results of the analyses of the 
constant discharge tests. 

3. Raw data were not available from Waterline Resources so their 
values are simply reported here. The T values were calculated 
using the program AQTESOLV (Waterline Resources Inc., 2013). 
Waterline Resources also calculated T using standard analytical 
methods (e.g. Cooper-Jacob method) even if constant discharge 
was not maintained during the pumping test. 

4. When the aim of the pumping test was to maintain a constant 
drawdown in the well (e.g. tests by Pacific Hydrology Consultants 
Ltd. and E. Livingston Associates), T values were determined by 
first calculating the specific capacity and then estimating T using a 
standard equation (see "Specific Capacity Method" section below). 
When specific capacity had already been calculated by the 
consultant, this value was used to calculate T. 

With the exception of the specific capacity method for estimating T, the analytical 

methods used to analyze the pumping test data assume the aquifer is confined. Some of 

the datasets show evidence of purely radial flow, similar to what was found by Allen 

(1999), and therefore analysis could be undertaken with standard methods (Theis, 
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Cooper-Jacob, Recovery). However, some datasets show evidence of linear flow within 

a confined aquifer, as observed by Allen (1999) in other datasets from the Gulf Islands. 

Allen (1999) determined that if a radial flow period could be identified in the drawdown 

response of such linear response datasets (i.e. there is a linear portion of the drawdown 

curve over some interval), a standard method of analysis can be used to estimate the 

hydraulic properties of the aquifer. This requires selecting an appropriate portion of the 

curve for analysis (see Cooper-Jacob section). Overall, however, the drawdown 

responses suggest the aquifer behaves in a confined manner. 

Some datasets were not usable, and thus were discarded from the analysis. For 

instance, during the pumping test of well 1 at Maracaibo Estates in 1975 (Figure 4.1), 

neither the pumping rate nor the water level were held constant. Also, well no 4 tested 

by Lowen Hydrology Consulting was not analyzed due to a lack of response at this 

observation well to pumping. It was located approximately 45 m away from the pumping 

well (well no 3). 

 
Figure 4.1. Data collected during the pumping of well 1 on Maracaibo Estates, Salt 

Spring Island in 1975.  Elapsed time represents time since the test started 
and drawdown is from the static water level before the start of the test. 
The data for this test are of poor quality and could not be used to estimate 
T. Data from source (October 17-18, 1975).  
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Cooper-Jacob method 

Transmissivity was determined using the following equation: 

 (4.1)  

where T= transmissivity (m2/s), Q= constant pumping rate during the pumping test 

(m3/s); ∆s= drawdown over 1 log cycle of time (m). A semi-log graph was generated with 

measured drawdown on the y-axis and log of time on the x-axis (Figure 4.2). ∆s was 

estimated directly from the graph. In this example, there is a clear break in slope at ~500 

minutes. Such a response is not uncommon in the Gulf Islands (Allen, personal 

communication) and reflects fractured rock conditions. Therefore, ∆s was determined 

over the steepest part of the curve so as to yield a lower estimate of T. 
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Figure 4.2. Semi-log graph of drawdown versus log time used to determine T using 

the Cooper-Jacob method. Pumping test data were collected during 
pumping of well 2 at Maracaibo Estates, Salt Spring Island in 1974. 
Elapsed time represents the time since the test started and drawdown is 
measured from the static water level before the start of the test. The 
change in drawdown over one log cycle of time (∆s) used in Equation 
(4.1) is shown. 

In this example, using the Cooper-Jacob method: 

Q= 1.26*10-4 m3/s 

∆s= 7.60 m   

T= 3.0*10-6 m2/s. 

Theis recovery method 

The Theis recovery method uses data collected during the recovery phase of a 

pumping test (i.e. once the pump has been turned off and the water level in the well 

begins to rise). In this case, drawdown is plotted against t/t’ on a semi-log graph, where t 

is the total time of the pumping plus recovery, and t’ is the recovery time. Similar to the 

Cooper-Jacob method, the change in drawdown over one log cycle of time (∆s’) is 

estimated as shown in Figure 4.3. Similar to the example in Figure 4.2, the late time (low 
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t/t’) portion of the curve is used for ∆s so as to yield a lower estimate of T. The equation 

is as follows: 

 (4.2) 

where T= transmissivity (m2/s); Q= pumping rate during the pumping test (m3/s); ∆s’: 

drawdown over 1 log cycle (m). 

 
Figure 4.3. Semi-log graph used to determine T from recovery data. This graph 

represents the recovery data collected after the pumping of well 77-5 on 
the Athol Peninsula, Salt Spring Island in 1979. The x-axis shows t/t' 
plotted on a log scale, where t is the time since the pumping started and t' 
is the time since pumping stopped (recovery time). The change in 
drawdown over one log cycle of time (∆s') used in Equation 4.2 is shown. 

In this example, using the recovery method: 

Q= 4.56*10-3 m3/s 

∆s’= 19.04 m 
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T= 4.4*10-5 m2/s. 

Specific capacity method 

Transmissivity can be determined from the specific capacity of a well. Specific 

capacity is found by dividing the pumping rate by the average water level when water 

level is constant (Figure 4.4). The formula is as follows: 

  (4.3) 

The average water level is estimated from a portion of the curve during which the 

water level (drawdown) is reasonably constant. The pumping rate is that during the time 

the water levels are stable.  
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Figure 4.4. Graph used to determine the specific capacity of a well. This graph 

represents the pumping test data collected in well 2 at Maracaibo Estates, 
Salt Spring Island in 1975. This well is a different well from well 2, 1974 
(Figure 4.2). Elapsed time represents the time since the pumping started 
and drawdown is from the static water level before the start of the test. 
The grey line represents the portion of the curve where water level is 
reasonably stable. 

In this example: 

Average water level= 41.49 m 

Pumping rate= 6.3*10-4m3/s 

  (4.4) 

Specific capacity= 1.5*10-5 m3/s/m. 

Transmissivity is then calculated using the following formula for confined aquifers (Batu, 

1998 cited in AQTESOLV, 2012).  
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 (4.5) 

In this example: 

 

T= 2.1*10-5 m2/s. 

4.2.3. Aquifer hydraulic conductivity 

Hydraulic conductivity (K) represents the rate at which water moves through an 

aquifer. It is a required input parameter for numerical modeling and is calculated by a 

simple division of transmissivity (T) by the saturated thickness (b), assuming horizontal 

flow into the well.  

  (4.6) 

In the case of a fractured bedrock aquifer, the sum of all the fractures in the well 

technically represents the aquifer thickness, as the water moves only through the 

fractures. However, adding all the fracture apertures cannot be done accurately given 

the complexity of the task. As a result, the saturated thickness of the aquifer is 

considered based on the aquifer behaving as an equivalent porous medium (EPM). In 

this case, b is often calculated as the depth of the well minus the depth to water (if the 

water level lies below the base of the casing) or minus depth of casing (if the water level 

lies within the casing). Both methods were used in this study depending on the quality of 

information available. When well depth was not provided in the consultants’ reports, a 

value of 250 ft (76.2 m) was used (a rough estimate of the representative depth of many 

wells in the Gulf Islands). 
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4.2.4. Results and discussion 

Transmissivity and hydraulic conductivity values are generally within two orders 

of magnitude regardless of the method of testing and analysis used (Table 4.2). Most 

tests (15 of 23) yield T values on the order of 10-5 m2/s. Eight tests yield T values on the 

order of 10-6 m2/s. Twenty tests yield K values on the order of 10-7 m/s, one on the order 

of 10-6 m/s, and one on the order of 10-8 m/s.  Again, the high K value is excluded from 

further analysis. Even if recovery data were not collected following a pumping test in 

which the discharge was held constant, the T and K values are within the same range as 

the other values.  

Only one pumping test provided an estimate of S (well #2; Lowen Hydrology Consulting, 

2000). S was estimated as 3.4x10-3, which falls within the range of S estimated for the 

sandstone-dominant formations in the Gulf Islands (Allen et al., 2002). 
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Table 4.2. Summary table of T and K values for all constant discharge and 
constant rate usable pumping tests. 

Consultant Year of 
Testing Well ID Analytical Method  

Specific 
Capacity 
(m3/s/m) 

T (m2/s) K (m/s) Formation  Lithology 

E. Livingston 
Associates 

1974 1 Recovery NR 1.9E-05 2.7E-07 Geoffrey  Sandstone or 
Sandstone 

Conglomerate Specific capacity 2.5E-05 3.5E-05 5.1E-07 
2 Jacob NR 3.04E-6c 1.9E-7 

1975 2 Recovery NR 6.4E-06 8.1E-08 
Specific capacity 1.5E-05 2.1E-05 2.6E-07 

Pacific 
Hydrology 

Consultants 
Ltd.  

1979 77-5 Recovery NR 4.4E-05 6.1E-07 Geoffrey Sandstone 
Specific capacity 8.0E-05 1.1E-04 1.5E-06 

1992 1 Specific capacity 1.4E-05 1.9E-05 2.4E-07 Haslam Mudstone 
2 Specific capacity 1.1E-05 1.5E-05 NA 

Lowen 
Hydrology 
Consulting 

2000 2 Jacob NR 2.6E-05 4.8E-07 Ganges Mudstone 

  3 Jacob NR 1.0E-05 4.1E-07 Mudstone 
  3 Recovery NR 1.9E-05 7.6E-07 Mudstone 

Gooding 
Consulting 2011 WTNa # 

14138 Jacob NR 1.4E-05 1.6E-07 Extension  Sandstone 
Conglomerate 

Waterline 
Resources 

Inc. 

2012-13 1 Recovery NR 8.1E-06 1.3E-07 Geoffrey Sandstone 
Cooper-Jacob NR 2.3E-05 3.7E-07 

Recovery NR 7.8E-06 1.2E-07 

 
Cooper-Jacob NR 7.8E-06 1.2E-07 

 
2 Recovery NR 1.1E-05 2.6E-07 

 
Cooper-Jacob NR 1.0E-05 2.5E-07 

 
Recovery NR 6.1E-06 1.5E-07 

 
Tag 

#97146b 
Cooper-Jacob NR 8.3E-06 1.8E-07 

 
Recovery NR 7.9E-06 1.8E-07 

 
Cooper-Jacob NR 2.4E-05 5.3E-07 

a  WTN = BC Well Tag Number; b Referred to as John's well in the original document; c value excluded;  
NR = not relevant; NA = not available. 

Based on these results, the lithology does not appear to be a dominant factor 

(Table 4.2). Within the sandstones (Geoffrey and Extension Formations), T values range 

from 6.1x10-6 to 1.1x10-4 m2/s (K between 8.1x10-8 m/s to 1.5x10-6 m/s). Within the 

mudstone, the T values range from 1.0x10-5 to 2.6x10-5 m2/s (K between 2.4x10-7and 
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7.6x10-7 m/s). Despite the lack of consistency in the field methods used by the different 

consultants, the T and K values vary over a limited range.  

This study estimated T directly from the pumping test and then used b (for each 

well individually) to calculate K. For the sandstones, the differences in the range of the 

log-transformed values of T (-5.21 – (-3.96) = 1.25) and K (-7.09 – (-5.82) = 1.27) are 

almost identical, indicating that the direct estimation of T and the calculated K are 

entirely consistent. For the mudstones, the differences for T and K are 0.41 and 0.50, 

respectively. 

4.2.5. Limitations and uncertainties 

Strict conditions are listed for the standard pumping test analysis methods used 

in this study, such as the aquifer has to be confined top and bottom, and there is no 

recharge to the aquifer (Theis, 1935). These conditions are likely not fully met on Salt 

Spring Island. The aquifers behave as though they are confined during these relatively 

short duration tests (Most of them last < 5 days), based on the overall radial (Theis-like) 

behaviour or linear flow within a confined aquifer. Longer duration tests, however, have 

shown evidence of unconfined behaviour (Allen, 1999). Being of short duration, the 

pumping tests do not show evidence of recharge or leakage from above. Other 

conditions such as a horizontal formation of infinite areal extent and uniform thickness, 

homogenous and isotropic, horizontal flow to the pumping well and fully penetrating 

wells (of infinitesimal diameter) (Cooper and Jacob, 1946; Fetter, 2001) are also not 

strictly held. The fractures are not uniformly distributed, particularly at the well scale, and 

the aquifer is undoubtedly heterogeneous and perhaps anisotropic. Also, not all pumping 

tests were conducted at a constant pumping rate. Nevertheless, as shown above, the T 

and K values obtained from the various analytical methods show remarkable 

consistency.  
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4.3. Tidal response analysis 

4.3.1. Tidal monitoring program - June 2013 

With the aim of complementing the existing hydraulic properties dataset for Salt 

Spring Island, tidal response tests were performed in June 2013 (June 21-28). Coupled 

with tidal heights, water levels in wells can be used to estimate the hydraulic diffusivity 

(D) of an aquifer at a regional scale (Jha et al., 2008). Hydraulic diffusivity is defined as 

the ratio of transmissivity to storativity (T/S) or the ratio of hydraulic conductivity to 

specific storage (K/Ss). 

A list of 11 unused wells was provided by the Salt Spring Island Water Council. 

Well owners were contacted prior to our arrival on the island and site visits were 

organized. Seven wells proved unsuitable for the study; these were either shallow dug 

wells, flowing artesian wells, or wells that were not located near the coast. Ultimately, 

five wells were selected for tidal monitoring. These wells were either open (no pumping 

equipment) or contained submersible pumps, some were located in a pump house and 

others had no overhead protection. 

Field methods  

Water levels were monitored in five residential wells. The wells, TA-1 to TA-5, are 

all located within a few hundred metres of the coast (Table 4.3; Figure 4.5). Pressure 

transducers with dataloggers (HOBO U20 Water Level Data Loggers - 4 m range) were 

installed in each of the five wells (Figure 4.6). Water level was measured with a water 

level tape prior to the installation of the transducer. Based on previous studies, water 

level amplitude in wells with tidal signals in the Gulf Islands is at the most two metres 

(Trapp, 2011; Scibek et al., 2013). Consequently, the pressure transducers were 

installed approximately two metres below the water level so that they would remain 

submerged during monitoring despite water level fluctuations associated with tides. 

To account for atmospheric pressure changes, transducers (barologgers) were 

installed in two wells to strictly measure atmospheric pressure during the monitoring 

period (Table 4.3; Figure 4.5). These wells (TA-1 and TA-5) are located in the north and 



 

78 

south of the island, in Booth Bay and Fulford Harbor, respectively. All transducers were 

programmed to record pressure and temperature every five minutes.  

Water levels recorded in provincial observation wells (Observation wells 281 and 

373) located on Salt Spring Island were also considered in this analysis (Table 4.5; 

Figure 4.5). Water level data were extracted from the BC Observation Well Network (BC 

Ministry of Environment, 2013b) for June 21 to 28 (2013), which corresponds to the 

monitoring period. 

Three tide gauges are located around Salt Spring Island: Fulford Harbour, 

Ganges Harbour and Burgoyne Bay (Figure 4.5). Tidal heights were downloaded from 

WWW Tide and Current Predictor prior to the field visit (Pentcheff, 2013). Two titanium 

cased pressure transducers (HOBO U20 Water Level Data Loggers - 4 m range), 

Ocean-1 and Ocean-2, were installed in the ocean to measure actual tide elevation in 

areas where tide gauges data are not available (Table 4.3; Figure 4.5). The transducers 

were first inserted in a protective housing (Figure 4.7) and then strapped to the base of 

pier posts (Figure 4.8). These transducers were also programmed to record pressure 

and temperature every five minutes. 
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Figure 4.5. Locations of tidal monitoring wells, observations wells, barologgers, and 

tide gauges including the two additional tide height stations. 
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Figure 4.6. Installation of pressure transducer with datalogger. 

 
Figure 4.7. Protective housing for the pressure transducers installed in the ocean. 
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Figure 4.8. The pressure transducers were strapped to the base of pier posts. 

Table 4.3. Transducer location, well information and monitoring period. 

Well ID Location Depth to 
Water (m) 

Ground 
Elevation 

(m) 
Well Distance 
to Coast (m) 

Depth 
of Well 

(m) 
Monitoring Period 

TA-1 Baker Road 1.855 54 580 NA June 22-26, 2013 
Barologger TA-1 

 
NR 54 580 NR June 22-26, 2013 

TA-2 Ganges Road 2.082 17 76 17 June 22-26, 2013 
TA-3 Swan Point 5.4 10 83 75 June 22-27, 2013 
TA-4 Hedger Road 6.05 40 305 17 June 24-26, 2013 
TA-5 Reginald Hill 0.725 27 70 91 June 24-27, 2013 

Barologger TA-5 
 

NR 27 70 NR June 24-27, 2013 
Obs well 281 Long Harbour Road NR NA 375 107 June 21-28, 2013 
Obs well 373 Mt Belcher Heights NR NA 1445 98 June 21-28, 2013 

Ocean 1 Booth Bay NR NR NR NR June 22-27, 2013 
Ocean 2 Fernwood Point NR NR NR NR June 22-26, 2013 

NA= Not available; NR= Not relevant.  
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4.3.2. Data processing - Water level calculation 

Pressure transducers that are placed at some depth in the water column in a well 

record the absolute pressure: 

P = Ψρg + P0  (4.7) 

which ultimately needs to be converted to a water level for the tidal analysis according to 

the following equation: 

Ψ = (P-P0)/ρg (4.8) 

where Ψ is the pressure head (m) above the logger, P is the absolute pressure, P0 is the 

atmospheric pressure, ρ is the density of the column of water above the logger, and g is 

gravity as shown in Figure 4.9. Low electrical conductivity was measured in all wells 

(EC<400 μS/cm) within a few metres of the water table. Therefore, water density above 

the transducer was assumed to be fresh water (ρ=1000 kg/m3). For the tidal analysis, 

only relative changes in the pressure head are needed, not the actual hydraulic head in 

the well. 
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Figure 4.9. Schematic of a pressure transducer installed in a well. Variables used to 

calculate the height of the water column above the transducer (Eq. 4.8) 
are shown. 

The gauge pressure was obtained by compensating for atmospheric pressure 

changes during the monitoring period using the closest barologger. This was 

accomplished using the HOBOware™ software. Atmospheric pressure measured by the 

two barologgers was similar with only minor differences (Figure 4.10). Figure 4.11 shows 

a resulting water level record in TA-5.  
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 Figure 4.10. Atmospheric pressure measured at Reginald Hill and Baker Road site 
from June 24 to 26 (2013). 

 
Figure 4.11. Transducer depth below water in well TA-5 after correction for 

atmospheric pressure, Reginald Hill. 
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4.3.3. Tidal analysis - Determining diffusivity 

A tidal cycle is characterized daily by a 'high' high tide, a 'low' high tide, a 'high' 

low tide and a 'low' low tide, which is called a mixed tide. In coastal areas, tidal 

fluctuations influence groundwater levels dynamically. The water level in a well rises and 

falls with the tides (Figure 4.12), although the amplitude of the oscillation is damped and 

there is a delay (lag) in the response. The amplitude damping and lag of groundwater 

response to tides depends on the transmissivity and storativity of the aquifer (Jacob, 

1950). 

When this oscillation is not observed, the data cannot be used for analysis. Local 

effects such as pumping can also be detected in wells. When local effects are strong 

enough to mask tidal signals, water level data cannot be used. Of the seven wells 

monitored in this study on Salt Spring Island (including the two provincial observation 

wells), only three showed a tidal response (TA-3, TA-5 and observation well 281). The 

other wells did not show water level fluctuations reflecting ocean tidal oscillations or the 

water levels had a strong local influence, such as pumping (Appendix B1). 
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Figure 4.12. Tidal signal in a well responding to tidal fluctuations. The amplitude 

damping and time lag depend on the hydraulic properties of the aquifer. 
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The response of the aquifer to a tidal signal can be used to estimate the 

diffusivity (D) of the aquifer (Jacob, 1950). As mentioned earlier, diffusivity is defined as 

T/S (or K/Ss). If an independent estimate of S is available, T can be calculated. Tidal 

response testing can be used to estimate the hydraulic properties of the aquifer at a 

regional scale (Rotzoll et al., 2013). 

The Jacob method (1950) is a simple analytical method used to estimate aquifer 

diffusivity (T/S) from a tidal response. There are two methods: amplitude and time lag. 

The equations are as follows: 

Amplitude method:    (4.9) 

 

Time lag method:   (4.10) 

x: distance from the well to the coast (m) 

tp: tidal period (sec) 

Hx: amplitude of water in well (m) 

H0: amplitude of tide (m) 

τ: time between tide peak and water level peak (sec). 

Analysis of tidal response data was performed over one period of the water level 

variation in the well and the corresponding tidal period (Figure 4.13). Water levels in the 

wells and the tidal heights were first normalized such that they oscillate around the 
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respective average levels. The tidal period (tp) was found by measuring the time 

between the 'high' high and 'low' high tide. The tidal period is approximately 12 hours 

(UBC, 2013). The tidal period of some wells in this study was as short as 8.7 hours as 

opposed to 12 hours. Yet, this does not appear to have a major effect of the resulting 

diffusivity values (see results below). The amplitudes of the water level in the wells (Hx) 

and the tides (H0), and the time lag (τ) between the tide and water level peaks were 

calculated using data collected by the pressure transducers (or the predicted tide level 

for permanent tide gauges at Booth Bay or Fernwood Point; Figure 4.13). Finally, the 

distance of the well from the coast (x) was determined in ArcGIS using UTM coordinates 

measured in the field. For the observation wells, the UTM coordinates were retrieved 

from the WELLS database (BC Ministry of Environment, 2013a). 

 

 
Figure 4.13. Illustration showing the variables used to calculate the diffusivity using the 

amplitude and time-lag methods. The light grey curve represents the 
water level in the well; the dark grey, the tide. Data from observation well 
281. 

4.3.4. Estimation of transmissivity and hydraulic conductivity 

Transmissivity (T) is calculated by multiplying diffusivity (T/S) by an independent 

estimate of storativity (S). Allen et al. (2002) compiled short and long duration pumping 



 

89 

test data for the Gulf Islands. In the current study, the geometric mean of S from the 

compiled data was calculated for each geological formation, regardless of whether the 

tests were of short or long duration. The average S (2.9x10-4) value for sandstone-

dominant formations was calculated from 19 pumping tests in the Gulf Islands (Allen et 

al., 2002). Very few S values are estimated for mudstone-dominant formations (1) and 

igneous rock (4) in the Gulf Islands region and they fall within the range estimated for 

sandstone-dominant formations (2.4x10-7 to 3.7x10-2). Therefore, a S value of 2.9x10-4 

was also used to estimate T for the mudstone-dominant formations and the igneous 

rocks. No tidal tests were conducted in sandstone-dominant formations.  

Hydraulic conductivity (T/b) was estimated using the saturated thickness of the 

aquifer as the measured length between the bottom of the well and the groundwater 

level (Table 4.5). Using this approach, it is assumed that all of the fractures and the 

unfractured rock matrix behave as an Equivalent Porous Media (EPM). This is 

necessary because detailed information on fractures is not available for each well. 

Therefore, the K value represents the bulk fractured material and not that of the 

individual fractures, which is appropriate for a regional scale assessment of the aquifer.   

4.3.5. Results 

Tidal signals were detected in three wells (TA-3, TA-5 and observation well 281) 

(Figure 4.14, Figure 4.15 and Figure 4.16) out of the seven wells available on Salt 

Spring. Four other wells (TA-1, TA-2, TA-4 and observation well 373) did not show a 

consistent tidal signal, and local effects, such as pumping, are likely the cause of 

groundwater fluctuations in these wells (Appendix B1). In all of the graphs shown below, 

the primary vertical axis represents water level in the well (light grey curve) and the 

secondary vertical axis is the tidal height measured at the nearest gauge (dark grey 

smooth curve). The horizontal axis represents the date and time at which the water 

levels were measured. 
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Figure 4.14. Normalized water level in well TA-3 and normalized tidal height at Booth 

Bay during June 23 and 24 (2013). The light grey curve represents the 
water level in the well; the dark grey, the tides. 

 
Figure 4.15. Normalized water level in well TA-5 and normalized tidal height at Fulford 

Harbour during June 26 and 27 (2013). The light grey curve represents 
the water level in the well; the dark grey, the tides. 
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Figure 4.16. Normalized water level in observation well 281 and normalized tidal 

height at Ganges Harbour on June 21 and 22 (2013). The light grey curve 
represents the water level in the well; the dark grey, the tides. 

Diffusivity values calculated using the amplitude method range from 0.025-0.35 

m2/s, and from 0.25-2.23 m2/s from the time lag method. They vary by one order of 

magnitude between the two methods among the three wells (Table 4.4). 

Table 4.4. Tidal analysis variables and diffusivity (T/S) from amplitude and time 
lag methods. 

Well ID 

Amplitude of 
Sea Tide  Tidal Period 

Time Between 
Tide Peak and 
Groundwater 
Level Peak  

Amplitude at 
Point x 

Approximate 
Distance to 

Coast 
Hydraulic Diffusivity 

(m2/s) 

ho (m) hours tp (s) τ (s) H(x) (m) x (m) Amplitude 
(T/S) 

Time Lag 
(T/S) 

TA-3 1.86 9.92 35700 6900 0.0135 83 0.025 0.41 
TA-5 1.53 10 36000 2520 0.186 70 0.10 2.23 

Obs well 
281 

1.66 8.67 31200 37140 0.003 375 0.35 0.25 

Transmissivity varies within three orders of magnitude (Table 4.5) depending on 

the test method. Using the amplitude method T ranges from 7.2x10-6
 to 1.0x10-4 m2/s and 

using the time lag method from 7.3x10-5 to 6.4x10-4 m2/s. Hydraulic conductivity also 
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varies within three orders of magnitude. Using the amplitude method, K ranges from 

1.0x10-7
 to 1.0x10-6m/s and using the time lag method from 7.3x10-7to 7.1x10-6 m2/s. The 

time lag method yielded higher values (for T and K) by at least one order of magnitude in 

two wells (TA-3 and TA-5), but very similar values in observation well 281. 

Overall, T in the various rock types (mudstone-dominant and igneous) tested on 

Salt Spring Island appear to be mainly on the order of 10-5 to 10-4m2/s. Hydraulic 

conductivity is on the order of 10-7 to 10-6 m2/s for these rock types using both analysis 

methods. 

Table 4.5. Transmissivity and hydraulic conductivity calculated from 
diffusivity.  

Well 

Transmissivity 
(T=D*S) 

Saturated 
Thicknessa 

Hydraulic 
Conductivityb  

Formation Lithology 

Amplitude   
T (m2/s) 

Time Lag       
T (m2/s) b (m) Amplitude  

K (m/s) 
Time Lag      
K (m/s) 

TA-3 7.2E-06 1.2E-04 70 1.0E-07 1.7E-06 Ganges Mudstone 
TA-5 3.0E-05 6.4E-04 91 3.3E-07 7.1E-06 Saltspring Intrusions Granite 

Obs Well 281 1.0E-04 7.3E-05 100 1.0E-06 7.3E-07 Northumberland  Mudstone 
a Estimated well depth below water table; b Estimated b for individual wells. 

4.3.6. Discussion 

The Jacob solution for tidal response analysis was developed for simple aquifer 

geometry: a one-dimensional, homogeneous, isotropic, confined and semi-infinite 

aquifer with a sharp ocean boundary (Rotzoll et al., 2013). The one order of magnitude 

range of T and K between rock types is likely caused by the high degree of 

heterogeneity in fractured bedrock aquifers leading to departure from the assumptions 

stated by Jacob (1950). The transmissivity for the three wells is also uncertain because 

an average S value for sandstone-dominant formations was used. For comparison, 

however, a T value on the order of 10-5 m2/s was estimated for the mudstone-dominant 

formations based on available pumping tests.   
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4.3.7. Other uncertainties and limitations 

Uncertainties in the hydraulic properties arise from a variety of factors including 

the field methods, equipment and data analysis.  

• Measurements of coordinates using a hand held GPS and estimation of 
distance to the shoreline in ArcGIS introduce errors in the amplitude and time-
lag method equations. Using an estimated measurement error of ±20 m, this 
could result in a difference in diffusivity of 0.13 m2/s (amplitude method) and 
0.22 m2/s (time lag method).  

• Also, the difference in the timing and height of tides at the shoreline differ from 
that at the shoreline where it interacts with the aquifer. This leads to incorrect 
values of tidal amplitude and time lag between water level peak in the well and 
of the tides, also introducing errors into the calculation of diffusivity.  

• Uncertainties also originate in the choice of a S value. In this study, an 
average S value, estimated from pumping tests in sandstone-dominant 
formations, was used for the mudstone-dominant and igneous rock 
formations.  

• In fractured bedrock aquifers, the scale of investigation of testing methods has 
been reported to influence hydraulic test data due to changes in heterogeneity 
(Abbey and Allen, 2000). S values were obtained from pumping tests, yielding 
values representative of smaller portion of the aquifer compared to the area 
influenced by tides. These S values from pumping tests may not be 
appropriate to use at a larger scale. 

• A major limitation arises from the strict conditions established by Jacob (1950) 
for the use of both the amplitude and time lag methods. The high degree of 
heterogeneity of the aquifers on Salt Spring Island due to variations in 
lithology and fracturing does not agree with most conditions: one-dimensional, 
homogeneous and isotropic. In addition, the aquifers may have hydraulic 
boundaries.  

• Lastly, the ocean boundary is likely not as sharp as what is required by the 
analytical solution. Nevertheless, Rotzoll et al. (2013) showed that hydraulic 
properties in a volcanic fractured rock aquifer are consistent with sophisticated 
numerical modeling results, allowing a good level of confidence for simple 
analytical models such as Jacob's method in fractured bedrock aquifers in the 
Gulf Islands.  
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4.4. Comparison of the hydraulic properties of Salt Spring 
Island with the neighbouring Gulf Islands 

4.4.1. Introduction 

Several studies have focused on characterizing the hydraulic properties of the 

bedrock aquifers in the Gulf Islands (BC) (Allen et al., 2002; Mackie, 2002; Surrette, 

2001). In Sections 4.2 and 4.3 of this chapter, pumping and tidal response tests data 

available for Salt Spring Island were analyzed and discussed. In this section, the results 

are compared with pumping (Allen et al., 2002) and tidal response test data (Scibek et 

al., 2013; BC Ministry of Environment, 2013b; Saturna Island wells, 1998 and 2001) 

collected on neighboring Gulf Islands. 

4.4.2. Methods 

Numerous pumping and tidal response tests datasets collected in the southern 

Gulf Islands were gathered. The pumping test analysis results are from a single source, 

a study conducted in 2002 by Simon Fraser University (Allen et al., 2002). Tidal 

response data are from multiple sources. The first one is a study conducted by Scibek et 

al. (2013). They used the amplitude method to estimate aquifer properties. For the 

purpose of this study, the information gathered in that study was also used to perform a 

time lag analysis on the same wells, when possible. The second source of tidal response 

test data is for Saturna Island measured in 1998 and 2001 by Simon Fraser University. 

The data were re-analyzed and the hydraulic properties estimated. Water level data from 

observation wells on Saturna, Mayne, Galiano and Pender Islands were also gathered. 

Depending on the quality of the datasets, water level data were analyzed using both 

methods (amplitude and time lag), one method, or discarded from the analysis if no tidal 

signal could be detected.  

4.4.3. Pumping tests on the Gulf Islands 

Hydraulic test data were provided to Simon Fraser University (Dr. Diana Allen) 

from the BC Ministry of Water, Land and Air Protection (now the BC Ministry of 
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Environment). The objective of the study was to analyze all the available datasets and 

determine a range of hydraulic properties for each Nanaimo Group rock formation in 

which pumping tests had been performed. Hydraulic tests were conducted on Mayne, 

Galiano, Denman, Pender and Saturna Islands. Tests were conducted in the Gabriola, 

Geoffrey, Spray, DeCourcy, Cedar District and Protection Formations. The Spray and 

Cedar District Formations are mudstone-dominant, while the others are sandstone-

dominant. In total, test data were available from 11 long-duration and 20 short-duration 

tests, both including single and multiple wells tests. A consistent method of analysis 

(Allen, 1999) was used to determine T and S.  

Values were reported for long and short duration tests and are summarized in 

Appendix C (Tables C1 and C2) separately, and as an average of both test types (Table 

4.6). The average T values for all formations are of the order of 10-5 m2/s using Theis 

and Recovery methods for sandstone- and mudstone-dominant formations. The range of 

T values can be as large as five orders of magnitude, but more often the range is less 

than two orders of magnitude. The average S value for the Gabriola, Geoffrey, 

DeCourcy and Protection Formations is of the order of 10-4. The range of S values can 

be as large as five orders of magnitude, but generally is less than one order of 

magnitude (Table 4.6). No S values are available for the mudstone-dominant formations 

(Spray and Cedar District). 
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Table 4.6. Average transmissivity, hydraulic conductivity and storativity in the 
southern Gulf Islands (data from Allen et al. 2002). 

# of tests # of tests 73 22 9 4 2 3 
T- Theis  Averages 1.02E-05 2.40E-05 8.56E-06 5.21E-05 2.89E-05 1.08E-05 

  Max 5.42E-02 8.13E-04 5.31E-05 7.50E-05 5.95E-05 3.58E-05 
  Min 3.38E-07 1.22E-06 7.55E-07 3.88E-05 1.40E-05 2.80E-06 
  Standard dev 1.20E-03 7.92E-05 1.98E-05 1.53E-05 3.22E-05 1.70E-05 

S-Theis  # of tests 9 6 0 3 0 2 

 
Averages 6.97E-04 1.45E-04 NA 3.69E-04 NA 1.82E-04 

  Max 3.67E-02 4.32E-04 NA 5.58E-04 NA 7.17E-04 
  Min 2.41E-07 4.44E-05 NA 2.84E-04 NA 4.62E-05 
  Standard dev 1.63E-03 1.59E-04 NA 1.50E-04 NA 4.74E-04 

T- Recovery  # of tests 64 14 8 4 2 1 

 
Averages 2.29E-05 2.08E-05 2.18E-05 1.59E-04 2.34E-05 1.19E-05 

  Max 1.46E-02 2.11E-04 9.81E-05 8.40E-04 6.08E-05 1.19E-05 
  Min 2.06E-07 1.85E-06 2.55E-06 4.83E-05 9.04E-06 1.19E-05 
  Standard dev 1.54E-03 3.86E-05 3.35E-05 3.72E-04 3.66E-05 NA 

K-Theis # of tests 62 8 5 0 2 3 

    3.27E-07 2.21E-07 5.21E-08 NA 4.22E-06 2.25E-07 

    8.15E-04 3.79E-06 4.17E-07 NA 8.51E-06 4.71E-07 

    2.78E-09 1.26E-08 3.86E-09 NA 2.10E-06 8.24E-08 

    9.95E+00 8.34E+00 8.11E+00 NA 2.69E+00 2.47E+00 
NA=  Not available. 

On Salt Spring Island, pumping tests were conducted in the Geoffrey, Extension, 

Ganges and Haslam Formations. Geoffrey and Extension are sandstone-dominant 

formations, while the Ganges and Haslam are mainly mudstone-dominant (Section 4.2). 

For the purpose of this study, and given the limited data available for Salt Spring Island, 

this assessment is based on the geological material in which pumping tests were 

conducted, rather than on the specific formation. The average T values for sandstone 

and mudstone for the Gulf Islands is calculated from Theis. As for Salt Spring Island, 

when different analytical methods are available for one well, the method is chosen in the 

following order: Theis, Jacob, Recovery and specific capacity (see Chapter 5.5). The 

average transmissivity value for sandstone is 1.4x10-5 m2/s and 1.9x10-5 m2/s, and 

1.6x10-5 m2/s for mudstone on Salt Spring and the Gulf Islands, respectively (Table 4.7). 

The average hydraulic conductivity value for sandstone is 2.4x10-7 m/s and 2.5x10-7 m/s, 

and 3.6x10-7 m/s and 4.7x10-7 m/s for mudstone on Salt Spring and the Gulf Islands, 
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respectively. This comparison shows consistency among results despite the limitations 

and uncertainties discussed in Section 4.2.  

Storativity values cannot be assessed as no value could be estimated from the 

pumping tests conducted on Salt Spring Island. Overall, the average transmissivity of the 

Salt Spring Island aquifers is very similar to transmissivity values calculated on the Gulf 

Islands by Allen et al. (2002). 

Table 4.7. Average transmissivity and hydraulic conductivity estimated from 
pumping tests by rock type. 

 
Lithology 

Location Sandstone Mudstone 

 T (m2/s) 
Salt Spring 1.4E-05 1.6E-05 
Gulf Islands 1.9E-05 1.6E-05 

 K (m/s) 
Salt Spring 2.4E-07 3.6E-07 
Gulf Islands 2.5E-07 4.7E-07 

4.4.4. Tidal response tests on the Gulf Islands 

Tidal parameters for all wells are available in Appendix D. This table includes 

wells with and without tidal signals in the Gulf Islands. 

Study on Gabriola, DeCourcy and Mudge Islands 

Scibek et al. (2013) conducted an analysis of tidal response data as part of a 

larger project that consisted of developing hydrogeological conceptual models and water 

budgets for Gabriola, DeCourcy and Mudge Islands. During the summer of 2012, ten 

transducers (R1 to R10) were installed in wells on Gabriola (9) and Mudge Islands (1). 

The monitoring period lasted one week and all wells were within 40 metres elevation and 

500 metres distance from the shoreline. To complement these data Scibek et al. (2013) 

also used water level data from six observation wells (385, 316, 317, 196, 197 and 194) 

and three test holes (TH1, TH2 and TH5) (Figure 4.17).  
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Figure 4.17. Tidal monitoring wells and tide gauges on Gabriola Island (BC).  

Scibek et al. (2013) used the amplitude method to estimate diffusivity (T/S). It 

ranges from 0.01 to 12 m2/s. Transmissivity was calculated assuming a storativity value 

of 1x10-4 and ranges from 1x10-6 to 1x10-3 m2/s. Hydraulic conductivity (K=T/b) was 

calculated assuming the water column depth below the water table as the thickness of 

the aquifer. K ranges from 2x10-8 to 2x10-5 m/s (Table 4.8).  

Diffusivity using the time lag method was calculated as part of the present study. 

The graphs provided in the report (Scibek et al., 2013) were used to estimate the time 
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lag (τ). The same tidal period (tp) and distance to shore (x) were used for the time lag 

analysis method. An estimated storativity value of 1x10-4 was used to estimate 

transmissivity and subsequently hydraulic conductivity (Table 4.8). When no graph was 

available, diffusivity from the time lag method could not be estimated. 

For the purpose of this study, the formation in which the wells were drilled was 

determined using the tide monitoring location map provided in the Scibek et al. (2013) 

report. Diffusivity for mudstone-dominant formations varies from 0.01 to 4.02 m2/s, and 

from 0.07 to 13,280 m2/s using the amplitude and time lag methods, respectively. For 

sandstone-dominant formations, diffusivity values range from 0.01 to 12 m2/s, and 0.03 

to 284 m2/s for the amplitude and time lag methods, respectively.  

For all formations, transmissivity usually varies by one order of magnitude using 

the amplitude method and by up to six orders of magnitude for some formations 

(Geoffrey and Gabriola) when estimated from the time lag method. In general, 

transmissivity for mudstone-dominant formations calculated with the amplitude method 

varies by two orders of magnitude (1x10-6 to 4x10-4 m2/s) and by six orders of magnitude 

using the time lag method (6.8x10-6 to 1.3 m2/s). In sandstone-dominant formations, 

transmissivity ranges by up to three orders of magnitude with the amplitude method 

(1x10-6 to 1x10-3 m2/s) and by four orders of magnitude with the time lag method (2.6x10-

6 to 2.8x10-2 m2/s). The hydraulic conductivity of sandstone-dominant formations varies 

between 1x10-7 and 2x10-5 m/s, and 1.4x10-7 and 9.5x10-3 m/s for the amplitude and time 

lag methods, respectively. The hydraulic conductivity for the mudstone-dominant 

formations varies from 2x10-8 and 1x10-5 m/s, and from 1.6x10-7 and 4.4x10-1 m/s using 

the amplitude and time lag method, respectively (Table 4.8). 
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Table 4.8. Hydraulic properties for various wells from Scibek et al. (2013) 
analyzed using the amplitude and time lag method. 

Well Island 

Hydraulic Diffusivity  Transmissivity 
(T=D*S) 

Hydraulic 
Conductivitya  

Formation  Lithology 
Amplitude 
(T/S) m2/s 

Time Lag 
(T/S) m2/s 

Amplitude 
T (m2/s) 

Time 
Lag 

T (m2/s) 
Amplitude 

K (m/s) 
Time Lag 
K (m/s) 

R1 Gabriola 0.17 270.65 2.0E-05 2.7E-02 1.0E-06 1.6E-03 Spray Mudstone 
R2 Gabriola 0.79 11.45 8.0E-05 1.1E-03 2.0E-06 3.0E-05 Geoffrey Sandstone 
R3 Gabriola 0.01 0.07 1.0E-06 6.8E-06 2.0E-08 1.5E-07 Northumberland Mudstone 
R4 Gabriola 0.5 0.38 5.0E-05 3.8E-05 3.0E-06 2.2E-06 Geoffrey Sandstone 
R5 Gabriola 0.03 0.09 3.0E-06 9.1E-06 2.0E-07 6.5E-07 Geoffrey Sandstone 
R6 Gabriola 0.32 56 3.0E-05 5.6E-03 2.0E-06 3.3E-04 Gabriola Sandstone 
R7 Gabriola 0.04 284 4.0E-06 2.8E-02 1.0E-06 9.5E-03 Gabriola Sandstone 
R8 Gabriola 0.32 0.03 3.0E-05 2.6E-06 2.0E-06 1.4E-07 Gabriola Sandstone 
R9 Gabriola 0.04 13280.25 4.0E-06 1.3E+00 1.0E-06 4.4E-01 Northumberland Mudstone 
R10 Mudge 0.01 0.26 1.0E-06 2.6E-05 1.0E-07 2.6E-06 DeCourcy Sandstone 
TH1 Gabriola 8.1 No graph 8.0E-04 NA 2.0E-05 NA Gabriola Sandstone 
TH2 Gabriola 0.6 No graph 6.0E-05 NA 1.0E-06 NA Spray Mudstone 
TH5 Gabriola 6.1 No graph 6.0E-04 NA 2.0E-05 NA Gabriola Sandstone 

Obs well 
385 Gabriola 3.1 1.31 3.0E-04 1.3E-04 1.0E-05 4.5E-06 Spray Mudstone 

Obs well 
316 Gabriola 0.42 0.18 4.0E-05 1.8E-05 4.0E-06 1.6E-06 Northumberland Mudstone 

Obs well 
317 Gabriola 0.58 3.87 6.0E-05 3.9E-04 3.0E-06 2.0E-05 Geoffrey Sandstone 

Obs well 
196 Gabriola 4.02 149.28 4.0E-04 1.5E-02 4.0E-06 1.5E-04 Spray Mudstone 

Obs well 
197 Gabriola 3.16 281.56 3.0E-04 2.8E-02 4.0E-06 3.6E-04 Gabriola Sandstone 

Obs well 
194 Gabriola 12 0.51 1.0E-03 5.1E-05 2.0E-05 9.2E-07 Gabriola Sandstone 

a Estimated using Equivalent Porous Media (EPM) assumption; NA= not available. 
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Observation Wells  

In order to complement the existing tidal response datasets, observation well 

water level data from Saturna, Pender, Mayne and Galiano Islands were analyzed 

(Figure 4.18). 

 
Figure 4.18. Observation wells and tides gauges in the Gulf Islands. 

 All the observation wells considered are drilled in sedimentary rock. The BC 

Groundwater Observation Well Network (BC Ministry of Environment, 2013b) was used 

to determine UTM coordinates of wells. The same methods were applied to the data as 

in Section 4.3. Tidal analysis was done for observation wells 290, 319, 283, 284 and 258 
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(Appendix B2). Both methods (amplitude and time lag) were used when possible. Only 

the time lag method was applied when amplitude appeared to be affected by local 

disturbances such as pumping (Table 4.9). When local effects were too strong and no 

tidal signal could be detected (observation wells 125, 128 and 327), no analysis was 

performed (Appendix B3). All wells are drilled in sandstone-dominant formations, except 

for well 284 (mudstone-dominant). The amplitude method could be used for wells 319 

and 284, only. Transmissivity was estimated using the average S value of 2.9x10-4, 

calculated from Allen et al. (2002). Hydraulic conductivity was calculated assuming the 

thickness of the aquifer is the well depth below the water table. 

Diffusivity, estimated using the time lag method, ranges from 0.004 to 0.57 m2/s, 

transmissivity from 1.1x10-6 to 8.8x10-5 m2/s, and hydraulic conductivity from 1.1x10-8 to 

2.1x10-6 m/s (Table 4.9). For wells 319 and 284, respectively, diffusivity is 0.18 and 0.57 

m2/s, transmissivity 5.3x10-5 m2/s and 1.6x10-4 m2/s, and hydraulic conductivity 5.6x10-7 

m/s and 1.8x10-6 m/s (Table 4.9).  

Table 4.9.  Hydraulic properties from tidal analysis for the observation wells 
located in the southern Gulf Island. 

Well Island 
Hydraulic Diffusivity  Transmissivity 

(T=D*S) 
Hydraulic 

Conductivitya  Formation  Lithology 
Amplitude  
(T/S) m2/s 

Time Lag    
(T/S) m2/s 

Amplitude 
T (m2/s) 

Time Lag         
T (m2/s) 

Amplitude 
K (m/s) 

Time Lag               
K (m/s) 

Obs well 
290 Saturna NTS 0.06 NA 1.7E-05 NA 4.0E-07 DeCourcy Sandstone 

Obs well 
319 Saturna 0.18 0.004 5.3E-05 1.1E-06 5.6E-07 1.1E-08 Geoffrey Sandstone 

Obs well 
283 Pender NTS 0.08 NA 2.2E-05 NA 2.5E-07 DeCourcy Sandstone 

Obs well 
284 Pender 0.57 0.31 1.6E-04 8.8E-05 1.8E-06 9.6E-07 Pender Mudstone 

Obs well 
125 Mayne NTS NTS NA NA NA NA Geoffrey Sandstone 

Obs well 
128 Mayne NTS NTS NA NA NA NA Gabriola Sandstone 

Obs well 
258 Galiano NTS 0.57 NA 1.6E-04 NA 2.1E-06 Gabriola Sandstone 

Obs well 
327 Galiano NTS NTS NA NA NA NA Gabriola Sandstone 

a Estimated using Equivalent Porous Media (EPM) assumption; NA= not available; NTS= no tidal signal. 
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Saturna Island 

Raw tidal response tests data for five wells were available for Saturna Island 

(1998, 2001) (Figure 4.19).  

 
Figure 4.19. Tidal monitoring wells and tides gauges on Saturna Island. 

The five datasets were re-analyzed using the amplitude and time lag methods. 

The same methods and equations were used as in Section 4.3. Formation and 

geological material for each well were determined using the work by Mustard (1994) 

(from Trapp, 2011); four wells are drilled in sandstone-dominant formations, one in a 

mudstone-dominant formation. A tidal analysis was done on Mackie and Sparks wells 
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(Appendix B2). No tidal signal was detected in wells Wolfgang-2, PP2 and PP3 

(Appendix B3).  

Hydraulic diffusivity is estimated at 0.89 and 0.59 with the amplitude method, and 

4.8 and 1.0 m2/s with the time lag method for the Sparks and Mackie wells, respectively. 

Transmissivity is 2.5x10-4 and 1.7x10-4 m2/s using the amplitude method, and 1.4x10-3 

and 3.0x10-4 m2/s with the time lag method for Sparks and Mackie wells, respectively. 

Hydraulic conductivity is 3.8x10-6 and 2.0x10-6 m2/s using the amplitude method, and 

2.0x10-5 and 3.5x10-6 m2/s with the time lag method for Sparks and Mackie wells, 

respectively (Table 4.10). 

Table 4.10. Hydraulic properties of the wells located on Saturna Island. 

Well Island 

Hydraulic diffusivity  Transmissivity 
(T=D*S) 

Hydraulic 
Conductivitya  

Formation  Lithology 

Amplitude     
(T/S) m2/s 

Time Lag        
(T/S) 
m2/s 

Amplitude            
T (m2/s) 

Time Lag               
T (m2/s) 

Amplitude            
K (m/s) 

Time Lag               
K (m/s) 

Sparks Saturna 8.9E-01 4.8E+00 2.5E-04 1.4E-03 3.8E-06 2.0E-05 Geoffrey Sandstone 
Mackie Saturna 5.9E-01 1.0E+00 1.7E-04 3.0E-04 2.0E-06 3.5E-06 Geoffrey Sandstone 

Wolfgang-2 Saturna NTS NTS NA NA NA NA Geoffrey Sandstone 
PP2 Saturna NTS NTS NA NA NA NA Protection Sandstone 
PP3 Saturna NTS NTS NA NA NA NA Cedar District Mudstone 

a Estimated using Equivalent Porous Media (EPM) assumption; NA= not available; NTS= no tidal signal. 

Discussion 

Few tidal response test data (3 wells) are available for Salt Spring Island. Two of 

the wells were drilled in mudstone-dominant formations, while the third was drilled in 

igneous rock. For this reason, a comparison of the hydraulic properties between Salt 

Spring Island and the surrounding Gulf Islands is based on the rock type (Table 4.11, 

Table 4.12, Table 4.13) as opposed to formation. Average diffusivity values calculated 

from the amplitude and the time lag method for Salt Spring Island and Pender Island are 

mainly to the order of 10-2 and 10-1 m2/s, showing similarity between the two islands. A 

value of 0.46 and 0.53 m2/s was calculated for Saturna and Gabriola Island, respectively, 

using the amplitude method - similar to Salt Spring and Pender. Similarly, diffusivity for 
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Galiano Island is 0.57 m2/s using the time lag method. The time lag method yields a 

higher value, 1.5 and 2.7 m2/s, again for Saturna and Gabriola Islands. Diffusivity values 

in sandstone-dominant formations are lacking for Salt Spring Island. However, this 

analysis shows some similarity between mudstone-dominant formations on Salt Spring 

and sandstone-dominant values calculated for Gabriola, Saturna, Pender and Galiano 

Islands, which range between 8.0x10-2 and 2.7 m2/s. Igneous rocks are unique to Salt 

Spring Island in this region. Consequently, no comparison with other Gulf Islands can be 

made. However, values obtained using the two analysis methods (1.0x10-1 and 2.2 m2/s) 

are within the same range as mudstone and sandstone-dominant formations on all 

islands.  

Table 4.11. Average diffusivity by island and rock type. 

 
Lithology 

Location Sandstone Mudstone Igneous 

 
Diffusivity D (m2/s) 

 
Amplitude Time Lag Amplitude Time Lag Amplitude Time Lag 

Salt Spring NA NA 9.4E-02 3.2E-01 1.0E-01 2.2E+00 
Gabriola 5.3E-01 2.7E+00 3.0E-01 1.4E+01 NA NA 
Saturna 4.6E-01 1.5E+00 NA NA NA NA 
Pender NA 8.0E-02 5.7E-01 3.1E-01 NA NA 
Mayne NA NA NA NA NA NA 
Galiano NA 5.7E-01 NA NA NA NA 

a Estimated using Equivalent Porous Media (EPM) assumption; NA= not available. 

Transmissivity is similar between Salt Spring Island and the other Gulf Islands for 

mudstone-dominant formations, but also between all formation types. All transmissivity 

values range between 2.2x10-5 and 1.4x10-3 m2/s. Just as for diffusivity, transmissivity 

calculated for igneous rock on Salt Spring is within the same range as for the other Gulf 

Islands. 
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Table 4.12. Average transmissivity by island and rock type.  

 
Lithology  

Location Sandstone Mudstone Igneous 

 
Transmissivity (m2/s) 

 
Amplitude Time Lag Amplitude Time Lag Amplitude Time Lag 

Salt Spring NA  NA  2.7E-05 9.2E-05 3.0E-05 6.4E-04 
Gabriola 5.2E-05 2.7E-04 3.0E-05 1.4E-03 NA NA 
Saturna 1.3E-04 5.2E-05 NA NA  NA NA 
Pender  NA  2.2E-05 1.6E-04 8.8E-05 NA NA 
Mayne NA  NA  NA  NA  NA  NA  
Galiano NA  1.6E-04 NA  NA  NA NA 

NA= not available. 

Similarly, hydraulic conductivity values calculated for mudstone-dominant 

formations (3.2x10-7 and 1.1x10-6 m/s) on Salt Spring Island are similar to Gabriola 

Island (amplitude: 2.4x10-6 m/s) and Pender Islands (1.8x10-6 and 9.6x10-7 m/s). 

Hydraulic conductivity calculated from the time lag analysis on Gabriola is higher than 

other values with 7.0x10-5 m/s.  Also, values obtained are also similar to sandstone-

dominant values on neighbouring islands, which range between 2.5x10-7 and 1.4x10-5 

m/s. Again, igneous rock yields comparable values to other formation types with 3.3x10-7 

and 7.1x10-6 m/s (Table 4.13). 

Table 4.13. Average hydraulic conductivity by island and rock type. 

 
Lithology  

Location Sandstone Mudstone Igneous 

 
Hydraulic Conductivity (m/s) 

 
Amplitude Time Lag Amplitude Time Lag Amplitude Time Lag 

Salt Spring NA NA 3.2E-07 1.1E-06 3.3E-07 7.1E-06 
Gabriola 2.4E-06 1.4E-05 1.2E-06 7.0E-05 NA NA 
Saturna 1.6E-06 7.5E-07 NA NA NA NA 
Pender  NA 2.5E-07 1.8E-06 9.6E-07 NA NA 
Mayne NA NA NA NA NA NA 
Galiano NA 2.1E-06 NA NA NA NA 

NA= not available. 

The occasional wide range in values within the same rock type can potentially be 

attributed to the high heterogeneity of fractured bedrock aquifers. Nevertheless, this 
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assessment shows there is similarity in hydraulic property values between Salt Spring 

Island and neighbouring Gulf Islands despite uncertainties and limitations as discussed 

Sections 4.2 and 4.3.  

4.4.5. Summary 

Nineteen pumping test datasets were available to determine aquifer properties 

on Salt Spring Island. Given the lack of consistency in field methods between the 

different consultants, the datasets were rather challenging to analyze and compare. 

Nevertheless, the transmissivity and hydraulic conductivity values calculated from the 

three methods (Jacob, Recovery, Specific Capacity) and those reported by Waterline 

Resources Inc. are consistent. Transmissivity for the various rock types appears to be 

on the order of 10-5 m2/s. 

A tidal response test field study was performed during summer 2013 with the aim 

of complementing the existing hydraulic property datasets for Salt Spring Island. Three 

wells out of seven show good tidal signals, which were analyzed using the amplitude 

and time lag methods. Diffusivity, transmissivity and hydraulic conductivity were 

estimated. For both methods, diffusivity ranges between 0.025 and 2.23 m2/s, 

transmissivity between 7.2x10-6 and 6.4x10-4 m2/s, and hydraulic conductivity between 

1.0x10-7and 7.1x10-6 m/s. Despite uncertainties and limitations introduced in the data 

analysis, hydraulic properties were found to be very similar between rock types and 

formations. Confidence in the use of simple analytical methods (Jacob, 1950) is re-

enforced from previous studies comparing simple and complex models (Rotzoll et al., 

2013).  

A comparison of the hydraulic properties between Salt Spring and surrounding 

Gulf Islands was done using pumping and tidal response test data. No new pumping test 

data were available for analysis for the other Gulf Islands. Datasets from pumping tests 

performed on Salt Spring Island were compared with values from Allen et al. (2002). 

Tidal response test values and datasets derive from three sources: Scibek et al. (2013), 

BC observation wells and datasets from Saturna Island (1998 and 2001). The average 

transmissivity value calculated from pumping tests for sandstone is 1.4x10-5 m2/s and 
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1.9x10-5 m2/s, and 1.6x10-5 m2/s for mudstone, for Salt Spring and the Gulf Islands, 

respectively. K values are also very consistent; they vary between 2.4x10-7m/s and 

4.7x10-7 m/s for both rock types on Salt Spring and the Gulf Islands. This analysis shows 

transmissivity is comparable between Salt Spring Island and other Gulf Islands for both 

sandstone and mudstone-dominant formations. Similar conclusions are drawn for 

hydraulic properties estimated from tidal response tests. It was found that most values 

for all three properties (diffusivity, transmissivity and hydraulic conductivity) are within 

the same range on surrounding Gulf Islands and that values are also comparable 

between rock types. With few exceptions, diffusivity is usually of the order of 10-1 to 1 

m2/s, transmissivity between 10-5 and 10-3 m2/s, and hydraulic conductivity between 10-7 

and 10-6 m/s. 
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Chapter 5.  
 
Comparing Transmissivity Values from Pumping 
Tests and Tidal Response Tests in Fractured Rock 
Aquifers 

5.1. Abstract  

Coastal aquifers offer a unique opportunity to extend traditional aquifer testing 

methods (e.g. pumping tests) to include tidal response tests. In this study, transmissivity 

(T) values from 129 pumping tests (short and long duration) using different analytical 

methods (Theis, Cooper-Jacob and Theis Recovery) and 29 tidal response tests 

(estimated from Jacob’s amplitude and time lag methods) are compared. The fractured 

rock aquifers tested are broadly comprised of sandstone and mudstone, with some 

volcanics. The average T values from long duration pumping tests are 2.2x10-5 and 

1.9x10-5 m2/s for sandstone and mudstone, respectively. Short duration tests yield 

average T values less than half an order of magnitude smaller (sandstone: 7.8x10-6 

m2/s; mudstone: 4.9x10-6 m2/s). Average T for igneous rock was 4.8x10-4 m2/s (test 

duration unknown). Most frequently, the T values in these rock types range from 10-6 to 

10-5 m2/s. For the tidal response tests, average T values are greater when calculated 

with the time lag method (sandstone: 1.5x10-4 m2/s; mudstone: 6.9x10-4 m2/s; igneous: 

6.4x10-4 m2/s) than with the amplitude method (sandstone: 5.5x10-5 m2/s; mudstone: 

4.2x10-5 m2/s; igneous: 3.0x10-5 m2/s). Most frequently, T values for both methods 

(regardless of being in sandstone or mudstone) range from 10-4 to 10-5 m2/s. The results 

show remarkable consistency between test type and rock type, although perhaps a slight 

scale effect is detected.   
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5.2. Introduction 

5.2.1. Pumping tests 

Pumping tests stress the aquifer at a point in space (the well screen or open 

borehole in the case of fractured rock), in contrast to tidal response tests which rely on a 

boundary condition (fluctuating tide) that influences a broad aquifer area adjacent to the 

coast. Pumping tests in fractured rock can be influenced by discrete fractures 

intersecting the well and by fractures in close proximity to the well, particularly at early 

times during the test (Allen, 1999; Gernand and Heidtman, 1997; Nastev et al., 2004). 

For longer pumping times, as the zone of influence increases, such local heterogeneities 

can play a lesser role and the response can reflect the bulk aquifer hydraulic properties. 

It has been demonstrated that when large, discrete fractures are located far away from 

the pumping well or when the rock is uniformly fractured, radial flow is often observed 

during the whole duration of the pumping test (Allen, 1999) (Figure 5.1). In such cases, 

the fractured aquifer tends to behave as an equivalent porous medium (EPM) (Nastev et 

al., 2004) and the traditional Theis (1935) or Cooper-Jacob (1946) methods of analysis 

can be used to analyze the drawdown data.  
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Figure 5.1.  Schematic of radial flow response in a fractured rock aquifer when 

fracturing does not lead to linear response. a) plan view of drawdown with 
time in the aquifer, b) drawdown versus time on a log-log graph 
(schematic Theis curve). 

In contrast, a dominant transmissive fracture near the well’s zone of influence 

can impact the aquifer anisotropy at large scale (Allen and Michel, 1997; Gernand and 

Heidtman, 1997). When the well is located within or nearby such a fracture, flow can 

remain linear during the entire pumping test; methods such as Gringarten (1975) should 

be used to determine the aquifer properties (Figure 5.2).  
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Figure 5.2.      Linear flow response in a fractured rock aquifer where the well intersects 

a large transmissive vertical fracture. a) plan view of drawdown with time 
in the aquifer, b) drawdown versus time on a log-log graph (Gringarten 
(1975) type curve). 

Pumping tests conducted in fractured rock aquifers can also show both linear 

and radial (pseudo-radial) responses (Allen and Michel, 1998; Allen, 1999) (Figure 5.3). 

A radial flow response is more commonly observed at late-time at pumping and 

observation wells. At late-time, a larger area is sampled so the influence of discrete 

fractures decreases (Gernand and Heidtman, 1997; Nastev et al., 2004). If late-time 

pumping test data are analyzed, radial flow behaviour is often observed and common 

analytical methods such as Theis can be used (Gernand and Heidtman, 1997; Allen, 

1999). The derivative method (Bourdet et al., 1984) can be used as a tool to determine 

the radial (or pseudo-radial) portion of the pumping response. 
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Figure 5.3.     Schematic of linear and radial flow response in a fractured rock aquifer 

where the well intersects a transmissive fracture. a) plan view of 
drawdown with time (after Kruseman and de Ridder, 1990), b) drawdown 
versus  time on a log-log graph. 

5.2.2. Tidal response tests 

In coastal areas, tidal fluctuations influence groundwater levels dynamically. 

Variations in hydraulic head in coastal wells oscillate with ocean tidal cycles (Figure 5.4). 

Transmissivity and storativity, tidal period and amplitude of ocean tides and coastal well 

distance inland are the major factors that determine hydraulic head fluctuations in the 

well (Ferris, 1951 from Jha et al., 2008). In a homogeneous and isotropic aquifer, the 

further from the coast the well is located, the smaller the amplitude and the greater the 

time lag response in the well (Fetter, 2001). Tidal analysis methods are useful to 

determine aquifer hydraulic properties at a regional scale given the large area captured 

during such hydraulic tests (Jha et al., 2008).  
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Figure 5.4. Tidal signal in well at high and low tides in a confined aquifer.  

A tidal cycle is characterized daily by a 'high' high tide, a 'high' low tide, a 'low' 

high tide and a 'low' low tide, which is called a mixed tide. When coastal well water levels 

are affected by ocean tides, the water level in the well rises and falls with the tides, 

although the amplitude of the oscillation is damped and there is a delay (lag) in the 

response (Figure 5.5).  

 
Figure 5.5. Tidal signal detected in observation well 281, Salt Spring Island (BC). 

Shown also is the predicted tidal fluctuations at a nearby tidal gauge (data 
from Pentcheff, 2013). 
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The response of the aquifer to a tidal signal can be used to estimate the 

diffusivity (D or T/S) of the aquifer. Classical tidal analysis solutions were first presented 

by Jacob (1950) and Ferris (1951). These are direct methods inferred from the tide-

aquifer physical relationship (Jha et al., 2008). These solutions were developed for 

simple aquifer geometries and are intended for one-dimensional, homogenous, isotropic, 

confined and semi-infinite aquifers with a sharp boundary subject to ocean tidal 

fluctuations (Jacob, 1950 and Ferris, 1951 from Rotzoll et al., 2013). Large aquifer area 

at the coast and uniform aquifer thickness, an aquifer that is fully penetrated by the 

surface-water body (ocean), and an immediate release of water with decline in pressure 

at a proportional rate are other conditions required for solution (Ferris, 1951). Several 

analytical methods have since been developed to analyze tidal response data in more 

complex aquifer systems. Van der Kamp (1972) developed an analytical method for 

subsea formations separated from the ocean by a confining unit. Li and Jiao (2001) 

presented a method to be used for a leaky confined aquifer separated from an 

unconfined aquifer by a semi permeable layer. Given the lack of hydrogeological data 

that can be used to characterize the aquifer system, simple analytical models (e.g. 

Jacob 1950) remain commonly used. Transmissivity values obtained from simple 

methods have been proven acceptable when compared with results from numerical 

models in complex aquifer systems (Rotzoll et al., 2013). Few studies, however, have 

explored the use of tidal response testing in fractured rock aquifers. Carr and van der 

Kamp (1969) modified the Ferris (1951) analytical method in an attempt to extract 

individual values of hydraulic conductivity and specific storage in a fractured rock aquifer 

system. By comparing results with pumping test data collected in the same region, they 

concluded results were comparable between field methods.  

The Jacob (1950) method can be carried out in two fashions: by considering 

amplitude differences and the time lag between the tidal signal itself and the water level 

response in the well. For this study, both methods were used where possible:  
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Amplitude method:  

        (5.1) 

Time lag method:  

          (5.2) 

where x is the distance from the well to the coast (m); tp is the tidal period; Hx is the 

amplitude of the water level signal in the well (m); H0 is the amplitude of tide signal (m); 

and τ is the time between tide peak and water level peak (sec). Measurements of 

amplitude are made from the water level datasets, by subtracting the minimum from the 

maximum water level (for one cycle) and dividing by 2, for water level signals in each of 

well and the tide. 

If an independent estimate of storativity (S) is available, the transmissivity (T) can 

be calculated.  

                                                                                                                (5.3)  

When both tidal response and pumping tests are available, it is possible to 

assess the spatial variability of hydraulic parameters in the aquifer system (Jha et al., 

2008). The advantage of tidal response testing over pumping tests in fractured rock is 

that the aquifer is stressed over a much larger area, potentially yielding T values that 

reflect the network of interconnected fractures rather than discrete fractures that often 
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dominate a pumping test as discussed above. In this study, the T values from late-time 

pumping tests (those thought not to be influenced as strongly by linear flow) and tidal 

response tests are compared. The southern Gulf Islands, in British Columbia, Canada is 

used as the study area because a substantial database is available. 

5.3. The study area 

The southern Gulf Islands, comprising more than 40 islands, are located in the 

southwest corner of British Columbia, between Vancouver Island and the mainland, 

along the southern tip of Vancouver Island (Figure 5.6). The coastlines are rocky and 

either defined as steep cliffs or low relief outcrops (Mackie, 2002). The highest elevation 

point is found on Salt Spring Island at 704 m (Hodge, 1995). 
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Figure 5.6. Location map of the southern Gulf Islands. The islands considered in this 

study are highlighted in dark grey. 

The surficial sediments are generally thin (<18 m) or absent, and are of fluvial, 

marine and glacial material (Halstead, 1967 from Kohut et al., n.d.). They are found 

mainly at valley bottoms (Mackie, 2002) overlying fractured bedrock. Consequently, a 

large amount of bedrock is exposed at surface (Kohut et al., n.d.). The sediments do not 

normally provide significant amounts of groundwater except perhaps in localized areas 

where they are thicker (Hodge, 1995); the main aquifers are the fractured bedrock units. 

The bedrock is comprised primarily of the Upper Cretaceous Nanaimo Group 

(sedimentary rock). Eleven formations have been identified and recognized as 

successions of sandstone-conglomerate units interbedded by mudstone and fine grained 

sandstone (Mustard, 1994). Older rocks from the Sicker Group, Mount Gabbro Sills and 

Saltspring Intrusions are also located on the south portion of Salt Spring Island. These 

are mainly composed of fractured breccia, felsic tuff, pyroxene, granite, and granodiorite 
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(Greenwood, 2009). The structural distribution of the Nanaimo Group is defined by 

multiple ancient deformational (Mustard, 1994) and more recent glacio-isostatic 

deformations (Clague, 1983). Thus, an extensive system of faults, bedding planes, joints 

and fractures characterize the bedrock (Journeay and Morrison, 1999). Groundwater is 

mainly derived from the fractures and the complex network of fractures at different 

spatial scales influences the aquifer properties (Surrette et al., 2008). Primary porosity of 

the Nanaimo Group is minor and estimated at < 5% from oil industry tests (reported by 

Mustard, 1994). 

To more broadly characterize the hydrogeology of the Gulf Islands, three 

hydrostructural domains have been defined by Mackie (2002) in the Nanaimo Group: 

fracture zone domain, highly fractured inter-bedded mudstone and sandstone, and less 

fractured sandstone domain. These domains are used to classify flow systems and 

aquifer hydraulic properties of aquifers in the Nanaimo Group (Surrette et al., 2008).  

5.4. Methods 

5.4.1. Pumping tests 

A total of 129 constant discharge pumping tests were analyzed. These included 

results from a re-analysis of 113 short and long duration tests by Allen et al. (2002) in 

addition to 16 recently acquired pumping tests, which had not been included in the study 

by Allen et al. (2002). T values were estimated either by using standard analytical 

methods (e.g., Cooper-Jacob and Theis Recovery) and/or from the calculation of specific 

capacity coupled with the Batu (1998) formula for confined aquifers (see Section 4.2.2). 

Standard analytical solutions applicable for radial flow were used because radial (or 

pseudo-radial) flow was observed in all wells. In all cases, the data were analyzed in a 

consistent fashion, using the derivative plot to identify the radial flow period. 

The results were then classified by rock type (sandstone, mudstone or igneous) 

and test duration (short: < 3 hours; long: ~ 48 hours). All tests performed in sedimentary 

rocks were conducted in the Nanaimo Group. To this date, there are no pumping test 

data available in the igneous rock of the Gulf Islands. However, T values for igneous 



 

120 

rock were estimated by Kenny (2004) from four pumping tests conducted in 

southeastern Vancouver Island in an aquifer composed mainly of granite (Kenny, 2004), 

a rock type that is comparable to the igneous rocks found only on Salt Spring Island. 

While some pumping wells had sufficient information to be marked on a location map, 

many wells had insufficient geographical information to be located, and for some, the 

location had to remain confidential. Islands on which pumping tests were performed are 

highlighted in Figure 5.7.  

 
Figure 5.7. Location map of tidal wells, tide gauges and pumping tests on each island 

in the study area. Arrows point to the approximate location of barologgers 
used for correcting tidal data for barometric variations. A large number of 
pumping tests could not be specifically located – just the island and rock 
type were available. The islands where pumping tests were performed 
are marked with a star. 

Allen et al. (2002) analyzed the pumping test data using a range of analytical 

methods (for radial flow and linear flow). They found that if the radial portion of the 
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response curve was used (as discussed above), the T values did not differ significantly 

from those calculated using linear flow methods. Thus, as a first step in this study, the T 

values from the various standard analytical methods were compared so that a single 

value could be carried forward for comparison among rock types and with the tidal 

response data. The result from the method yielding the lowest T value was chosen for 

this purpose. Accordingly, the differences in log T values were calculated for every well 

for which at least one of the following combinations exist: (1) Theis and Cooper-Jacob; 

(2) Theis and Recovery and (3) Cooper-Jacob and Recovery. Table 5.1 shows the 

number of datasets available, including long and short duration tests for each rock type. 

Table 5.1.  Number of datasets for which the difference in log T values was 
compared. 

 Analytical methods 

 Theis – Cooper- Jacob Theis - Recovery Cooper-Jacob - Recovery 
Test duration Long  Short Long  Short Long  Short 

Rock type       
Sandstone 32 69 25 59 29 59 
Mudstone  6 5 6 4 7 4 

5.4.2. Tidal response tests 

The tidal response tests data were collected from two sources: abandoned (or 

not yet put in use) domestic wells and provincial observation wells. For the domestic 

wells, sampled as part of this study, all transducers were programmed to record 

pressure and temperature every five minutes. Water levels were also extracted for 

provincial observation wells (BC Ministry of Environment, 2013b) on Salt Spring, Pender, 

Mayne, Saturna and Galiano Islands for a period corresponding to the field expedition in 

June 2013. Water levels were recorded every hour and reported as depth to water. For 

all datasets, raw data were corrected for barometric pressure variations. Historical data 

from Saturna Island (1998 and 2001) and Gabriola Island (Scibek et al., 2013), collected 

in the same manner, were gathered. Some of these data were re-analyzed as part of this 

study. A total of 39 wells were analyzed in this study (Figure 5.7).  
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Tidal heights were obtained from existing tidal monitoring stations situated 

around the Gulf Islands (Pentcheff, 2013). In addition, two titanium cased pressure 

transducers (HOBO U20 Water Level Data Loggers - 4 m range) were positioned on 

piers at strategic locations (Salt Spring Island) to record actual tide levels during the field 

expedition in June 2013 (Figure 5.7).  

When local effects (e.g., pumping) are strong enough to mask tidal signals, water 

level data could not be used (Appendix B1 and B3). Wells with an irregular amplitude 

signal due to local effects (e.g. pumping) but showing regular peaks were analyzed 

using the time lag method only. Transmissivity was estimated from Equation 5.3 using a 

S value representative of the Gulf Islands bedrock aquifers (Section 4.3.4). Very few S 

values are available from the pumping test data for mudstone-dominant formations (1) 

and igneous rock (4), however, the S values fall within the range estimated for 

sandstone-dominant formations (2.4x10-7 to 3.7x10-2). Therefore, the average S value of 

2.9x10-4 from all the pumping tests was used to estimate transmissivity for the tidal 

response tests conducted in the mudstone-dominant formations and the igneous rocks. 

For comparison, transmissivity values for tidal response testing on Gabriola Island were 

estimated using a storativity of 1x10-4 (Scibek et al., 2013). Transmissivity for all wells 

showing a tidal signal were grouped and classified according to rock type (sandstone, 

mudstone or igneous).  

Comparing estimated T values  

The average and range of T values for all rock types and for each analytical 

method were calculated for pumping and tidal response tests. For pumping tests, T 

values are reported according to which analytical method was used (Theis, Jacob or 

Recovery and Batu) and test duration. Also, histograms were used to display T values 

from both pumping and tidal response tests in the three rock types. For pumping tests, 

the differences in log T values were compared to assess the magnitude difference 

between analytical methods. For tidal response tests, histograms for sandstone and 

mudstone using amplitude and time lag methods were generated. As described in 

Section 4.2, some T values were estimated using the reported specific capacity (from 
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yield testing), but these datasets were not included in this comparison which focused 

solely on pumping test data. 

5.5. Results 

5.5.1. Pumping tests 

For the majority of tests, the difference in log T values is not significant between 

all combinations of analytical methods for both sandstone and mudstone. A small 

percentage of T values differ by one or more orders of magnitude, as shown in  

Table 5.2. Histograms are shown in Appendix E. The majority have T values that 

fall within one order of magnitude of each other. This analysis shows there are only 

minor differences in T values estimated from the three methods. Table 5.3 shows the 

percentage of tests by rock type and test duration where a negative log T difference was 

calculated. Negative log T results mean that the first test listed in Table 5.3 yielded 

smaller T values than the method it is compared with. From this assessment, it was 

determined that the Theis method generally yields slightly lower T values than Cooper-

Jacob (>66.7%) and Recovery (>50%), and Cooper-Jacob yields slightly lower T values 

than Recovery (>57.1%). The T values estimated from Theis are the most conservative. 

Thus, when Theis T values are available for a well, this value was used as the 

representative value, followed by the estimates from Jacob and Recovery, respectively.  

Table 5.2. Percentage of tests where the difference in T between analytical 
methods and test duration is more than one order of magnitude. 

 
Test duration 

Rock type Long  Short 
Sandstone 5.8% 7.2% 
Mudstone 0% 7.7% 
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Table 5.3.  Percentage of tests by rock type and test duration where a negative 
log T difference was calculated. Negative log T results mean that the 
first test listed yields smaller T values than the method it is 
compared with. 

 
Analytical methods 

 

Theis –  
Cooper-Jacob 

Theis –  
Recovery 

Cooper-Jacob - 
Recovery 

Test duration Long  Short Long  Short Long  Short 
Rock type 

      Sandstone 78.1% 72.5% 84% 71.2% 86.2% 67.8% 
Mudstone 66.7% 100% 50% 100% 57.1% 100% 

In Table 5.4, average T values and range are reported by rock type. T values are 

similar for the different sedimentary rock types. For both, minimum values are of the 

order of ~10-6 m2/s and ~10-7 m2/s for long and short duration tests, respectively. The 

average T values are also approximately one order of magnitude larger for the long 

duration tests (~10-5 m2/s) compared to ~10-6 m2/s for the short duration tests. The 

maximum T values are greater for sandstone by up to three orders of magnitude. The 

range for igneous rock is 3.2x10-4 to 7.3x10-4 m2/s, with an average of 4.8x10-4 m2/s. The 

averages, minimum, maximum and standard deviation T values by rock formation are 

available in Appendix F. 

Table 5.4.  T values estimated by rock type and test duration. 

Transmissivity (m2/s) 

 
Sandstone 

Test duration Min  Max Average 
Long 1.6E-6 2.3E-3 2.2E-5 
Short 3.4E-7 5.4E-2 7.8E-6 

 Mudstone 
Long 2.7E-6 6.0E-5 1.9E-5 
Short 7.6E-7 3.6E-5 4.9E-6 

 Igneous 
Unknown  3.2E-4 7.3E-4 4.8E-4 

Four histograms show the distribution of T values for sandstone and mudstone 

for each of long and short duration tests (Figure 5.8). The bin value is the upper limit of 
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the range (i.e. within the 10-5 m2/s bin the T values are smaller or equal to 10-5 m2/s and 

greater than 10-6 m2/s). The cumulative percentage of T values is also shown. These 

histograms show that T values of the order of 10-6 and 10-5 m2/s are most frequent for 

both rock types and for both testing duration. 
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Figure 5.8. Histograms of transmissivity for a) sandstone estimated with long duration 

pumping tests, b) sandstone estimated with short duration tests, c) 
mudstone estimated with long duration tests, and d) mudstone estimated 
with short duration tests. 
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5.5.2. Tidal response tests 

Twenty-nine out of 39 wells showed sufficient tidal signal to apply the amplitude 

and/or time lag method: 19 wells are located in sandstone formations, 9 in mudstone 

formations, and 1 in igneous rock. Diffusivity and transmissivity were calculated for these 

wells (Appendix G).  

The range in transmissivity is greater using the time lag method than the 

amplitude method for both sandstone and mudstone. Using the time lag method, T 

ranges from 1.1x10-6 to 2.8x10-2 m2/s for sandstone, and 6.8x10-6 to 1.3 m2/s for 

mudstone. With the amplitude method, T ranges from 1.0x10-6 to 1.0x10-3 m2/s in 

sandstone, and 1.0x10-6 and 4.0x10-4 m2/s in mudstone. Transmissivity estimated for 

igneous rocks using both methods falls within the range estimated for sandstone and 

mudstone: 3.0x10-5 m2/s (amplitude method) and 6.4x10-4 m2/s (time lag method). For all 

rock types, the amplitude method yields lower average T values compared to the time 

lag method by approximately one order of magnitude (Table 5.5).  

Table 5.5. Transmissivity estimated from the amplitude and time lag methods 
for tidal response tests. 

Transmissivity (m2/s) 
Sandstone 

 Min Max Average 
Amplitude 1.0E-6 1.0E-3 5.5E-5 
Time Lag 1.1E-6 2.8E-2 1.5E-4 

Mudstone 
Amplitude 1.0E-6 4.0E-4 4.2E-5 
Time Lag 6.8E-6 1.3E0 6.9E-4 

Igneous 
Amplitude 3.0E-5 3.0E-5 3.0E-5 
Time Lag 6.4E-4 6.4E-4 6.4E-4 

Figure 5.9 shows the frequency of T values for sandstone and mudstone using 

each of the amplitude and time lag methods. Again, the bin value is the upper limit of the 

range. Using the amplitude method, both sandstone and mudstone record higher 

frequency of T values on the order of 10-5 and 10-4 m2/s (Figure 5.9a and b). With the 
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time lag method (Figure 5.9c and d) the T values span a greater range than with the 

amplitude method. Yet, as previously observed for the amplitude method, T values on 

the order of 10-5 m2/s are the most frequent.  
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Figure 5.9. Histograms of transmissivity for a) sandstone estimated with the 

amplitude method, b) mudstone estimated with the amplitude method, c) 
sandstone estimated with the time lag method, and d) mudstone 
estimated with the time lag method. 
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5.6. Discussion 

5.6.1. Comparison of estimated T values from pumping and tidal 
response tests  

Table 5.6 shows similarity in T values between analysis methods and the three 

rock types. In this table, the results from long and short duration pumping tests are 

combined. For tidal response tests, the amplitude method was chosen because it yields 

more conservative T values than the time lag method 65% of the time.  

Average T values for all three rock types are estimated to be within the 10-6 to  

10-4 m2/s range. Yet, pumping tests appear to yield slightly smaller T values than tidal 

response tests for sandstone and mudstone. Pumping tests generally yield average T 

values that are smaller than tidal response tests by less than half an order magnitude 

(pumping: 1.3x10-5 m2/s; tidal response: 5.2x10-5 m2/s) and mudstone (pumping: 9.5x10-6 

m2/s; tidal response: 4.2x10-5 m2/s). Average T values are very similar between testing 

methods for igneous rock, (pumping: 4.8x10-4 m2/s; tidal response: 1.4x10-4 m2/s).  

Table 5.6. T values estimated from pumping and tidal response tests for 
sandstone, mudstone and igneous rock.  

Transmissivity (m2/s) 
Pumping tests 

 
Min  Max Average 

Sandstone 3.4E-7 5.4E-2 1.3E-5 
Mudstone 7.6E-7 6.0E-5 9.5E-6 
Igneous 3.2E-4 7.3E-4 4.8E-4 

Tidal response tests 
Sandstone 1.0E-6 1.0E-3 5.2E-5 
Mudstone 1.0E-6 4.0E-4 4.2E-5 
Igneous 3.0E-5 6.4E-4 1.4E-4 

The average T values show that late time pumping tests and tidal response tests 

have remarkably similar T values. However, despite the similarity, it appears that T 

values estimated from pumping tests are slightly lower, except for igneous rock (Table 

5.6). This could possibly be explained by a scale effect.  As illustrated by the histograms 
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in Section 5.5, T values on the order of 10-5 m2/s are the most frequent for both methods, 

but the second most frequent order of magnitude differs between aquifer test methods 

(pumping: ~10-6 m2/s; tidal response: ~10-4 m2/s). A scale effect in fractured rock has 

been observed in previous studies. Abbey and Allen (2000) showed that slug/bail tests 

and pumping tests resulted in different T values; the T values from the slug/bail tests 

were slightly higher, possibly due to the influence of fractures intersecting the borehole. 

Likewise, Nastev et al. (2004) observed a direct relationship between hydraulic 

conductivity (K) estimates and methods used; single-well pumping and specific capacity 

tests were found to yield K values almost one order of magnitude higher than constant-

head injection tests. Similarly, K was observed to increase with pumping test radius in a 

study conducted by Rovey II and Cherkauer (1995).  

For the present study, the relatively lower average T values estimated from the 

pumping tests could be explained by bias in the timing of radial flow in the short duration 

tests. As shown by Schulze-Makuch and Cherchauer (1998), K (hydraulic conductivity 

(T/b)) increases at later time during the same pumping test. As well, Gernand and 

Heidtman (1997) noted that short duration tests are likely to fail in showing 

interconnectedness of fractures. Consequently, T calculated from radial flow periods in 

short duration tests in the present study may be of smaller magnitude. In this study, 

average and minimum T values calculated for long duration tests are greater than those 

of the short duration tests (see Section 5.5.1). This suggests that short duration pumping 

tests might be biasing the average T results, yielding slightly lower overall estimates of T 

compared to the tidal response testing. Here, it is not possible to fully verify the 

observation by Schulze-Makuch and Cherchauer (1998) because the short and long 

duration tests are conducted in different wells, at different times.  

A number of limitations to this study should be mentioned: 

• Small measurement errors can be expected to influence the results. For 
instance, an overestimated distance of the well from the coast would increase 
diffusivity (see Section 5.2.2) and consequently transmissivity. Similarly, an 
overestimated drawdown during pumping test analysis results in a smaller T 
(see Section 4.2.2). 

• The range in T calculated for the pumping tests is dependent on the portion of 
the curve analyzed. In this study, the radial portion of the drawdown curve was 
used; this being identified using the derivative analysis. However, sometimes 
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the derivative curve was difficult to interpret. As a result, the analysis had 
some element of subjectivity.  

• The same S value was used for all rock types, including igneous. This can 
introduce error because, as shown from the estimated range of T values, S 
also likely varies spatially.  

• S values were estimated from pumping test data and their use for the larger 
scale tidal response tests may not be appropriate. Additionally, the data for S 
were limited because unfortunately, interference tests (pumping well and 
observation well) are rarely available. 

• The number of tidal response tests used in this study is considerably smaller 
than the number of pumping tests. Therefore, the sample size may not be 
sufficiently large to enable a rigorous comparison.  

• The conditions established by Jacob (1950) for the use of both the amplitude 
and time lag methods and, for that matter, for application of the Theis, Cooper-
Jacob and Theis Recovery methods are not strictly met. The high degree of 
heterogeneity of the aquifers in the study area due to variations in lithology 
and fracturing does not agree with most conditions: confined, homogeneous 
and isotropic. In addition, the aquifers likely have boundaries (unconfined 
behavior at very late time during pumping). The ocean boundary is likely not 
as sharp as what is required by the analytical solution, and the difference in 
the timing and height of tides at the gauge differ from that at the shoreline 
where it interacts with the aquifer, leading to lack of accuracy in the calculation 
of diffusivity. 

• Lastly, wells in the study area for which pumping test data were available were 
oftentimes drilled in or near fracture zones where higher yields could be 
expected. The test data derived from numerous consulting reports that are 
required under provincial regulation for testing of water supply wells (BC 
Ministry of Environment, 2007). As a result, T values obtained from the 
pumping tests analyzed in this study may be biased because of the strategic 
location of the wells near fracture zones.  Yet, as discussed previously, the T 
values were estimated from late time pumping test data, which in theory would 
be less influenced by local scale fracturing and generally more representative 
of the bulk fractured aquifer.  

5.7. Conclusion 

Transmissivity values obtained from 129 pumping tests and 29 tidal response 

tests conducted within fractured rock aquifers were compared by rock type and analysis 

method. Estimated T values from three standard pumping test analytical methods 

(Theis, Jacob and Theis Recovery) were not significantly different. The Theis T was 

identified as yielding the most conservative T values. Average T values were found to 
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vary from ~10-6 to ~10-4 m2/s for the three rock types, with an overall range between  

~10-7 and ~10-2 m2/s for all rock types. Histograms showed that 10-5 m2/s is the most 

frequent order of magnitude for T, followed by 10-6 m2/s. Similar results were found from 

tidal response testing. Average T values were estimated to be of 10-5 or 10-4 m2/s with an 

overall range of ~10-6 to ~10-3 m2/s. The most frequent order of magnitude is 10-5 m2/s 

followed by 10-4 m2/s. Overall, average T values were found to be similar between rock 

types, with pumping tests yielding slightly higher values, except for igneous rock where 

10-4 m2/s is estimated from pumping tests and 10-5 m2/s from tidal response tests.  

A potential scale effect is detected, but given the numerous limitations of the 

dataset, the results are generally inconclusive. Nevertheless, it is possible to conclude 

that T values estimated from late time flow response data in fractured rock aquifers are 

comparable to values obtained from larger scale tidal response testing in this geological 

setting. In addition, this study shows that simple analytical methods such as Jacob 

(1950) can be used to estimate aquifer hydraulic parameters in complex aquifer systems 

such as fractured rock aquifers. 
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Chapter 6.  
 
Modeling Aquifer Response to Sea Level Rise, 
Changes in Recharge, and Groundwater 
Development in a Fractured Rock Aquifer 

6.1. Introduction 

Among other uses, numerical modeling can be used to estimate and predict how 

a groundwater system might respond to a change in the physical environment. Prior to 

imposing environmental stresses on a model, it is essential to develop a sound 

conceptual model in order to ensure predictions are as accurate as possible given the 

amount of hydrogeological and hydrological information available. The conceptual model 

is then calibrated to existing conditions measured on-site, such as hydraulic heads or 

concentrations. Once calibrated (the model reasonably represents the anticipated 

behaviour and observed data), stressors can be imposed and predictions of groundwater 

flow behavior can be made. 

The choice of an appropriate modeling code is very important. Most groundwater 

flow models consider groundwater that has constant density of about 1000 kg/m3. This 

assumption is mostly valid for groundwater systems with low total dissolved solids (TDS) 

(i.e., the groundwater is considered fresh). Problems can be solved under steady-state 

and transient conditions. Steady-state models (hydraulic heads do not vary with time) 

are used to represent groundwater systems under average conditions, and are 

calibrated to field data measured either at a specific time (a synoptic view) or using data 

collected over a long period that are assumed not to vary significantly over long time 

periods. Time-dependent (or transient) models seek to demonstrate changes in 

groundwater heads over some specified time interval, such as during a pumping test, 

seasonally or interannually, and are evaluated using data collected in a corresponding 
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time interval (Anderson and Woessner, 2002). When flow of miscible3 fluids of variable 

density is considered, as in the case for investigating saltwater intrusion, codes that 

incorporate density-dependent flow and solute transport are used (Anderson and 

Woessner, 2002). Solving density-dependent flow and solute transport problems 

requires transient simulations and often long computational times due to the coupled 

nature of the problem. 

In this chapter, a detailed conceptual model for a small study site (Swan Point) 

on Salt Spring Island is first described. Based on this conceptual model, a “fresh” 

groundwater flow model is developed using Visual MODFLOW (Schlumberger Water 

Services, 2011). The model is calibrated to hydraulic heads measured at various wells 

under assumed average conditions. Then, a transient model is run to simulate the tidal 

response of the aquifer. Generally, these two fresh water simulations are carried out to 

test the imposed model boundary conditions and constrain the aquifer parameters (K, Ss 

and Sy). Next, a density-dependent flow and transport model is run using SEAWAT 

(USGS, 2014a). This “saltwater” model aims to define the position of the saltwater 

wedge. The model is then used to investigate the sensitivity of the aquifer to potential 

impacts of climate change including sea level rise, change in recharge, and increased 

pumping.  

6.2. Conceptual model  

In general, groundwater in coastal regions recharges at higher elevation and 

discharges along a seepage face where the land and the ocean meet (Figure 6.1).  

 
3 Flow of immiscible fluids (such as oil and water) requires a multiphase code. 
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Figure 6.1. Schematic of groundwater flow in coastal aquifers. 

The seepage face develops due to the density contrast between freshwater and 

saltwater as discussed in Chapter 1. If a freshwater model is developed to represent this 

type of system, then the model boundary condition at the ocean edge is assigned in 

such a way as to generate this seepage face. If a density-dependent flow and transport 

model is used, the freshwater seepage face develops naturally above the saltwater 

wedge, which typically extends inland (also shown in Chapter 1). The extent of the lens 

inland, the salinity distribution, and the location of the seepage face reflect the hydraulic 

gradient towards the coast and the various properties assigned to the model (density of 

fluids, salinity, permeability, dispersivity, etc.).  

This section describes the conceptual model of the Swan Point site, followed by 

the methods used to determine model boundary conditions, the input parameters, and 

the range of values for each model parameter (hydraulic conductivity, recharge, etc.). 

6.2.1. The Swan Point site  

The area considered for the Swan Point model, along with the model domain, is 

shown in Figure 6.2. Details concerning how the model domain was defined are 

described in Section 6.4.1. Swan Point is situated on the northwestern coast of Salt 

Spring Island. Booth Bay forms the northwest boundary and Booth Inlet the northeast 

boundary. Ground surface elevation rises gently near the coast (from 0-50 m) over a 

distance of roughly 650 m, and then more steeply reaching an elevation of 400 masl 

some 2 km from the coast. The ocean boundary is along the 0 m elevation contour. The 

ocean floor slopes to the north at approximately 2.5° based on bathymetry.  
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Figure 6.2. Area considered for the Swan Point model. The model domain is also 

shown. 

6.2.2. Site stratigraphy  

Swan Point is situated in sedimentary rock (Nanaimo Group) (Figure 6.3). The 

stratigraphy of the Swan Point area was inferred from the island scale geological map 

and cross-sections developed by Greenwood and Mihalynuk (2009). No detailed 

stratigraphy is available for Swan Point. At surface, the geology consists of the 

mudstone-dominant Ganges (Pender) Formation, which is described as a thin-bedded 

mudstone, siltstone and fine-grained sandstone (Greenwood and Mihalynuk, 2009). The 

formation dips to the north at 55-70° and is underlain by the sandstone-dominant 

Extension Formation, which is interpreted to be encountered at a depth of ~100 m near 

the contact based on dip. From the island scale geological cross-section (section A-A’ in 
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Greenwood and Mihalynuk, 2009), the Ganges Formation likely extends to a depth of at 

least 800 m below sea level in this area, making the geology generally uniform with 

depth. An examination of well records for the area suggests that, for the most part, wells 

are completed within mudstones. A small inferred thrust fault extends NNW-SSE near 

the contact between the Ganges and Extension; this fault is assumed not to influence 

the stratigraphy in this study.  

 
Figure 6.3. Geology of the Swan point area. The geological formations and fault 

within the model domain are shown (geology from Greenwood and 
Mihalynuk, 2009). 
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6.2.3. Hydraulic conductivity and specific storage  

As described in Chapters 4 and 5, the average hydraulic conductivities (K) in the 

Gulf Islands are very similar across rock types (sandstone, mudstone and igneous), 

although the ranges for each rock type are large. The average and range of estimated K 

values for sandstone and mudstone were calculated using all available pumping tests 

and tidal analysis results for the Gulf Islands. Based on this comprehensive analysis, the 

initial values used in the model are 6.7x10-7 m/s and 8.8x10-7 m/s, for sandstone and 

mudstone, respectively. These values were adjusted during calibration of both the 

steady-state and transient models according to the range of uncertainty. The uncertainty 

interval is as much as five orders of magnitude (for sandstone) (Table 6.1).  

The average and range for specific storage (Ss) were also calculated from 

available estimates from pumping tests in the Gulf Islands. Very few Ss values are 

available for the mudstone and igneous rock (see Chapter 4). For this reason, the Ss 

value calculated for sandstone is used for mudstone, given that fractures in mudstone 

likely offer the same storage potential. The range in Ss for the sensitivity analysis is 

1.9x10-9 to 1.4x10-3 m-1, with an initial estimate of 3.4x10-6 m-1 (Table 6.1).  

Hydraulic conductivity is assumed to be homogeneous and isotropic; however, it 

is likely that the fracture distribution is non-homogeneous, particularly at the well scale 

(variable results from well to well). However, the consistency of values between pumping 

tests and tidal response tests suggests that at some scale, the material can be treated 

as an equivalent porous medium (EPM).  The initial estimates and ranges as well as the 

final calibrated parameter values are summarized in Table 6.1. 
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Table 6.1. Initial input parameters for the numerical model at Swan Point site. 

Parameter Sub 
Parameter Rock Type Initial Estimate  Uncertainty Interval 

Final 
Calibrated 

Value 

Hydraulic conductivity Na Sandstone 6.7E-07 m/s 2.8E-9 - 8.2E-4 m/s 1.7E-6 m/s 

 Na Mudstone 8.8E-07 m/s 3.9E-9 - 1.0E-5 m/s 3.8E-6 m/s 

Specific storage Na Sandstone, mudstone 3.40E-06 m-1 1.9E-9 - 1.4E-3 m-1 2.4E-6 m/s 

Specific yield Na Sandstone, mudstone 1% 0.1-10% 8% 

Porosity Total Sandstone, mudstone 1% 0.1-10% 10% 

                   Effective Sandstone, mudstone 1%  0.1-10% 10% 

Dispersivity  Longitudinal Sandstone, mudstone 10 m 10-400 m 10 m 

                           Transverse  Sandstone, mudstone 1 m 1-100 m 10 m 

Recharge from precip. Na Na 195 mm/year (20%) 29 mm-438 mm      
(3-45%) 

195 
mm/year 

(20%) 

Hydraulic head (remote 
back boundary) Na Na 102.8 m  88-104.3 m 102.8 m 

Flux (side boundaries) Na Na 0 Na  0 

Ocean boundary Na Na 0 masl  Na  0 masl 

Freshwater 
concentration Na Na 0 mg/L  Na 0 mg/L 

Ocean concentration Na Na 24141 mg/L 24141 - 35000 mg/L 24141 mg/L 

Initial concentration 
(SEAWAT) Na Na 24141 mg/L  Na 24141 mg/L  

Na= not applicable. 

6.2.4. Porosity and specific yield 

Porosity and specific yield are related parameters. Total porosity (n) is a measure 

of the capacity of a material to store fluids. Effective porosity (neff) is the total porosity 

less the fraction of the pore space occupied by clay minerals that can clog pores and 

hinder fluid movement, so the porosity available for fluid flow (Fetter, 2001). In very 

clean sands, total porosity is equal to effective porosity. Often, n and neff are assigned 

the same value in a model if the difference is not known. These parameters are very 

difficult to estimate for bedrock, but are critical for simulating time-varying processes and 

solute transport.  
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Primary porosity is considered to be of minor importance in the Gulf Islands 

(Dakin et al., 1983; England, 1990; Mackie, 2002). Primary porosity of the Nanaimo 

Group has been estimated at <5% from oil industry tests (reported by Mustard, 1994). 

Most groundwater flow is believed to occur through fractures which provide secondary 

porosity; however, the range of reported fracture porosity is quite variable and therefore 

highly uncertain. Fracture network porosity in the Nanaimo Group was estimated using 

discrete fracture network modeling based on measured fracture orientation/density 

information and a uniform fracture aperture of 100 µm. Porosity was found to range from 

0.005% to 0.13% (Surrette et al, 2008; Surrette and Allen, 2008; Chesnaux et al., 2009). 

These values are significantly lower than the <5% estimate reported for primary porosity, 

raising some question as to their validity. In fact, these values are also much lower than 

the porosities used in various modeling studies. For example, Allen and Liteanu (2006) 

used a porosity of 5% in a model of Saturna Island that simulated the freshening process 

over the last 10,000 years. Trapp (2011) used a porosity of 3% when attempting to 

simulate seasonal water level fluctuations and tidal responses. For this modeling study, 

a value of 1% is used as the initial input for porosity and effective porosity (same 

values). The range of uncertainty is approximately 0.1-10% based on the studies 

mentioned above (Table 6.1). 

Specific yield (Sy) represents how much water can drain from a material (porous 

or fractured) due to gravity. Sy is always less than n by some amount that represents the 

specific retention (Sr). In unconfined aquifers, Sy can be estimated from long duration 

pumping tests that exhibit unconfined behaviour. Unfortunately, the pumping tests on the 

Gulf Islands rarely display unconfined behaviour and most are of insufficient length to 

estimate Sy. In unconfined aquifer systems, the seasonal rise and fall of the water table 

is dependent on Sy, and a range of values has been used in the water table fluctuation 

(WTF) method to estimate recharge (e.g., Hodge, 1995). In this study, the initial estimate 

of Sy is1%, with a range of uncertainty of 0.1-10%, the same as porosity. Despite the 

overall confined nature of the aquifers on Salt Spring Island, a Sy value is necessary for 

the cells where the water table oscillates in response to tidal fluctuations. 
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6.2.5. Dispersivity  

Dispersivity (used only in the SEAWAT model) is a property of the medium that 

describes how much the solute (here salt) will be dispersed as it is transported. 

Dispersivity is scale dependent, increasing with model size and estimated primarily 

through model calibration against measured concentrations. SEAWAT only includes 

longitudinal dispersivity (along the flow direction) and transverse dispersivity 

(perpendicular to the flow direction). Allen and Liteanu (2006) used a range of 

longitudinal dispersivity varying from 10 to 400 m, and a transverse dispersivity between 

1 and 100 m in a sensitivity analysis for a density-dependent flow and transport model of 

similar scale for the Gulf Islands. Trapp (2011) used initial values of 10 and 1 m, 

respectively, for a much finer grid. In this study, the longitudinal dispersivity is 

considered to be 10 m, and transverse dispersivity 1 m, given the relatively small size of 

the study area (860 m wide by 1050 m long) and the grid size (~10 x ~10 m).  

6.2.6. Sources of freshwater  

Freshwater inputs to Swan Point include groundwater that originates upgradient 

at higher elevation (subsurface flux) and recharge at the ground surface (diffuse 

recharge).  

Static water levels for wells located upgradient are not available in the WELLS 

database (BC Ministry of Environment, 2013a). Therefore, the upgradient head had to 

be estimated from a relationship between topographic elevation and water elevation on 

Salt Spring Island (Denny et al., 2007): 

y = -2E-06x3 + 0.0009x2 + 0.7572x – 6.4758  (R2 = 0.8641)   (6.1) 

where y is water elevation (hydraulic head) and x is topographic elevation. While this 

equation lacks accuracy, it is the best approximation available. Thus, for a well located 

at approximately 140 masl, the static water level is estimated to be 102.8 masl. For a 

range in surface elevation of approximately 110 to 145 masl, the range in water level 

elevation is 88 to 104.3 masl, respectively. The salinity of the upgradient influx of water 

is assumed to be 0 mg/L. 
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Estimates of recharge from precipitation based on several studies were 

discussed in Chapter 2. For the modeling conducted in this study, an initial value of 20% 

of precipitation (or 195 mm/year) is used (Table 6.1). The range of uncertainty for 

recharge, however, is 3-45% (29-438 mm/year). Recharge is assumed to be fresh (0 

mg/L salinity). 

6.2.7. Sources of salinity 

Booth Bay is a potential source of salinity to Swan Point. In June 2013, an ocean 

sample was collected in Booth Bay in the vicinity of the ocean transducer that was used 

to measure tidal heights near the Swan Point site. The total dissolved solids (TDS) 

concentration was 24,140 mg/L at the time of sampling and ocean water temperature 

was 17.15°C. These values correspond to a density of 1017 kg/m3 (CSGNetwork, 2014).  

6.3. Code selection and types of simulations 

Visual MODFLOW was used primarily for model calibration. This code has been 

proven to produce numerically stable solutions (Anderson and Woessner, 2002) and is 

considered an international standard for groundwater simulations (USGS, 2014b). Visual 

MODFLOW does not consider density-dependent flow and solute transport; it simply 

simulates the fresh groundwater flow (uniform fluid density). Appropriate boundary 

conditions (see Section 6.4.3) are assigned to simulate the approximate behaviour of 

groundwater flow where it discharges near the coast (see Section 6.2).The model 

converges relatively quickly on a solution, particularly under steady-state flow conditions; 

therefore, multiple model runs can be carried out quickly to assess calibration.  

Two separate fresh groundwater models were run. The first was a steady-state 

model. The boundary conditions were assessed, and the model was calibrated as best 

possible by varying the hydraulic conductivity (note: Ss, Sy, n, neff, and dispersivity are 

not parameters in a steady-state flow model). The transient model was used to simulate 

the tidal response, and the storage parameters (and K) were again adjusted within 

reasonable ranges to achieve a match to the observed tidal response. This transient 
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model was also used to conduct a sensitivity analysis for all parameters within the 

ranges of their uncertainty. 

The second phase of modeling employed SEAWAT, a density-dependent flow 

and transport code (USGS, 2014a). A transient simulation is required for this code, but 

eventually, the groundwater system (heads and salinity) achieve a steady-state condition 

(i.e., they no longer change with time) as long as the boundary conditions (heads, 

recharge) do not change with time (as was the case for the freshwater transient model 

described above). The tidal variation was not included in this SEAWAT model. No further 

calibration was carried out.  SEAWAT was first run to generate the position of the 

saltwater wedge under current climate conditions. The model was then stressed in two 

separate simulations to examine the sensitivity to sea level rise and a projected change 

in recharge, as well as an increase in pumping.  

6.4. Visual MODFLOW models 

6.4.1. Model domain and grid 

Groundwater flow on Salt Spring Island is assumed to be primarily 

topographically driven. Therefore, the model domain was selected based primarily on 

topography. Figure 6.4 shows the model area in plan view. The model area captures the 

geometry of the coastline, which forms a small promontory near the well that was used 

for tidal analysis. Because tides can potentially influence the aquifer from different 

directions, a 3D model domain was used (Note: a profile model was used for the 

saltwater simulations as discussed in Section 6.5). The upgradient boundary was 

chosen to follow a topographic contour perpendicular to the flow direction. This boundary 

was placed as far back from the coast as possible to avoid the steep slope surrounding 

the peak that may direct flow radially (see Figure 6.2). The back of the model is located 

at an elevation just under 150 masl. The side boundaries were chosen based on the 

surface topography, such that the model edges would be approximately perpendicular to 

topographic slope. This geometry assumes topographically driven flow, which of course 

may not be the case as groundwater flow is influenced by the subsurface geology.  
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From the LiDAR data (Bednardski and Rogers, 2012), an area of interest 

corresponding roughly to the model domain shown in Figure 6.4 was clipped in ArcGIS. 

The surface topography was imported into Visual MODFLOW as a point file. The 

bathymetry was not included due to difficulties importing the data. Inactive cells were 

assigned at the sides and south edges in order to orient the finite difference grid in a 

north-south direction (Figure 6.5). The domain is approximately 860 m wide and 1050 m 

long. There are 100 columns and 100 rows, resulting in a cell size of 8.6 m by 10.5 m. 

The discretization allowed for reasonable definition of the ocean shoreline and 

groundwater flow at this scale. Figure 6.4 also shows the wells used to calibrate the 

steady-state model, and the tidal well used to calibrate the transient flow model.  

 



 

146 

 
Figure 6.4. Swan Point site on Salt Spring Island. The approximate model domain is 

shaded in grey and the tidal well is represented by a black star. All the 
other wells are from the BC WELLS database.  
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Figure 6.5.  Grid (8.6 m x 10.5 m) and inactive cells (dark green). 

The active groundwater flow zone (i.e. the depth to which groundwater circulates) 

is very uncertain. Liteanu (2003) examined the flow velocities in a profile model and 

estimated that they became minimal at a depth of 700 m. Therefore, the model domain 

in that study was set to 700 m depth. Trapp (2011) used a depth of 220 m based on the 

simulated flux being < 0.001 m/day below 220 m. Regional groundwater flow modeling 

studies in bedrock aquifers elsewhere suggest that the active groundwater flow zone is 

100-150 m below ground surface (Welch and Allen, 2012; Gleeson et al., 2011). In this 

study, the base of the model was set to an elevation of -50 m below sea level at the 

upgradient boundary. Therefore, the model thickness ranged from ~190 m inland to 

~115 m along the coast because the uniform cell thickness results in a gently sloping 

bottom boundary as shown in Figure 6.6. Layers thickness was set to 10 m, from ground 

surface to the bottom of the model (Figure 6.6). A finer layer thickness near surface (1 m 

thick) was attempted so that sea level rise (discussed later) could be more accurately 

represented in the model. However, SEAWAT would not converge. 
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Figure 6.6. Model domain shown in profile. The vertical exaggeration is 1.0, which 

represents the true scale of the cross-section. 

6.4.2. Hydraulic property distribution 

The majority of the model domain consists of mudstone. However, as discussed 

in the conceptual model section, sandstone dips beneath the mudstone near the south 

boundary of the model. This sandstone was represented as a wedge (Figure 6.7). These 

two rock types were assigned different property zones for hydraulic conductivity with 

initial K (Table 6.1) values that correspond to the average K values for each rock type.  

 
Figure 6.7. Conductivity zones for the Swan Point modeling site. White cells are Zone 

1 (mudstone), blue cells are zone 2 (sandstone). 

 Although storage parameters (Ss and Sy) are not used in the steady-state 

solution, uniform initial values were assigned to both rock types (Table 6.1). 

6.4.3. Boundary conditions  

For the MODFLOW steady-state and transient simulations, the ocean boundary 

is represented as a zero flux (no flow) boundary from a depth of 30 m to the base of the 
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model.  The upper 30 m (represented by three model cells) forms the seepage face 

(Figure 6.8). In the steady-state model, each cell in this seepage face is assigned a 

specified head of 0 masl. The actual length of the seepage face is not known, but it acts 

to direct the flow upward near the land surface-ocean boundary so that a realistic fresh 

groundwater flow system can be reproduced (see Figure 6.1) when using a code that 

does not include density-dependent flow and transport. For the transient MODFLOW 

model, the head along this seepage face was varied over time to simulate the rise and 

fall of the tide (see Section 6.4.6). The ocean boundary in both models has no assigned 

concentration (assumed fresh). 

 
Figure 6.8. Specified head boundaries in the Visual MODFLOW model (red). The 

right boundary is the ocean boundary (0 masl); the left boundary 
represents the estimated hydraulic head of 250 masl at 3 km distance 
along the back (upgradient) edge of the model.  

Assigning a boundary condition to the upgradient edge of the model was difficult. 

In reality, there is some groundwater that enters the model domain from upgradient. 

However, the flux is not known. If a zero flux is applied to that edge, then no water can 

enter the model except from recharge. To allow water to enter the model from 

upgradient, a specified head boundary can be used, but the heads are poorly 

constrained. A specified head of 102.8 masl, corresponding to estimated head at this 

location (see Section 6.2.6), was assigned all the way down to -50 m. The preliminary 

attempts at calibration continually led to overestimation of heads throughout the model 

domain (a mounding of the water table) regardless of increasing the hydraulic 

parameters by orders of magnitude and lowering recharge to 0 mm/year. This indicated 

that too much water was entering the model and not able to exit the model along the 

coast. Therefore, this back boundary was changed to a general head boundary 

condition. General head boundary conditions are used to simulate a remote head 
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boundary, such as would result from recharge contributing to flow from higher elevation 

areas. However, assigning this boundary condition is uncertain. The general head 

boundary was assigned to the entire back row of the model using a head of 250 m at a 

distance of 3 km (a remote boundary) and a hydraulic conductivity of 2.5x10-6 m/s; 

similar to the final K value for sandstone in the model. The boundary is set so that water 

enters the model through the east-west face, perpendicular to flow. The change to a 

general head boundary eliminated the mounding of the water table.  

Recharge was applied as a specified flux boundary. The initial recharge value in 

the model is 195 mm/year. The recharge is distributed uniformly across the top layer of 

the model, and is invariant with time (assumed mean annual).  

6.4.4. Model run settings 

The flow settings used in Visual MODFLOW are listed in Table 6.2. 

Table 6.2. Flow settings for the Visual MODFLOW models. 

Flow Setting  
Solver WHS 

Max. outer iterations 50 
Max. inner iterations 25 

Head change criterion 0.01 m 
Residual criterion 0.01 m 

Damp factor 1 
Relative residual criterion 0 

Initial heads for the model were defined as the specified head boundaries 

(upgradient general heads and ocean head); an initial estimate is needed for the iterative 

solution method. The rewetting function was activated. Rewetting parameters are shown 

in Table 6.3.   
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Table 6.3. Rewetting parameters for Visual MODFLOW models. 

Wetting threshold  0.1 
Wetting interval 1 iteration 
Wetting method From below 

Wetting head Calculated from 
neighbors  

Head value in dry cells -1.0E-30 
Keep minimum saturated 
thickness for the bottom 

layer 
Not activated 

A type 3 (confined/unconfined) layer type was used for all layers in the model. 

This option allows the model to use specific yield (Sy) in the cells where the water table 

oscillates, and specific storage (Ss) in the layers underneath where b is not changing. It 

also allows T to vary as the saturated thickness (water table height) varies. 

6.4.5. Steady-state calibration 

The steady state model was calibrated to hydraulic heads in 29 wells (Figure 6.9 

and 
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Table 6.4). The hydraulic head values were obtained from three sources: 1) depth to 

water level at the end of drilling as reported in the WELLS database (BC Ministry of 

Environment, 2013a), 2) calculated from the Equation 6.1 if no information was available 

in WELLS, and 3) directly from field measurements (depth to water level measured in 

Summer 2013) for the tidal well, which was not recorded in the WELLS database. The 

validity and range of error of these values are uncertain and are discussed at the end of 

this section.  

 
Figure 6.9. Location of observation wells (black) used for the calibration of the fresh 

steady-state model. Nearby water wells outside the model domain are 
shown as grey circles.  
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Table 6.4. Location, depth and hydraulic head of the observation wells within 
the modeling area. 

Observation Wells 
ID Number X (m) Y (m) Well Casing 

Elevation (masl) 
Depth of Well 

(m)  
Hydraulic Head 

(masl)  
TA-3 459787.399 5412642.793 9.87 22.86 4.545 

1 459784.05 5412661.214 9.17 76.20 5.2 
2 459812.518 5412659.539 8.63 30.48 4.76 
3 459738.836 5412579.159 11.46 60.96 7.46 
4 459750.558 5412572.46 12.29 30.48 7.77 
5 459760606 5412542.318 13.53 53.34 8.76 
6 459720.416 5412497.104 10.60 3.05 9.04 
7 459728789 5412450.216 12.08 36.27 7.57 
8 459924.716 5412391.605 25.97 30.48 19.3 
9 460224.467 5412466.961 9.20 53.34 5.22 

10 460216.094 5412450.216 11.22 45.72 6.86 
11 459504.394 5412364.812 11.35 14.33 6.97 
12 459499.37 5412332.994 15.76 23.16 13 
13 459509.418 5412286.106 20.28 42.67 14.41 
14 459502.719 5412235.868 27.03 4.27 20.23 
15 459618.266 5412185.631 33.30 76.20 25.72 
16 459690.273 5412205.726 31.93 38.10 24.52 
17 459718.741 5412172.234 35.10 16.46 32.94 
18 459752.233 5412183.956 33.63 38.10 26.01 
19 459856.057 5412229.17 33.61 35.05 25.99 
20 459941.461 5412200.702 38.29 3.66 36.13 
21 459631.663 5412070.084 49.22 45.72 47.36 
22 459715.392 5411967.934 70.82 45.72 66.52 
23 460000.072 5412091.854 51.44 24.38 46.84 
24 459985.001 5412036.592 65.38 62.48 56.72 
25 460000.072 5412039.941 64.35 172.21 53.25 
26 459993.374 5411927.744 86.93 62.18 72.02 
27 459760.606 5411805.499 114.44 45.72 110.14 
28 459887.875 5411700 140.01 91.44 102.84 
29 460269.681 5412063.386 55.08 45.72 45.1 
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Following the transient modeling (discussed in Section 6.4.6), the steady-state 

model was re-run using the best parameters from transient modeling; the outputs of the 

final steady-state simulation described below uses these final calibrated values. 

Figure 6.10 shows the final steady-state head distribution in profile. Upgradient, 

the water table is at an elevation of ~ 50 masl and declines to 0 m at the coast. Dry cells 

(shown in gold) are present near surface, as expected, because the water table lies at 

depth. The groundwater flows horizontally almost to the coast, where it is diverted 

upward due to the seepage face. The horizontal flow throughout most of the model area 

is driven by the general head boundary at the back of the model (left side of cross 

section). 

 
Figure 6.10. Calibrated head distribution in the fresh groundwater steady-state model. 

The white vertical line is the tidal observation well used for the transient 
calibration. 

The simulated heads are distributed along the 1:1 line on a graph of simulated 

versus observed heads (Figure 6.11). The NRMS (normalized root mean squared error) 

error is 13.2%, with a correlation coefficient of 0.937. Three wells deviate from this line 

(17, 21 and 25). The wells are situated at various locations (Figure 6.9), suggesting 

there is no consistent error in the model.  
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Figure 6.11. Calibrated freshwater steady-state model head calibration graph. The x-

axis represents the observed heads, while the y-axis represents the 
simulated heads. NRMS: 13.2%; correlation coefficient: 0.937. the three 
data points with high observed heads are variably situated within the 
domain. 

Water budget 

The model water budget accounts for all water entering and leaving the domain 

at steady state. The discrepancy in volume and percentage for the model are shown in 

Table 6.5. Results show reasonable discrepancy (< 2%) between volume ‘in’ and ‘out’ 

for the model. 

Volumetrically, approximately one fifth of the water entering the model derives 

from recharge. This suggests that there is a considerable volume of water (four fifths of 

the water budget) entering the model through the general head boundary at the back of 

the model. The general head boundary was place 3 km away from the model edge, 

roughly quadrupling the size of the model domain. So, the water budget results are not 

unrealistic if it is assumed that the same amount of recharge derives from an area four 

times the size of the model domain. However, local topography (see Figure 6.2) 

suggests that local flow toward Swan Point may only derive from an area perhaps twice 

the model area (back to the 300 masl topographic contour as estimated from Equation 
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6.1). Thus, the head assigned to the general head boundary may be too high unless flow 

derives from more regional sources.  

Table 6.5. Volume of water coming in and out of each boundary. 

 Volume (m3/year) 

 IN OUT 
Storage 0 0 

Constant head boundary 0 736014.6 
General head boundary 577188.3 0 

Recharge 150518.7 0 
Total 727707 736014.6 

IN-OUT -8307.625 
Percent  discrepancy -1.14 

Limitations of the model 

The limitations of the steady-state modeling, which contribute to uncertainty are:  

• The model is highly sensitive to the imposed boundary conditions 
(specified head boundary vs. general head boundary). Ultimately, a 
general head boundary was used to represent the inflow of groundwater 
from upgradient because a specified head boundary at the same position 
resulted in heads that were too high throughout the domain. However, the 
input values (head, distance) chosen to characterize the general head 
boundary remain uncertain. An overestimation of the distant heads would 
generate too high a flux into domain. 

• The vertical extent of the model domain was set to 115-190 m thick based 
on previous numerical modeling domains used to simulate groundwater 
flow in fractured rock settings (both in the Gulf Islands and elsewhere). 
However, the depth of the active flow zone, where fractures are open and 
provide permeability and storage, is uncertain.  

• The aquifer parameters were assigned uniform values for each rock unit 
based on averages for the Gulf Islands. However, the hydraulic 
conductivity likely decreases with depth due to the fracture apertures 
narrowing under the weight of overlying rock. Fracture zones may also 
exist (both parallel to bedding and cross cutting beds), which may offer 
permeable zones for water flow. Thus, uncertainty remains given the 
complex nature of fractured rock aquifers and spatial heterogeneity.  
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• A uniform value of recharge was applied to the model domain based on a 
water balance model of a single vertical percolation column. Recharge, 
however, varies spatially.  

• A major limitation arises from the source of the observed head data. 
Heads from the WELLS database were measured after drilling, which 
disturbs the natural groundwater conditions. Observed heads estimated 
from Equation 6.1 are undoubtedly questionable as the water elevation is 
simply related to ground elevation at a regional scale. 

• It is unclear if the drillers measured heads from ground level or from the 
top of the casing. Also, the casing stick up measurements was not always 
available in the WELLS database and an average value (1 ft) was used to 
determine depth to water relative to ground level. 

• Finally, while it is reasonable to treat this system as an EPM, calibration is 
done at the individual well scale. The head in an individual wells is 
expected to be influenced by discrete fractures that intersect the open 
borehole. This might explain much of the discrepancy in simulated 
hydraulic heads. 

6.4.6. Transient model calibration 

The transient model was run 1) to refine the calibration for K, 2) to estimate Ss 

and Sy which are not considered in the steady-state model, and 3) to see if it is possible 

to replicate the tidal response observed in tidal well TA-3.  

The only change made to the steady-state model was to the seepage face 

(specified head at the coast). Instead of using a fixed head of 0 m for the three seepage 

face cells, the head was varied according to the tidal signal, which has been measured 

over a period of two days. Observations of tidal response were also available for two 

days in TA-3 and hydraulic heads were calculated using the method described in 

Appendix H. The model was run for a total of 24 days, two days at a time (12 repeat 

runs). Multiple stress periods were assigned according to the changes in the specified 

head at the seepage face. For the first run, the specified heads at the seepage face for 

stress period 1 were used as initial heads for a steady state simulation. The subsequent 

tidally varying heads were used to continue the transient simulation over the remainder 

of the stress periods. Because the total number of stress periods is limited in Visual 

MODFLOW, the output from the last stress period was then used as an initial condition 
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for the subsequent simulation. A 24 day simulation was required in order to allow the 

model to reach a dynamically stable head distribution, whereby the heads oscillate up 

and down according to the tide, but vary around a stable average. The initial steady 

state simulation used a starting head other than zero; therefore, the model required time 

to spin up to this dynamically stable state.  

Multiple observation points in TA-3 were placed in the model; however, only the 

shallowest ones are shown here; these correspond to the top three cells of the model 

domain which are each approximately 6 m thick. The uppermost cell has a top and 

bottom elevation of 3.4 and 9.8 masl, the second one between -3 and 3.4 m, and the 

bottom one between -9.3 and -3 m, respectively. The total depth of this well is ~75 m, 

and it is constructed as an open borehole from the base of casing (unknown depth, but 

likely less than 5 m) to the bottom. Because there is no screened interval in this well, the 

measured tidal response reflects the entire well bore, although, it is likely that the 

response is influenced by specific fractures at unknown depths. 

A wide range of values for each parameter (according to the uncertainty range) 

was tested and the best fit was based on five criteria: 1) quality of the simulated tidal 

response, 2) amplitude of simulated heads during the last tidal cycle, 3) average 

simulated head during the last tidal cycle, 4) decline/rise in the simulated head through 

the simulation, and 5) time lag between observed and simulated tidal responses. Even 

recharge was varied down to 0 mm/year. All criteria, other than the quality of the tidal 

response and decline/rise in head through the simulation time, were assessed 

quantitatively for each simulation. The model was found to be very sensitive to the 

combination of parameters used, and it became difficult to identify the best combination. 

Once the best fit parameter values were found (Table 6.7), the freshwater steady state 

model was re-run, incorporating these values (see Section 6.4.5). 

The best model resulted in a simulated tidal response that is reasonably similar 

to the observed tidal response in well TA-3 for the three observation points (Figure 6.12 

and 6.13).  The amplitude and average heads over the last simulated tidal period are 

reasonably close to the observed response (Table 6.6), even though they continue to 

decline slightly. Time lag between the simulated and observed tidal response is also 
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good (Table 6.6). Despite the weak tidal response observed in the uppermost cell (3.4-

9.8 masl interval), the tidal response is strong for the other two observation points; the 

two troughs and two peaks are well defined (Figure 6.13). Note that a weak tidal 

response was observed in the uppermost cell for all simulations. 

Despite running the model for over 24 days, the heads continued to drop slightly, 

suggesting that perhaps a longer simulation time was needed to reach a stable head 

fluctuation. The steady decline in the average head is explained by the initial head value 

at the ocean, which is 0.925 m. The heads of the simulated tidal signal slowly readjust to 

the lower average ocean head, which is 0 masl. 

 
Figure 6.12. Simulated tidal response for the best calibrated fresh transient model. K 

values of the order of 10-6 m/s. The x-axis represents time in days; the y-
axis represents the hydraulic head.  
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Figure 6.13. Tidal responses simulated in the observation well for the calibrated fresh 

transient model. The x-axis represents time in days, the primary y-axis 
represents the simulated hydraulic head, and the secondary y-axis, the 
observed hydraulic head.  

Table 6.6. Criteria value of the observed tidal response and calibrated 
simulated tidal response at the three observation points in the tidal 
well.  

Tidal Signal Observation Interval 
Amplitude of 
the Last Tidal 

Cycle 

Average Head 
of the Last 
Tidal Cycle 

Time Lag of the Last 
Tidal Cycle Between 

Simulated and 
Observed Head  

 
m m m hour 

Observed 9.6 masl-65.1 mbsl 0.012 4.55 na 

Simulated 
3.4 masl-9.8 masl 0.005 3.65 2 
3 mbsl-3.4 masl 0.05 3.62 0.005 

9.3-3 mbsl 0.1 3.61 0.005 

Sensitivity Analysis 

The sensitivity analysis involved varying the values for K, Ss and Sy by one order 

of magnitude higher and lower relative to the final calibrated values. Table 6.7 shows the 

final parameter values and the changes, relative the final parameter value, observed for 

three criteria (amplitude of head during the last tidal cycle, average head during the last 
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tidal cycle, and time lag between the observed and simulated tidal response) for 

observation point 2.47 masl. The two other observation points (7 masl and 5 mbsl) show 

consistent behavior and are not displayed in this table. 

Table 6.7.  Final parameter value, range of parameters tested and absolute 
change observed from the best parameter value used for the 2.47 
masl observation point. 

Hydraulic 
Parameter Unit Final Value 

  
Value Amplitude 

(m) 
Average 

(m) 
Time Lag 

(hour) 

Hydraulic 
conductivity 

(K) 
m/s 

Mudstone Mudstone 
Min 

3.8E-07 
↓0.035 ↑2.19 ↑0.995 

3.8E-06 Sandstone 1.7E-07 
Sandstone Mudstone 

Max 
3.8E-05 

↑0.005 ↓1.72 ↑1.995 
1.7E-06 Sandstone 1.7E-05 

Specific 
storage  

(Ss) 
m-1 2.4E-06 

Mudstone 
and 

sandstone 

Min 2.4E-07 ↑0.004 ↓0.001 nc 

Max 2.4E-05 ↓0.035 nc ↑0.995 

Specific yield 
(Sy)  

0.08 
Mudstone 

and 
sandstone 

Min 0.008 ↑0.024 ↓1.19 ↑0.995 

Max 0.8 ↑0.004 ↑2.05 nc 

nc: No change observed from the best-fit parameter value.   

Limitations 

The goals of the fresh transient modeling exercise were achieved. The tidal 

response could be reproduced in a reasonable manner, and the hydraulic parameters 

are better constrained. 

Some of the limitations of the transient modeling of the tidal response are listed 

below: 

• The model does not incorporate fractures which form the main 
porosity/permeability in this aquifer system. As a result, hydraulic conditions at 
the well location are likely different than what is simulated by the model. These 
fractures can be expected to act as discrete pathways at the well scale and 
will have some influence on the observed heads that differs from the EPM 
approach used in the model. 

• The transient model was highly sensitive to combinations of parameters. Both 
K and Ss / Sy influence the tidal response. Adjusting each one individually 
was a tedious exercise. Some automated parameter estimation technique may 
have facilitated this process.  
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• The coastal well is located on a promontory at the shoreline, which was the 
reason a 3D model was generated. Whether it was necessary or not to use a 
3D model was not tested by repeating the exercise for a profile model.   

 

Overall, the representativeness of the model was enhanced through the 

reasonable reproduction of the observed tidal response. As a result, this model was 

taken a step further and used as a basis for a SEAWAT model as described in the next 

section. This SEAWAT model was then stressed to observe the sensitivity to sea level 

rise, a change in recharge, and increased water demand (development) (Section 1.6). 

6.5. Baseline SEAWAT model 

6.5.1. Modified model domain and boundary conditions 

The initial SEAWAT model used the full 3D model domain that was used for the 

fresh models described above. However, simulation times were excessive (up to 5 

days), so a profile model was generated to limit computational times. Based on the 

results of the steady-state model, the regional groundwater flow is generally 

perpendicular to the coast (Figure 6.14); although near the coast, the flow diverges 

slightly due to the shape of the coastline. Thus, the profile model was oriented generally 

along a flow line (N-S) right through the TA-3 observation well. The model width was 10 

m. 
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Figure 6.14. Plan view of groundwater flow lines in layer 10 of the fresh model. Layer 

10 is displayed here because it is the first layer without dry cells.  

The ocean boundary was also modified because SEAWAT allows seawater to 

enter the model domain from the saline ocean boundary thus forming a wedge under the 

land surface. First, the grid was refined near the coast such that the cell size is ~ 4 m 

long. The ocean was defined by a single vertical column of specified equivalent 

freshwater head boundary cells extending from 0 m at the coast to -115 m (Figure 6.15).  
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Figure 6.15. Specified head boundary at the ocean in the SEAWAT model. 

The specified equivalent freshwater head was set at 0 m with a specified density 

of 1017 kg/m3. Each cell along the boundary was also assigned as a point source 

boundary condition, which allows seawater to enter the model at a specified 

concentration. Here, a total dissolved solids (TDS) concentration of 24,141 mg/L was 

assigned to any in flowing seawater. The tides were not included in the SEAWAT model; 

they are considered static at the average tide height of (0 m). It is noted that a tidal 

model was generated in SEAWAT in order to observe the influence of tidal fluctuation on 

the interface, but no effect was observed. 

Minor modifications to the other boundary conditions were also made. For both 

the upgradient general head boundary and recharge, the specified density was set at 

1000 kg/m3 with 0 mg/L TDS concentration (fresh water inflow). All other properties were 

the same as in the calibrated steady-state and transient fresh models. 
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6.5.2. Concentration monitoring points 

For the SEAWAT model, salt concentration was monitored through time. 

Concentration observation wells were added to the model and positioned along the 

profile from the coast to the back of the model (Figure 6.16). The observation points 

were positioned at mid-depth for the wells located away from the coast, and every 25 m 

depth for the wells located close to the coast (observation wells 1, 2 and TA-3). Well TA-

3 also has observation points every 25 m, but at elevations that correspond to points 

where TDS was measured in the field (Summer 2013) (Figure 6.16). 

 
Figure 6.16. Concentration observation wells and observation depths (small tick 

marks) for the SEAWAT model. 

6.5.3. Run settings 

The baseline simulation was run to identify the position of the saltwater interface 

under natural conditions. The simulation time was set to run for 100 years (36500 days) 

so that the model could reach steady state. The initial concentration was set to 24,141 

mg/L TDS (a freshening simulation – although the same results were obtained with an 

initial concentration of 0 mg/L). The model flow and transport settings are listed in Table 

6.8.  
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Table 6.8. Flow and transport settings used for the SEAWAT simulations. 

Flow Setting  
Solver PCG 

Max. outer iterations 25 
Max. inner iterations 10 

Head change criterion 1.0E-06 m 
Residual criterion 10 

Damp factor 1 
Transport settings 

 

Solver 
GCG – implicitly 
solved with 10-4 

relative convergence 
criterion 

Advection Upstream finite 
difference 

Initial step size 0 day 
Maximum step size 1 day 

Multiplier 1 
Porosity options Effective porosity 

Min. saturated thickness 0.01 m 
Courant number 0.75 

Max # transport steps  180000 
Printout interval 10 

Coupling Explicit with 10-4 fluid 
density convergence 

6.5.4. Baseline model simulation results 

 At the beginning of the simulation, the domain is fully saline given the initial salt 

concentration. Over time, fresh water from the upgradient boundary and diffuse recharge 

enter the model and begin to push the saltwater interface towards the coast. A saltwater 

wedge is apparent until 17 years; the base of the 1000 mg/L isochlor is located about 74 

m from the coast. (Figure 6.17). 
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Figure 6.17. Position of the saltwater interface after 17 years for the baseline 

simulation. The 1000 mg/L isochlor is shown in pink. 

The model reaches steady state between 27 and 28 years. Identifying steady 

state was based on the time at which concentrations did not change by more than 

approximately 0.001 mg/L. Figure 6.18 shows the concentrations in observation well 1 at 

observation points (0, 25, 50, 75, 100 mbsl) throughout the simulation, displaying the 

progression towards steady state. At ~28 years, SEAWAT records a TDS concentration 

of 0 mg/L and no saltwater wedge is apparent (Figure 6.19). 

 

 
Figure 6.18. TDS concentration in well 1 at five observation points for the baseline 

simulation. The x-axis represents time in years; the y-axis is TDS 
concentration.  
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Figure 6.19. At steady state (~ 28 years) the baseline model is fresh; no saltwater 

wedge is apparent.  

Specific conductance was measured in the field for the tidal well (TA-3) during 

the 2013 summer field season. It was converted to TDS using the following equation 

(Lenntech, 2014): 

  (6.2) 

 The observed data show TDS values of approximately 188 mg/L to a depth of 50 

mbsl (Figure 6.20). At 66 mbsl, TDS increases to approximately 983.5 mg/L. Simulated 

TDS values at steady state are 0 mg/L at all depths. The observed data show an 

increase in TDS with depth while the simulated data show no change with depth. One 

likely explanation for the low simulated TDS concentrations is the assigned TDS 

concentration at the inflow boundaries. Both the general head boundary condition and 

recharge were assigned 0 mg/L TDS. However, this is not realistic because groundwater 

evolves chemically as it moves through the system (Chapter 3). The median TDS 

concentration in the sedimentary rocks on Salt Spring Island is around 300 mg/L 

(although this median value captures several high TDS values in the dataset). Therefore, 

a higher, more representative inflow concentration would have increased the steady 

state simulated concentrations shown in Figure 6.20. The high observed TDS at the 

deepest observation point, however, is inconsistent with the modeling results, 

suggesting that at depth the simulated concentrations may be too low. 



 

169 

 
Figure 6.20. TDS measured in the tidal wells at Swan Point on June 27th (2013) and 

TDS obtained from the baseline simulation. 

6.5.5. Alternative upgradient boundary 

As noted above, the baseline SEAWAT model resulted in a vertical wedge along 

the coast. While the topography is steep at this site, the results suggest that perhaps too 

much water enters the model and discharges at the coast. This could cause the interface 

to be vertical instead of a more traditional saltwater wedge that extends inland at depth.  

To test whether a reduction in the amount of inflowing water could generate a 

traditional wedge, a second SEAWAT model was run in which the upgradient general 

head boundary condition was removed and replaced by a zero flux (no flow) boundary. 

This is not a realistic situation because some groundwater does flow from upgradient 

into the model domain. However, it represents an extreme situation whereby the only 

water entering the model is from recharge. 
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Figure 6.21 shows the results at 300 years for the case of a zero flux upgradient 

boundary. A small wedge is clearly present at the coast, and it extends inland for a short 

distance. However, the wedge remains largely vertical and restricted to the near coast 

area. Note that although the simulation was 300 years long, steady state was not 

reached, although the changes in concentration were very small. The water table, 

however, is too low in the higher elevation areas and is inconsistent with observed 

heads. Therefore, recharge alone is insufficient to generate the observed head 

distribution. This suggests that there must be some water entering from the upgradient 

boundary, but this flux is unknown, making an appropriate choice of a boundary 

condition difficult. Given the similar near vertical nature of the wedge generated with this 

model, topography appears to have a major control on the system, rather than the 

choice of boundary condition. 

 
Figure 6.21. Saltwater interface position 300 years after the start of the simulation 

when a zero flux boundary is present upgradient.   

Limitations 
The baseline simulation resulted in essentially no saltwater wedge, which was 

unexpected. It was expected that the wedge would persist to steady state such that its 

toe would be positioned somewhere inland. Some possible explanations are listed below 

based on the limitations of the model: 

• The study area is relatively steep compared to other areas of Salt Spring 
Island. Therefore, the high hydraulic gradient pushes the saltwater interface 
out toward the ocean. In areas with less steep topography, the hydraulic 
gradient would be lower and this would likely cause the saltwater interface to 
form.  

• Three options were tested for the upgradient boundary condition. The first, the 
specified head boundary condition, resulted in too much water entering the 
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model and a mounding of the water table throughout the model domain. The 
general head boundary condition gave good calibration results, but the water 
budget indicated that a significant amount of water enters the model through 
this back boundary, possibly enhancing the vertical nature of the saltwater 
wedge. The third used a zero flux (no flow) upgradient boundary condition. 
While a small saltwater wedge was present at 300 years, although the model 
had not yet reached steady state, the water table was too low in the 
upgradient areas. Thus, the most realistic scenario is that some water flows 
from upgradient, but the amount is uncertain. 

• The model domain itself was perhaps too small. A small domain was chosen 
to limit the computational demand of the simulation. An alternative approach, 
which is recommended for future research, is to extend the model domain 
further inland to a natural groundwater divide and use a zero flux boundary at 
this location. This would result in the only source of water coming from 
recharge but over a much larger area. This would eliminate the need to 
specify an upgradient hydraulic boundary condition.  

• The ocean boundary was assigned vertically, ignoring the effect of 
bathymetry. Therefore, all water was forced to enter (from the ocean) and 
leave (from the seepage area) vertically. In reality, there may be submarine 
groundwater discharge, which would bring fresh water out under the ocean 
floor. A modified boundary condition would be needed to explore this 
possibility further. 

• The TDS concentration measured in the ocean at Booth Bay is low (24,141 
mg/L), possibly due to the presence of three creeks (Sharpe, Okano and 
‘unnamed’) (see Chapter 2) discharging freshwater into the Booth Inlet, 
directly connected to Booth Bay.  Thus, the density contrast is not as high as it 
might be in other areas. When the model was run with a TDS concentration of 
35,000 mg/L, the saltwater interface (1000 mg/L isochlor) is apparent until 18 
years and is located 36.4 m from the ocean. Steady state is reached between 
90 and 100 years. Therefore, TDS concentration at the ocean boundary is not 
a major control at this specific site.  

• The assigned inflow concentration (for the general head boundary and for 
recharge) is likely underestimated.  

• Fractures were not considered.  The saltwater interface could possibly be 
further inland in higher conductivity (fractured) areas. 

6.6. Climate change simulation 

6.6.1. Sea level rise (SLR)  

Sea level is expected to continue to rise through this century. The 

Intergovernmental Panel on Climate Change (Church et al., 2013) projects that the rate 

of global mean sea level rise (SLR) will increase during the 21st century by up to 12 
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mm/year, from the 1971-2010 period. The increased rate will be mainly caused by 

thermal expansion of the oceans and glacier melt. Globally, the IPCC (Church et al., 

2013) reports, global mean sea level rise range for the year 2100 could be more than 1.2 

m above pre-industrial values. Despite uncertainties in these estimates, there is 

confidence that global mean SLR has improved over the last few years due to 

improvements in understanding of factors affecting sea level such as glacier melt.  

The magnitude of SLR, however, will not be uniform across the globe. Relative 

sea level rise is a complex calculation due to uncertainties in long term climate change 

effects on global Earth systems and in regional land uplift (Thomson et al., 2008). 

Regionally, these estimated values will likely be very different due to regional oceanic 

and terrestrial processes. Assuming a global sea level rise of 1 m by 2100 and a land 

uplift rate of 1.4 mm/year for Salt Spring Island (Fulford Harbour), the mean, high and 

low sea level projections are 0.87, 0.57 and 1.17 m, respectively (Thomson et al., 2008). 

The high sea level projection value (1.17 m) for Salt Spring Island is used here. Figure 

6.22 shows the Swan Point site displaying the area of land that would become inundated 

under this high SLR projection for the end of this century. The area of inundation was 

estimated high resolution LiDAR data (± 2 m) (Bednarski and Rogers, 2012). 
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Figure 6.22.  Surface area of land inundated at the Swan Point site if a sea level rise of 

1.17 m were to occur by the end of the century. 

6.6.2. Recharge  

Changes in climate as expressed by changes in mean daily temperature and 

precipitation are expected over the next century. In recent years, many studies have 

used global climate change projections to estimate changes to recharge both globally 

(e.g., Döll and Flörke, 2005) and locally (e.g., Surrette, Appaih-Adjei and Allen, 2006).  

In this study, future recharge is projected for the 2080s (2070-2099) period to be 

consistent with the SLR projections for 2100. The climate change projections are based 

on the Pacific Climate Impacts Consortium’s (PCIC) Regional Analysis Tool 

(http://tools.pacificclimate.org/select). The shifts are applied to the climate normals in the 

stochastic weather generator in the HELP program as described in Chapter 2.  

PCIS’s Regional Analysis Tool – Description and methods 

The PCIC Regional Analysis Tool allows a user to compile a series of climate 

projections for a user-specified area – in this case, Salt Spring Island (Figure 6.23). 
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Figure 6.23. User-specified area for the PCIC’s Regional Analysis Tool. The dashed 

line represents the approximate area used.  

 A choice of 15 global climate models (GCMs) and Special Report Emission 

Scenarios (SRES) are incorporated in the Regional Analysis Tool (PCIC, 2013). GCMs 

are described as mathematical models that include ocean and atmospheric circulation in 

order to predict climate change (Wikipedia, 2014a). SRES are scenarios based on how 

much greenhouse gases will be emitted with respect to the evolution of global economy, 

future greenhouse gas emissions, land-use and other driving forces (Wikipedia, 2014c).  

For this study, the ensemble “SRES AR4 - !PCIC TreeGen ensemble” was used. 

The ensemble consists of downscaled climate change variables from several GCMs: 

CCCMA_CGCM3; CSIRO_MK30; GFDL_CM20; MPI_ECHAM5, and for different SRES 

scenarios (A1, A2 and B1). The changes in the various climate parameters (mean daily 

temperature, total precipitation, solar radiation and relative humidity) were extracted for 

the 2080s (2070-2099) period for all models in the ensemble. Temperature and solar 

radiation are reported as absolute change from those simulated for the baseline period 
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(1961-1990), while relative humidity and total precipitation results are reported as 

relative change as a percentage. Values were extracted for all months, except for 

incident radiation, for which values for all seasons were obtained.  

To obtain a single shift factor for each month (or season for solar radiation), the 

area-weighted average was calculated from all models, and subsequently used to alter 

the climate normals in weather generator as described below.  

HELP – Method and Results 

Chapter 2 described the results for the baseline (current) recharge. For the 

baseline recharge, the weather generator was run using the current climate normals. For 

the climate change simulation (2080s period), monthly (or seasonal) shift factors were 

applied to the normals (1961-1990). Thirty years of future projected weather data were 

generated for Salt Spring Island. As discussed in Chapter 2, the HELP model was then 

used to quantify the water balance in a 20-m single percolation column of glacial 

till/gravelly sand and bedrock. The soil is 1-m thick, the bedrock, 19-m thick (see Figure 

2.9). The same soil properties and evaporation settings are used for both periods 

(baseline and 2080s).  

Table 6.8 shows the changes in the various water balance components (the 

actual values are not reported given that recharge is likely overestimated by HELP). The 

recharge results indicate an increase in mean annual recharge of about 1.49% by the 

2080s period. As discussed in Chapter 2, the simulated recharge from HELP is 

unrealistically high; therefore, this change in recharge was applied to the value used in 

the numerical models (20% of precipitation or 195 mm/year). An increase of 1.49% gives 

a mean annual recharge value of 197.91 mm/year.  
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Table 6.8. Change in water balance components from the baseline to the 2080s 
simulation. 

 
Change (%) 

Precipitation 10.8 
Runoff 0 

Evapotranspiration 5.7 
Recharge 12.6 

Change in storage -0.4 

6.6.3. Model sensitivity to climate change 

A sea level rise of 1.17 m and an increase in recharge from 195 mm/year to 

197.91 mm/year were input to the SEAWAT model to simulate the sensitivity of the site 

to climate change. In SEAWAT, sea level rise was simulated by increasing the coastal 

specified head boundary from 0 m to 1.17 m. Given the small area of land that would be 

inundated if sea level were to rise by 1.17 m (Figure 6.22), land inundation was not 

considered (loss of land surface). Everything else remained the same as the baseline 

simulation.  

A saltwater wedge is present until 18 years, a year later than observed for the 

baseline simulation. At this point, the 1000 mg/L isochlor extends 32 m from the coast, 

42 m closer to the coast than for the baseline simulation (Figure 6.24). 

 

 
Figure 6.24.  Position of the saltwater interface at steady state for the climate change 

simulation. The 1000 mg/L isochlor is shown in pink. 
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Steady state is reached between 29 and 30 years. At steady state, all 

observations points in observation well 1 have a concentration of 0 mg/L (Figure 6.25), 

as observed for the baseline simulation. Therefore, there are essentially no differences 

between the baseline and climate change simulation. 

 
Figure 6.25. TDS concentration at five observation points in well 1 for the climate 

change simulation. The x-axis represents time in years; the y-axis is TDS 
concentration.  

Limitations 

Overall, at steady state, the saltwater interface configuration is essentially the 

same for both simulations. This modeling exercise shows that, assuming the estimates 

made for sea level rise and recharge are reasonable, climate change is not likely to have 

a major impact on groundwater resources at Swan Point or in other areas on Salt Spring 

Island where conditions are similar to the Swan Point site. However, it is important to 

use these results with caution and consider the limitations of this modeling exercise: 

• At the Swan Point site, a sea level rise of 1.17 m results in only a small portion 
of the land becoming inundated. In lower topography areas, a larger portion of 
the land area would become inundated and this aspect of the system would 
have to be incorporated into the model, possibly leading to movement of the 
saltwater interface inland. 
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• Also, as discussed in Chapter 2, recharge estimates for the Gulf Islands are 
uncertain. The simulated recharge values from HELP were considered too 
high (see Chapter 2) and were lowered to 20% of precipitation in the baseline 
model. The change in recharge used in this climate change simulation was 
applied to the model baseline value.  

• The effect of more extreme rainfall under future climate was not considered. 
More intense rain events could result in more runoff and less recharge despite 
higher rainfall amounts. 

• As noticed with the steady-state modeling section above, the boundary 
conditions may have an effect on the model results, particularly the general 
head boundary. None of the models were particularly sensitive to recharge; 
the majority of the flux to the ocean derived from the general head boundary 
upgradient.  

Groundwater resource management in the face of climate change requires a 

careful analysis of an area. While this modeling study gave some insight into the 

sensitivity of the groundwater system to climate change and the possible magnitude of 

the change in the position of the saltwater interface (minimal), it only represents one site. 

Topography and other hydrogeological factors are highly variable on the Gulf Islands. 

Spatial analysis approaches that consider topography, hydraulic properties, and 

inundated land area due to sea level rise (Klassen, in prep.) should be coupled with area 

specific numerical modeling to insure better predictions. 

6.7. Pumping simulations 

In order to simulate development at Swan Point, a pumping well was placed 

about half way between the tidal well (TA-3) and the coastline. Pumping simulations 

should be carried out in 3D model domains to allow water to enter the well radially. 

However, here the domain is 2D. This means that a greater overall response to pumping 

will be simulated because the water can only enter the well from the left and right along 

the profile.  

Well TA-3 is used as the concentration observation well for the pumping 

simulations. Two pumping simulations were performed: one that simulates pumping from 

a homogenous aquifer through a fully open screen, and one that simulates pumping 

from a homogeneous aquifer with a split screen, which is intended to simulate the effect 
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of pumping a well that is influenced by near-well fracture zones. Because the fracture 

zones do not actually extend away from the well, they are considered near-well fracture 

zones that may influence where water is pumped from in the vicinity of the well. For the 

full screen simulation, the screen was 44.4 m in length and located between 32.4 and 

76.8 mbsl. For the split screen simulation, two screens of 6 m were centered at ~ 32.8 

mbsl and 76.6 mbsl. The top and bottom of the screen for the full screen simulation are 

located within the same cells as the two split screens. 

An initial pumping rate 54 m3/day (10 USgpm) was used. This pumping rate was 

too high and the model crashed (dewatered); therefore, the pumping rate was lowered to 

22 m3/day (4 USgpm). The grid was also refined around the cell containing the well; the 

adjacent cells on either side were refined to 1 m, then 2 m and then 5 m, up to the 

regular grid size of 10 m. Pumping was initiated at the beginning of the simulation, right 

from spin up conditions. 

6.7.1. Full screen pumping simulation 

Figure 6.26 shows the saltwater wedge at 10 years of simulation. The effect of 

pumping is apparent; lower concentrations are found in the middle of the model and 

salty water is being pulled towards the pumping well screen at the ocean. A saltwater 

wedge is apparent until approximately 20 years. Steady state is reached at 26 years 

(Figure 6.27).    

 
Figure 6.26. Position of the saltwater interface at 10 years for the full screen pumping 

simulation. The 1000 mg/L isochlor is the furthest on the left.  
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Figure 6.27. Position of the saltwater interface at steady state for the full screen 

pumping simulation. The 1000 mg/L isochlor is the furthest on the left. 

At steady state, the highest TDS concentration (49 mg/L) in well TA-3 is at 50 

mbsl (Figure 6.28), which corresponds to the middle section of the pumping well screen. 

The other observations points have TDS concentrations lower than 10 mg/L.  

 
Figure 6.28. TDS concentration in TA-3 for the full screen pumping simulation. The x-

axis represents time in years; the y-axis is TDS concentration.  
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The average TDS concentration for the whole length of the pumping well screen 

at steady state is 1170 mg/L (Figure 6.29). Just as for well TA-3, the highest TDS 

concentrations are found around the middle of the pumping well screen. TDS 

concentrations within the well screen vary between about 69 and 3931 mg/L.   

 
Figure 6.29. TDS concentration in the pumping well for the full screen pumping 

simulation. The x-axis represents time in years; the y-axis is TDS 
concentration. Average TDS concentration for the whole screen length is 
plotted. 

6.7.2. Split screen pumping simulation 

The split screen simulation reached steady state after 26 years. At this point in 

time, the bottom of the 1000 mg/L isochlor is located approximately 25 m away from the 

coastline, 7 m further from the coastline than the full screen simulation. The model also 

shows that TDS concentration is lower at in the middle of the model (between the 

screens) and that salty water is being pulled preferentially into the screens during the 

transient phase (Figure 6.30). The results at steady state are slightly different than those 

of the full screen simulation (Figure 6.31). Here, higher TDS concentrations are 

simulated at the elevation of the bottom screen than at the top screen. At steady state 

the top screen does not appear to be drawing in saltwater because more water is 
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discharging to the ocean near the top of the model, preventing the saltwater interface 

from moving in. 

 

 
Figure 6.30. Position of the saltwater interface after 13 years of simulation for the split 

screen simulation. The 1000 mg/L isochlor is the furthest on the left. 

 

 
Figure 6.31.  Position of the saltwater interface at steady state (26 years) for the split 

screen simulation. The 1000 mg/L isochlor is the furthest on the left.  
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Figure 6.32 shows the evolution of TDS concentrations towards steady state in 

well TA-3. The concentration at steady state ranges between approximately 0.2 and 9.7 

mg/L. At steady state, the highest concentrations (9.7 mg/L) is located at the elevation of 

the bottom screen. 

 
Figure 6.32. TDS concentration in TA-3 for the split screen simulation. The x-axis 

represents time in years; the y-axis is TDS concentration.  

Figure 6.33 shows TDS concentration in both pumping well screens as the model 

reaches steady state. At steady state, TDS concentration in the top screen is 24 mg/L; in 

the bottom screen, 723 mg/L. 
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Figure 6.33. TDS concentration in the two screens of the pumping well for the split 

screen simulation. The x-axis represents time in years; the y-axis is TDS 
concentration. The average of the TDS concentrations of the two cells in 
which screens are located is plotted. 

The results show there are some minor differences between the two simulations. 

At steady state, the saltwater interface (1000 mg/L isochlor) for the full screen simulation 

is 7 m closer to the ocean than the split screen simulation. In both simulations, the 

screen intervals appear to influence the salinity as the model approaches steady state 

and at steady state; TDS concentrations are higher in the middle of the well screen (full 

screen simulation) and at the elevation of the bottom screen in the split screen 

simulation.  

Limitations 
No saltwater interface was observed for the baseline and climate change 

simulations. However, the full screen and the split screen pumping simulations show that 

despite the steep topography of the Swan Point modeling site, there is potential for 

saltwater intrusion from pumping. The following are limitations of the modeling: 

• A 2D model domain was used instead of a 3D domain. Therefore, the effects 
of pumping are exaggerated. 
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• The size of the screens/fractures is hypothetical. Clearly there is a difference 
between using an open screen through the bedrock vs allowing the water only 
to flow through narrow screened intervals. However, these zones do not 
extend laterally away from the well so the actual influence of the zones was 
not tested.  

• The pumping rate (4 USgpm) was chosen to reflect a realistic pumping rate for 
a larger capacity well in the Gulf Islands. Greater pumping rates would likely 
have a greater impact on mixing and the position of the saltwater interface.  
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Chapter 7.  
 
Conclusions 

The main objectives of this study were: 1) to develop a conceptual 

hydrogeological model of Salt Spring Island (BC); 2) to compare the ranges of hydraulic 

properties that characterize the rock types on Salt Spring Island; and 3) to assess the 

sensitivity of aquifers of Salt Spring Island to potential climate change impacts and 

groundwater development. In order to meet these objectives, a series of tasks were 

accomplished. Existing hydrogeological data for Salt Spring Island and the Gulf Islands 

were gathered and field studies were completed during the 2013 summer field season to 

complement the existing data. A hydrogeological conceptual model of Salt Spring was 

developed based mostly on existing knowledge. The components of this conceptual 

model included: 1) a description of the main geological units and their associated 

hydraulic properties; 2) flow system characterization in a coastal setting including the 

role of fractures, recharge and seasonal water table variations; and 3) the groundwater 

chemistry. In addition, estimates of the hydraulic properties (T and K) using two field 

testing methods (pumping tests and tidal response tests) were compared for the main 

rock types in the Gulf Islands. The study culminated in numerical groundwater models 

for a small study site on Salt Spring Island. A ‘fresh’ groundwater flow model was 

constructed and run under steady-state and transient conditions using Visual 

MODFLOW in order to constrain the aquifer parameters. Then, the density-dependent 

flow and solute transport code SEAWAT was used to model the current salinity 

distribution and determine the sensitivity of the aquifer to sea level rise, an increase in 

recharge, and increased pumping.  

The main difference between the Salt Spring Island and nearby Gulf Islands is 

the presence of igneous fractured rock in the south-central part of the island, whereas 

the north-central part of the island is comprised of the Upper Cretaceous Nanaimo 
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Group sedimentary rocks similar to the other Gulf Islands. The igneous rock units, which 

are of Carboniferous to Permian age, are broadly composed of granite, rhyolite and 

pyroxene. Despite the difference in rock type, the general hydrogeology of the igneous 

rocks is consistent with that of the sedimentary rocks. Recharge is locally derived from 

precipitation, and groundwater generally flows from areas of high to low elevation, 

discharging along the coast at a regional scale, but also locally in creeks and lakes. 

Recharge occurs primarily through fractures, and spatial variation in recharge is 

expected given the heterogeneity of fracture distribution, particularly near faults and 

fracture zones. The amount of recharge to aquifers remains uncertain on Salt Spring 

Island and on the Gulf Islands more broadly, despite the wide variety of methods used in 

previous studies and study to estimate recharge (e.g., water level fluctuation method, 

water balance modeling, etc.). Most studies estimated that approximately 20% of total 

annual precipitation reaches aquifers, while others predicted values as low as 3% and as 

high as 63%. This range shows the level of uncertainty in recharge estimation. The use 

of 3-D land surface-hydrologic models in future work may provide more robust recharge 

estimates given the steep topography of the islands. 

The groundwater chemistry of Salt Spring Island is generally consistent with that 

of the other Gulf Islands. In the sedimentary rocks, cation exchange is a dominant 

process that influences the chemistry. Groundwater evolves from rainwater to a Ca-

HCO3 composition as a result of calcite dissolution, through to a Na-HCO3 composition 

due to cation exchange, and finally to a Na-Cl composition due to mixing with seawater. 

This general evolution has been described in several previous studies. However, there 

are unique characteristics of the Salt Spring Island water chemistry given the presence 

of the igneous rocks. Contrary to the sedimentary rocks, igneous rocks do not have ion 

exchange sites due to the absence of clay minerals. As a result, no cation exchange 

takes place as the groundwater flows through the system. Only mineral dissolution and 

seawater mixing geochemical processes are observed. Saltwater intrusion has also 

been identified in some wells situated along the coast. 

Additional pumping and tidal response tests were analyzed in order to 

complement the existing datasets for Salt Spring Island and the Gulf Islands. Results 

show high consistency between rock types and field testing methods. Using available 
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pumping test data (both long and short duration pumping tests), the average 

transmissivity (T) values were estimated to be between 10-6 and 10-4 m2/s for all rock 

types, and ranging between 10-7 and 10-2 m2/s. The most frequent values of T were 10-6 

and 10-5 for both sandstone and mudstone. Using tidal response data, the average T 

values were estimated to be of the order of 10-5 and 10-4 m2/s, and ranging between 10-6 

and 10-3 m2/s for the three rock types. The hydraulic properties for Salt Spring Island are 

similar to those of the neighbouring Gulf Islands. 

The acquisition of a transient dataset (tidal response) in a well at Swan Point 

(TA-3), provided an opportunity to develop and calibrate a numerical groundwater 

model. First, a steady state ‘fresh’ groundwater model was built using Visual MODFLOW 

to reproduce a representative groundwater flow system calibrate to local hydraulic 

heads. This model was then used to simulate the measured transient tidal response 

observed in the coastal well, and further constrain the aquifer properties. Following 

model calibration, SEAWAT was used to generate a representation of the current salinity 

distribution. From an initial fully saline model domain, the model reached steady state 

within ~28 years. The saltwater wedge is largely vertical at the Swan Point site, likely 

due to the steep topography, which results in a high hydraulic gradient towards the 

coast. It is possible that submarine groundwater discharge occurs, although the model 

boundary conditions did not permit this to be simulated. Future research on the potential 

for submarine groundwater discharge is recommended, as well as testing different 

topographic profiles to identify conditions under which a saltwater wedge might develop. 

All models were largely insensitive to variations in recharge.  

The SEAWAT model was then stressed to simulate the effect of sea level rise 

and an increase in mean annual recharge, projected under climate change. The model 

reached steady state within 30 years, with no observable difference in the saltwater 

interface relative to the baseline model. At this particular study site, characterized by 

steep topography, the impact of future projected climate change is expected to be 

minimal, but this may not be the case for areas of less steep topography.  

Pumping simulations considered two screen configurations (full screen and split 

screen) at a pumping well situated half way between well TA-3 and the coast. Both 
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simulations reached steady state at 26 years. The intrusion of seawater was found to be 

controlled by the well screen placement. A small increase in salinity was simulated in the 

observation well (TA-3) in both pumping simulations. This suggests that pumping has a 

local impact on salinity at this location. The modeling study presented in this thesis is 

specific to the Swan Point site on Salt Spring Island; extrapolation of the findings to other 

locations in the Gulf Islands is cautioned.  

Groundwater resources management in the face of climate change requires 

careful assessment of the topographic, hydraulic parameters and area of land likely to 

be inundated following SLR in order to insure accurate predictions. Also, despite little 

change observed with pumping, more serious saltwater intrusion is possible. The 

presence of fractures, not included in this model, likely have a major influence on salt 

transport and can be important connectors between the ocean and fresh groundwater 

aquifers. 
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Appendix A.  
 
Major ions chemistry, TDS and location of groundwater 
samples included in this study 

Sample 
site # 

Electrical 
Conductivity pH HCO3- SO4 Cl Ca Mg K Na TDS Location 

Units uS/cm 
 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

with relation 
to the 

geological 
unconformity 

Site A na na 65.59 1801.77 13611.29 296.00 887.00 269.00 7210.00 24140.65 ocean 
sample 

Site B na na 50.34 1805.65 13647.41 292.00 883.00 266.00 7137.00 24081.40 ocean 
sample 

Site 1 201 7.8 79.20 10.20 12.40 28.00 2.17 1.00 7.70 120.00 south 
Site 2 380 8.1 180.00 14.00 21.90 65.90 3.58 1.00 7.18 220.00 south 
Site 3 180 7.9 83.00 4.50 10.90 24.80 3.48 1.00 5.58 110.00 south 
Site 5 350 8.1 170.00 31.00 7.60 56.50 5.32 1.00 8.57 210.00 north 
Site 6 na na 131.56 12.41 12.50 34.35 8.53 1.21 7.37 207.92 south 
Site 7 na na 96.12 36.60 10.92 23.84 8.24 1.97 16.74 194.43 south 
Site 8 na na 101.52 16.71 5.96 13.79 11.46 0.77 12.18 162.39 north 
Site 9 na na 74.03 9.36 5.66 17.11 6.92 0.38 3.11 116.56 north 
Site 11 na na 89.40 68.03 9.57 23.49 3.86 0.66 37.85 232.85 north 
Site 13 370.1 7.12 319.43 11.73 9.72 32.01 5.37 0.13 85.39 463.77 north 
Site 14 1378 8.13 146.42 0.54 483.90 7.75 1.70 0.45 356.60 997.36 south 
Site 15 515 7.35 226.23 43.95 25.80 29.47 14.64 1.80 60.49 402.39 north 
Site 16 5.74 8.49 1531.41 354.90 752.00 9.89 1.53 7.56 1216.00 3873.28 north 
Site 17 658 8.72 272.71 6.90 76.31 3.99 1.81 2.16 146.30 510.18 north 
Site 18 448.6 7.14 230.61 34.91 6.10 9.78 2.68 0.89 90.81 375.77 north 
Site 19 628 6.96 150.28 35.73 59.25 38.69 17.59 0.78 34.02 336.34 north 
Site 20 85.7 6.1 28.08 8.46 7.29 5.43 3.04 1.35 6.58 60.24 north 
Site 21 489 8.87 197.32 1.13 10.89 0.81 0.42 0.71 79.85 291.12 south 
Site 22 264.2 7.06 115.84 10.67 4.99 22.61 8.25 2.04 9.26 173.65 south 
Site 23 240.5 6.95 98.59 10.85 4.97 18.86 9.35 1.43 5.41 149.45 south 
Site 25 228.9 6.52 62.98 14.85 18.34 13.12 7.61 1.56 12.37 130.83 north 
Site 27 365.3 7.35 133.72 12.92 7.65 36.35 6.74 1.64 6.12 205.14 south 
Site 28 398 7.2 110.43 11.69 9.56 34.32 4.39 1.08 5.10 176.57 south 
Site 29 2985 8.41 294.14 473.55 485.30 4.42 1.05 2.15 422.10 1094.43 north 
Site 30 545 7.25 219.01 19.20 11.17 28.18 16.44 0.55 35.24 329.79 north 
Site 31 1626 9.13 213.28 198.09 148.96 1.70 0.87 0.08 268.20 831.18 north 
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Sample 
site # 

Electrical 
Conductivity pH HCO3- SO4 Cl Ca Mg K Na TDS Location 

Units uS/cm 
 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

with relation 
to the 

geological 
unconformity 

Site 32 7.07 7.05 359.32 943.65 1578.52 79.01 7.52 12.71 1227.00 3489.09 north 
Site 34 602 6.85 240.53 15.69 87.70 97.15 14.58 1.48 15.07 472.20 south 
Site 35 398.5 7.29 201.57 42.54 5.85 70.41 4.76 1.82 9.29 336.24 south 
Site 36 356.8 7.36 224.47 6.57 7.75 54.32 9.26 1.41 12.11 315.89 south 
Site 37 502 7 258.75 24.20 16.92 28.68 6.36 0.86 74.66 410.42 north 
Site 38 336.7 7.21 201.76 6.45 9.59 22.41 7.91 0.39 44.46 292.97 north 
Site 39 229.6 6.44 132.69 7.95 7.66 33.67 6.23 1.11 7.72 197.03 south 
Site 40 230 6.42 129.67 9.74 12.25 33.03 6.13 0.47 11.71 203.00 north 
Site 41 296.3 7.34 169.66 12.33 7.82 43.56 7.63 1.91 9.39 252.30 south 
Site 42 428.4 7 236.93 16.64 14.12 63.29 6.32 0.86 21.35 359.50 north 
Site 43 302.6 7.33 161.71 5.31 13.71 28.82 6.81 0.25 26.29 242.90 north 
Site 44 249.4 8.83 435.64 16.31 54.61 0.77 0.07 0.93 205.89 714.22 north 
Site 45 406.2 6.52 159.69 31.83 32.50 40.76 9.46 1.36 31.04 306.64 north 
Site 47 322.6 6.96 162.23 10.47 13.60 9.72 3.04 1.01 57.49 257.55 north 
Site 48 528 8.07 257.29 22.14 20.99 5.39 0.81 0.51 113.20 420.33 north 
Site 49 164.6 6.85 163.86 13.54 7.56 42.08 7.99 1.25 9.02 245.30 north 
Site 50 502 7.48 258.15 33.19 18.47 35.79 8.11 0.39 68.55 10.89 north 
Site 51 428.5 7.92 264.88 5.77 5.10 21.37 9.16 0.41 63.84 370.53 north 
Site 52 234.6 6.5 127.95 12.07 4.98 35.37 5.03 0.36 6.93 192.69 north 
Site 53 321.8 8.27 199.98 4.59 6.02 20.79 4.49 0.63 48.78 285.28 north 
Site 54 324.5 7.25 193.97 13.14 11.79 58.53 4.69 0.73 10.59 293.44 south 
Site 55 314.4 7.08 189.84 16.34 6.69 58.02 4.10 0.88 8.88 284.76 south 
Site 56 912 8.37 360.05 93.68 52.91 5.14 0.74 1.79 206.57 720.88 north 
Site 57 286.6 6.94 148.89 11.76 18.41 35.92 11.46 0.94 10.24 237.62 south 
Site 59 -- 7.16 181.84 19.32 4.01 43.61 8.69 3.45 11.89 272.80 north 
Site 60 219.7 6.67 119.92 8.96 7.14 24.91 7.54 0.54 10.96 179.97 north 
Site 62 657 8.4 277.68 9.91 72.81 7.71 0.47 0.94 146.33 515.85 north 
Site 63 437.9 7.05 258.99 7.01 16.22 38.74 7.12 0.89 53.06 382.03 north 
Site 64 326.8 6.94 202.47 12.55 7.95 58.84 5.57 0.66 9.05 297.09 south 
Site 65 464.4 7.09 195.17 66.16 9.27 85.77 2.44 0.85 7.74 367.40 south 
Site 66 493.5 6.91 244.44 26.48 10.79 78.39 5.84 0.69 10.42 377.05 south 
Site 67 346.5 8.86 198.34 9.62 10.10 1.35 0.04 0.61 83.95 304.00 north 
Site 68 469.2 8.86 305.63 9.42 11.30 1.02 0.13 0.66 125.27 453.44 north 
Site 69 819 7.7 279.49 93.38 62.09 9.85 2.41 2.04 173.29 622.55 north 
Site 70 364.4 7.3 190.26 8.54 10.18 48.77 8.31 2.39 9.32 277.77 south 
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Sample 
site # 

Electrical 
Conductivity pH HCO3- SO4 Cl Ca Mg K Na TDS Location 

Units uS/cm 
 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

with relation 
to the 

geological 
unconformity 

Site 71 455.7 9.33 275.26 17.64 4.35 1.22 0.74 0.71 111.84 411.76 north 
Site 72 257.1 6.1 127.88 11.80 15.46 26.90 7.74 1.00 17.78 208.56 north 
Site 73 359.6 7.26 221.36 15.80 5.32 20.30 4.17 1.00 62.70 330.64 north 
Site 75 333.9 6.9 198.64 8.25 9.07 16.40 4.13 1.00 57.50 294.99 north 
Site 76 316.6 7.58 191.35 7.70 6.11 20.70 4.89 1.00 46.20 277.95 north 
Site 77 361.3 7.1 189.32 9.72 17.41 26.10 2.84 1.00 51.40 297.79 north 
Site 78 456.1 7.4 269.61 17.68 10.61 34.00 3.48 1.00 70.80 407.17 north 
Site 79 1040 7.85 243.61 134.25 90.71 3.49 0.19 1.00 210.00 683.26 north 
Site 80 413.3 7.61 234.94 20.60 10.85 47.20 13.60 2.00 24.40 353.59 north 
Site 81 242.8 6.7 154.17 8.93 8.97 39.30 6.83 2.00 9.01 229.20 north 
Site 82 419.2 7.2 248.09 14.78 13.57 78.00 6.72 1.00 6.59 368.75 south 
Site 83 418.3 7.27 291.24 16.49 11.95 80.20 6.67 1.00 20.20 427.75 south 
Site 84 405.4 7.32 223.59 17.70 12.90 69.10 6.22 1.00 9.48 339.99 south 
Site 85 452.3 7.28 256.64 9.45 20.33 81.10 6.29 2.00 8.31 384.13 south 
Site 86 412.4 6.92 248.90 12.54 6.33 27.90 4.78 1.00 62.30 363.74 north 
Site 87 570 7.85 343.13 34.81 8.78 15.00 0.62 21.00 121.00 544.33 north 
Site 88 328 7.3 119.54 20.57 12.97 22.10 2.42 1.00 32.80 211.40 north 
Site 89 6.84 7.74 440.58 27.88 15.51 22.80 2.52 1.00 158.00 668.28 north 
Site 90 433.4 7.27 267.93 13.25 6.96 82.90 5.51 1.00 5.72 383.27 north 
Site 92 401 7.42 251.58 11.08 7.52 70.60 7.68 1.00 8.89 358.35 north 
Site 93 211.8 6.52 123.84 7.71 5.41 35.30 3.80 1.00 5.60 182.66 north 
Site 94 486.2 7.37 293.92 18.92 6.65 39.20 5.40 1.00 68.40 433.49 north 
Site 95 454.3 7.2 293.12 5.95 6.58 52.00 7.38 1.00 43.40 409.43 north 
Site 96 496.7 7.23 230.84 37.22 23.95 33.80 4.55 1.00 72.40 403.76 north 
Site 97 339.6 7.27 207.46 10.50 6.16 57.80 6.49 1.00 8.04 297.45 south 
Site 98 334.9 7.2 219.52 0.08 5.66 61.30 4.16 2.00 7.07 299.78 south 
Site 99 294.4 7.35 175.49 13.00 5.10 49.90 6.96 1.00 4.67 256.12 south 
Site 100 302.1 7.44 181.39 10.13 6.41 52.60 4.33 1.00 8.25 264.11 south 
Site 101 332.9 6.88 194.18 4.92 7.44 55.10 4.31 1.00 8.41 275.36 south 
Site 102 388.8 7.77 233.72 5.83 6.12 4.35 0.62 0.16 88.62 339.42 north 
Site 103 578 7.5 288.70 9.30 48.27 47.90 6.00 0.46 77.99 478.62 north 
Site 104 641 8.14 334.39 25.27 25.83 2.10 0.19 0.26 152.00 540.04 north 
Site 105 473.5 6.99 303.04 15.69 3.08 24.40 1.24 15.00 84.60 447.05 north 
Site 106 236.2 7 130.36 9.71 6.89 21.70 6.46 4.72 18.36 198.19 south 
Site 107 398.4 7.21 235.82 10.90 10.55 70.00 5.91 0.91 8.91 342.99 south 
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Sample 
site # 

Electrical 
Conductivity pH HCO3- SO4 Cl Ca Mg K Na TDS Location 

Units uS/cm 
 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

with relation 
to the 

geological 
unconformity 

Site 108 318.5 6.52 147.59 15.32 17.65 44.20 5.84 0.75 12.20 243.54 south 
Site 109 411.6 6.83 233.57 17.42 12.25 60.30 9.44 0.82 16.80 350.60 south 
Site 110 544 7.22 345.51 8.96 18.91 62.40 16.40 0.29 44.00 496.47 north 
Site 111 598 8.4 362.39 11.23 13.94 6.38 0.80 0.36 142.00 537.09 north 
Site 112 606 6.4 275.46 52.18 29.41 54.50 8.87 1.00 68.00 489.42 north 
Site 113 3609 7.64 152.81 350.85 702.13 29.20 1.09 23.90 631.00 1890.98 north 
Site 114 427 7.36 235.64 17.38 12.88 78.70 3.80 2.23 6.69 357.32 south 
Site 115 575 7.23 378.98 14.18 9.67 113.00 7.79 2.09 10.29 535.99 south 
Site 117 409.8 7.35 158.66 22.63 4.88 49.00 4.65 1.98 7.62 249.42 south 
Site 118 180.2 7.03 178.18 14.01 4.56 34.30 5.90 0.49 26.03 263.47 north 
Site 119 413.4 7.54 203.50 13.40 12.02 52.50 9.09 1.10 12.84 304.46 south 
Site 120 327.3 7.3 180.99 11.90 10.05 21.00 1.47 0.92 53.03 279.36 north 
Site 121 301 9.16 194.47 1.81 2.89 1.31 0.11 0.12 74.28 274.98 north 
Site 122 436.8 9.3 258.20 18.98 4.43 2.15 0.05 0.10 106.70 390.61 north 
Site 123 350.2 6.84 137.32 15.02 30.46 31.90 8.27 2.17 25.17 250.31 north 
Site 124 328.1 6.89 152.88 11.16 19.51 31.60 6.82 1.27 25.71 248.95 north 
Site 125 231.4 7.23 115.68 12.18 6.90 32.70 4.43 0.86 7.51 180.27 south 
Site 126 738 7.56 230.00 0.50 114.00 5.74 1.21 3.20 144.90 410.00 south 
Site 127 414.8 7.66 190.00 34.40 17.10 29.00 5.60 0.25 33.69 240.00 north 
Site 128 431.9 7.48 230.00 25.60 9.20 55.40 3.76 0.30 33.66 250.00 north 
Site 129 326.7 8.2 160.00 12.90 14.20 53.10 3.43 2.51 5.85 190.00 south 
Site 130 406.4 7.82 200.00 33.80 15.10 69.20 5.75 2.55 8.40 230.00 south 
Site 131 407.6 7.3 160.00 23.70 33.00 61.70 7.61 0.15 8.74 220.00 north 
Site 132 322.5 6.73 160.00 11.20 13.40 14.80 1.03 0.05 1.55 190.00 north 
Site 133 283 7.27 160.00 10.90 5.00 49.70 2.10 0.34 4.31 160.00 south 
Site 134 384.6 7.2 220.00 9.50 7.90 70.50 4.76 0.40 5.79 220.00 south 
Site 135 110.8 5.96 41.00 5.30 10.80 7.34 3.75 0.74 6.36 62.00 north 
Site 136 325.7 6.57 150.00 15.40 14.60 34.50 8.06 0.80 12.20 180.00 north 
Site 137 175 6.35 100.00 5.40 6.40 26.00 3.70 0.86 6.21 110.00 south 
Site 138 280 7.8 190.00 7.40 9.60 46.70 7.56 1.05 13.63 210.00 south 
Site 140 322 7.2 120.00 29.10 17.80 33.30 1.65 0.18 35.37 190.00 north 
Site 141 348 8.65 120.00 20.50 10.60 1.68 0.05 0.16 77.27 210.00 north 
Site 142 111.4 6.9 51.00 4.50 4.10 10.70 2.98 0.55 6.92 110.00 north 
Site 143 312 7.7 170.00 12.00 6.10 43.10 5.12 0.23 15.22 190.00 north 
Site 144 372 8.9 170.00 9.00 17.00 1.76 0.05 0.26 86.47 230.00 north 
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Sample 
site # 

Electrical 
Conductivity pH HCO3- SO4 Cl Ca Mg K Na TDS Location 

Units uS/cm 
 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

with relation 
to the 

geological 
unconformity 

Site 146 323.8 7.57 170.00 10.30 8.20 48.40 3.07 0.53 6.51 190.00 south 
Site 200 na na 0.42 1.27 1.90 0.13 0.13 0.09 1.05 5.00 rain sample 
Site 281 866 7.9 264.00 11.90 146.00 41.10 5.89 2.00 144.00 614.89 north 
Site 373 325 8.2 178.00 8.40 10.70 48.00 6.74 1.00 13.10 265.94 north 
Site 147 291 na 101.44 32.88 23.97 12.80 3.40 0.90 120.00 295.39 north 
Site 148 321 na 64.07 7.02 10.20 57.10 5.20 1.10 9.00 153.70 south 
Site 149 374 na 61.78 6.61 13.35 55.30 4.20 0.80 8.10 150.14 south 
Site 150 na na 106.78 826.17 1878.97 180.00 8.90 5.20 1616.00 4622.02 north 
Site 155 384 na 40.42 8.17 5.43 14.40 5.80 0.90 26.20 101.32 north 
Site 156 571 na 41.19 0.11 52.86 4.30 0.10 1.00 63.00 162.56 north 
Site 159 na na 35.08 13.35 4.75 14.60 3.60 3.60 14.90 89.88 north 
Site 160 2300 7.21 142.03 31.26 557.00 167.10 26.10 2.10 187.00 1112.59 south 
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Appendix B.  
 
Tidal responses on the Gulf Islands 

B1. Well without a tidal signal or that have a strong local influence, Salt 
Spring Island (BC) 

The following graphs show the water level variations in wells that appear not to have a 
tidal signal or that have a strong local influence. On all graphs, the primary vertical axis 
represents water level in the well (light grey curve) and the secondary vertical axis is the 
tidal height at the nearest gauge (dark grey curve). The horizontal axis represents the 
date and time at which the water levels were measured. 

 
Figure B1.1. Water levels in observation well 373 and tides in Ganges Harbour, Salt 

Spring Island (BC) from June 21 to 29, 2013. 
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Figure B1.2. Water levels in TA-1 (Baker Road) and tides in Booth Bay (Ocean 1), Salt 

Spring Island (BC) from June 22 to 25, 2013. 

 
Figure B1.3. Water levels in TA-2 (Old Scott Road) and tides in Ganges Harbour, Salt 

Spring Island (BC) from June 22 to 26, 2013. 
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Figure B1.4. Water levels in TA-4 (Hedger Road) and tides at Fernwood Point (Ocean 

2), Salt Spring Island (BC) from June 24 to 26, 2013. 
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B2. Well with a tidal signal in neighbouring Gulf Islands 

The following graphs show the tidal responses and tidal signals at the closest gauge for 
all available wells showing a tidal signal in the Gulf Islands. On all graphs, the primary 
vertical axis represents water level in the well (light grey curve) and the secondary 
vertical axis is the tidal height at the nearest gauge (dark grey curve). The horizontal axis 
represents the date and time at which the water levels were measured.  

 
Figure B2.1. Water levels in observation well 290 and tides on Samuel Island (south 

shore), Saturna Island (BC) from June 25 to 27, 2013. 
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Figure B2.2. Water levels in observation well 319 and tides in Tumbo Channel, 

Saturna Island (BC) from June 21 to 23, 2011. 

 
Figure B2.3. Water levels in observation well 283 and tides in Hope Bay, Pender 

Island (BC) June 26 to 28, 2013. 
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Figure B2.4. Water levels in observation well 284 and tides in Bedwell Harbour, 

Pender Island (BC) June 22 to 23, 2013. 

 
Figure B2.5. Water levels in observation well 258 and tides in Bedwell Harbour, 

Galiano Island (BC) June 25 to 26, 2010. 
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Figure B2.6. Water levels in Mackie well and tides in Tumbo Channel, Saturna Island 

(BC) August 10 to 12, 1998. 

 
Figure B2.7. Water levels in Sparks well and tides in Narvaez Bay, Saturna Island (BC) 

August 12 to 14, 1998. 
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B3. Wells without a tidal signal in neighbouring Gulf Islands 

The following graphs show the tidal responses and tidal signals at the closest gauge for 
all available wells that do not show a tidal signal in the Gulf Islands. On all graphs, the 
primary vertical axis represents water level in the well (light grey curve) and the 
secondary vertical axis is the tidal height at the nearest gauge (dark grey curve). The 
horizontal axis represents the date and time at which the water levels were measured.  

 
Figure B3.1. Water levels in observation well 125 and tides in Miners Bay, Mayne 

Island (BC) June 21 to 28 (2013). 
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Figure B3.2. Water levels in observation well 128 and tides in Georgina Point, Mayne 

Island (BC) June 21 to 28 (2012). 

 
Figure B3.3. Water levels in observation well 327 and tides in Whaler Bay, Galiano 

Island (BC) June 21 to 28 (2011). 
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Figure B3.4. Water levels in well PP2 and tides in Narvaez Bay, Saturna Island (BC) 

June 25 and 26 (2001). 

 
Figure B3.5. Water levels in well PP3 and tides in Narvaez Bay, Saturna Island (BC) 

June 26 and 27 (2001). 
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Figure B3.6. Water levels in well Wolfgang-2 and tides in Samuel Island (north shore), 

Saturna Island (BC) August 15 and 16 (1998).  

No tidal analysis is performed on this well given the very small water fluctuations observed. Also, 
due to the limited data, it is not possible to verify if there is response to two periods per day, 
oscillation observed in ocean tides.  
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Appendix C.   
 
Pumping tests on the Gulf Islands 

Tables C1.1 and C1.2 show the transmissivity and storativity obtained from long and 
short duration pumping tests, respectively.  
 
Table C1.1. Long duration tests: transmissivity and storativity results (from 

Allen et al. 2002)  

Long Duration Tests Formation  Gabriola Geoffrey Spray DeCourcy Cedar 
District Protection 

  
# of tests 12 13 3 4 2 3 

Recovery Average T  (m2/s) 5.5E-05 2.1 E-05 2.2E-05 1.6E-04 2.3E-05 1.2E-05 

 
Max T  (m2/s) 3.1E-03 2.1E-04 5.2E-05 8.4E-04 6.1E-05 1.2E-05 

 
Min T  (m2/s) 1.6E-06 3.2E-06 7.1E-06 4.8E-05 9.0E-06 1.2E-05 

 
Std dev 

 
1.1E-03 7.2E-05 2.3E-05 3.7E-04 3.7E-05 NA 

Theis Average T  (m2/s) 1.8E-05 5.5E-05 1.5E-05 5.2E-05 2.9E-05 1.1E-05 

 
Max T  (m2/s) 6.4E-04 8.1E-04 5.3E-05 7.5E-05 6.0E-05 3.6E-05 

 
Min T  (m2/s) 1.6E-06 5.1E-06 2.7E-06 3.9E-05 1.4E-05 2.8E-06 

 
Std dev 

 
2.1E-04 2.2E-04 2.5E-05 1.5E-05 3.2E-05 1.7E-05 

 
Average S 

 
2.6E-02 1.4E-04 NA 3.7E-04 NA 1.8E-04 

 
Max S 

 
3.7E-02 4.3E-04 NA 5.6E-04 NA 7.2E-04 

 
Min S 

 
1.9E-02 4.4E-05 NA 2.8E-04 NA 4.6E-05 

 
Std dev 

 
1.3E-02 2.0E-04 NA 1.5E-04 NA 4.7E-04 

 
Table C1.2. Short duration tests: transmissivity and storativity results (from 

Allen et al. 2002)  

Short Duration Tests Formation  Gabriola Geoffrey Spray DeCourcy Cedar 
District Protection 

  
# of tests 61 9 5    

Recovery Average T  (m2/s) 9.6E-06 1.0E-05 2.1E-05 NA NA NA 

 
Max T  (m2/s) 1.5E-02 4.9E-05 9.8E-05 NA NA NA 

 
Min T  (m2/s) 2.1E-07 1.9E-06 2.6E-06 NA NA NA 

 
Std dev 

 
2.0E-03 2.1E-05 5.0E-05 NA NA NA 

Theis Average T  (m2/s) 5.8E-06 1.1E-05 4.9E-06 NA NA NA 

 
Max T  (m2/s) 5.4E-02 7.2E-05 3.6E-05 NA NA NA 

 
Min T  (m2/s) 3.4E-07 1.2E-06 7.6E-07 NA NA NA 
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Short Duration Tests Formation  Gabriola Geoffrey Spray DeCourcy Cedar 
District Protection 

 
Std dev 

 
6.9E-03 2.9E-05 1.6E-05 NA NA NA 

 
Average S 

 
1.8E-05 1.5E-04 NA NA NA NA 

 
Max S 

 
3.7E-02 2.7E-04 NA NA NA NA 

 
Min S 

 
2.4E-07 8.6E-05 NA NA NA NA 

 
Std dev 

 
2.1E-04 1.3E-04 NA NA NA NA 
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Appendix D.  
 
Tidal Results for the Gulf Islands  

Tables D1.1 presents all the tidal analysis results for the Gulf Islands. The data were collected as part of this study, as well as 
previous ones1, 2, 3 as indicated.   
 
Table D1.1. Tidal analysis results for all wells analyzed in the Gulf Islands 
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 (m2/s) b (m) Ad 
(m/s) 
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R1 Gabriola 1.33 11.1 39960 120 0.63333 35 0.17 270.65 2.0E-05 2.7E-02 17 1.0E-06 1.6E-03 Spray Mudstone 

R2 Gabriola 1.33 11.1 39960 3000 0.22167 180 0.79 11.45 8.0E-05 1.1E-03 38 2.0E-06 3.0E-05 Geoffrey Sandstone 

R3 Gabriola 1.33 11.1 39960 16200 0.0019 75 0.01 0.07 1.0E-06 6.8E-06 44 2.0E-08 1.5E-07 Northumberland Mudstone 

R4 Gabriola 1.35 11.8 42480 43200 0.0054 455 0.5 0.38 5.0E-05 3.8E-05 17 3.0E-06 2.2E-06 Geoffrey Sandstone 

R5 Gabriola 1.45 11.24 40464 21600 0.00518 115 0.03 0.09 3.0E-06 9.1E-06 14 2.0E-07 6.5E-07 Geoffrey Sandstone 

R6 Gabriola 1.7 13.1 47160 1800 0.07234 220 0.32 56.09 3.0E-05 5.6E-03 17 2.0E-06 3.3E-04 Gabriola Sandstone 

R7 Gabriola 1.7 13.1 47160 600 0.0017 165 0.04 283.96 4.0E-06 2.8E-02 3 1.0E-06 9.5E-03 Gabriola Sandstone 

R8 Gabriola 1.13 11.58 41700 32400 0.28125 90 0.32 0.03 3.0E-05 2.6E-06 18 2.0E-06 1.4E-07 Gabriola Sandstone 

R9 Gabriola 1.13 11.58 41700 60 0.00703 120 0.04 13280.25 4.0E-06 1.3E+00 3 1.0E-06 4.4E-01 Northumberland Mudstone 

R10 Mudge 1.15 12.93 46548 9000 0.00383 75 0.01 0.26 1.0E-06 2.6E-05 10 1.0E-07 2.6E-06 DeCourcy Sandstone 

TH1 Gabriola 1.2 12 43200 NA 0.05 1060 8.09 No graph 8.0E-04 NA 50 2.0E-05 NA Gabriola Sandstone 

TH2 Gabriola 1.2 12 43200 NA 0.05 288 0.6 No graph 6.0E-05 NA 40 1.0E-06 NA Spray Mudstone 
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TH5 Gabriola 1.2 12 43200 NA 0.04 985 6.1 No graph 6.0E-04 NA 40 2.0E-05 NA Gabriola Sandstone 
Obs Well 

385 Gabriola 1.45 12 43200 41400 0.029 808 3.1 1.31 3.0E-04 1.3E-04 29 1.0E-05 4.5E-06 Spray Mudstone 

Obs Well 
316 Gabriola 1.45 12 43200 79200 0.00085 567 0.42 0.18 4.0E-05 1.8E-05 11 4.0E-06 1.6E-06 Northumberland Mudstone 

Obs Well 
317 Gabriola 1.45 12 43200 14400 0.00659 483 0.58 3.87 6.0E-05 3.9E-04 19 3.0E-06 2.0E-05 Geoffrey Sandstone 

Obs Well 
196 Gabriola 1.45 12 43200 5400 0.01208 1125 4.02 149.28 4.0E-04 1.5E-02 97 4.0E-06 1.5E-04 Spray Mudstone 

Obs Well 
197 Gabriola 1.45 12 43200 3600 0.01036 1030 3.16 281.56 3.0E-04 2.8E-02 78 4.0E-06 3.6E-04 Gabriola Sandstone 

Obs Well 
194 Gabriola 1.2 12 43200 90000 0.08 1100 12 0.51 1.0E-03 5.1E-05 56 2.0E-05 9.2E-07 Gabriola Sandstone 

TA-1 Salt 
Spring NA NA NA NA NA NA NTS NTS NA NA NA NA NA Protection Sandstone 

TA-2 Salt 
Spring NA NA NA NA NA NA NTS NTS NA NA 15 NA NA DeCourcy Sandstone 

TA-3 Salt 
Spring 1.858 9.92 35700 6900 0.0135 83.26 0.025 0.41 7.2E-06 1.2E-04 69.6 1.0E-07 1.7E-06 Ganges Sandstone 

TA-4 Salt 
Spring NA NA NA NA NA NA NTS NTS NA NA 10.714 NA NA Ganges Sandstone 

TA-5 Salt 
Spring 1.53 10 36000 2520 0.186 70 0.10 2.23 3.0E-05 6.4E-04 90.715 3.3E-07 7.1E-06 Saltspring 

Intrusions Granite 

Obs Well 
281 

Salt 
Spring 1.66 8.67 31200 37140 0.003 375 0.35 0.25 1.0E-04 7.3E-05 99.96 1.0E-06 7.3E-07 Northumberland Mudstone 
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Obs Well 
373 

Salt 
Spring NA NA NA NA NA 1445 NTS NTS NA NA 95.306 NA NA Extension - 

conglomerate 
Sandstone - 

conglomerate 
Sparks Saturna 1.24 11.16 40176 2592 0.485 100 0.89 4.76 2.5E-04 1.4E-03 67.056 3.8E-06 2.0E-05 Geoffrey Sandstone 
Mackie Saturna 0.915 12 43200 2592 0.555 45 0.59 1.04 1.7E-04 3.0E-04 85.344 2.0E-06 3.5E-06 Geoffrey Sandstone 

Wolfgang-2 Saturna NA NA NA NA NA 75 NTS NTS NA NA NA NA NA Geoffrey Sandstone 
PP2 Saturna NA NA NA NA NA 70 NTS NTS NA NA NA NA NA Protection Sandstone 
PP3 Saturna NA NA NA NA NA 70 NTS NTS NA NA NA NA NA Cedar District Mudstone 

Obs Well 
290 

Saturna 1.58 9.67 34800 79740 NA 364 NTS 0.06 NA 1.7E-05 41.572 NA 4.0E-07 DeCourcy Sandstone 
Obs Well 

319 
Saturna 2.12 11.5 41400 84660 0.34 90 0.18 0.004 5.3E-05 1.1E-06 94.578 5.6E-07 1.1E-08 Geoffrey Sandstone 

Obs Well 
283 

Pender 1.42 9.67 34800 79740 NA 421 NTS 0.08 NA 2.2E-05 87.3992 NA 2.5E-07 DeCourcy Sandstone 
Obs Well 

284 
Pender 1.70 8.67 31200 29940 0.02 333 0.57 0.31 1.6E-04 8.8E-05 91.614 1.8E-06 9.6E-07 Pender Mudstone 

Obs Well 
125 

Mayne NA NA NA NA NA 1567 NTS NTS NA NA 29.92 NA NA Geoffrey Sandstone 
Obs Well 

128 
Mayne NA NA NA NA NA 110 NTS NTS NA NA 67.42 NA NA Gabriola Sandstone 

Obs Well 
258 

Galiano 1.75 8.83 31800 37740 NA 567 NTS 0.57 NA 1.6E-04 78.53 NA 2.1E-06 Gabriola Sandstone 
Obs Well 

327 
Galiano NA NA NA NA NA 287 NTS NTS NA NA 15.1352 NA NA Gabriola Sandstone 

1 Scibek et al., 2013; 2 Saturna Island, 1998 and 2001; 3 Ministry of Environment, 2013a; a Approximate distance to shoreline; bEstimated well depth below water 
table; cEstimated using Equivalent Porous Media assumption; d Amplitude method; e Time lag method. 
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Appendix E.  
 
Log T difference assessment between pumping test 
analytical methods 

E1. Long duration tests  

The following graphs show the difference in log T between standard analytical methods 
(Theis, Jacob and Recovery) in sandstone and mudstone for long duration tests. The 
primary x-axis display the bin range in which each calculated log T difference fits. The 
bin range value represents the highest value found in a specific bin. The primary y-axis 
shows the frequency of calculations found in specific bin ranges and the secondary y-
axis represents cumulative percentage.  

 
Figure E1.1. Log T difference calculated between Theis and Jacob methods in 

sandstone for long duration tests. 
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Figure E1.2. Log T difference calculated between Theis and Recovery methods in 

sandstone for long duration tests. 

 
Figure E1.3. Log T difference calculated between Jacob and Recovery methods in 

sandstone for long duration tests. 
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Figure E1.4. Log T difference calculated between Theis and Jacob methods in 

mudstone for long duration tests. 

 
Figure E1.5. Log T difference calculated between Theis and Recovery methods in 

mudstone for long duration tests. 
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Figure E1.6. Log T difference calculated between Jacob and Recovery methods in 

mudstone for long duration tests. 
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E2. Short duration tests  

The following graphs show the difference in log T between standard analytical methods 
(Theis, Jacob and Recovery) in sandstone and mudstone for short duration tests. The 
primary x-axis display the bin range in which each calculated log T difference fits. The 
bin range value represents the highest value found in a specific bin. The primary y-axis 
shows the frequency of calculations found in specific bin ranges and the secondary y-
axis represents cumulative percentage.  

 
Figure E2.1. Log T difference calculated between Theis and Jacob methods in 

sandstone for short duration tests. 
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Figure E2.2. Log T difference calculated between Theis and Recovery methods in 

sandstone for short duration tests. 

 
Figure E2.3. Log T difference calculated between Jacob and Recovery methods in 

sandstone for short duration tests. 
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Figure E2.4. Log T difference calculated between Theis and Jacob methods in 

mudstone for short duration tests. 

 
Figure E2.5. Log T difference calculated between Theis and Recovery methods in 

mudstone for short duration tests. 

 



 

231 

 
Figure E2.6. Log T difference calculated between Jacob and Recovery methods in 

mudstone for short duration tests. 
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Appendix F.  
 
Transmissivity and storativity by rock type and formation estimated from long and 
short duration tests for the southern Gulf Islands 

Table F1.1. Long duration tests 
  Rock type SANDSTONE MUDSTONE 

Formation    Gabriola  Geoffrey  DeCourcy Protection  Extension Spray  Cedar District Ganges Haslam  
# of tests   12 23 4 3 1 4 2 2 2 
T (m2/s) Averages 1.80E-05 3.77E-05 5.21E-05 1.08E-05 1.37E-05 1.51E-05 2.89E-05 1.61E-05 1.69E-05 

  Max 6.37E-04 2.32E-03 7.50E-05 3.58E-05 1.37E-05 5.31E-05 5.95E-05 2.60E-05 1.90E-05 
  Min 1.60E-06 5.12E-06 3.88E-05 2.80E-06 1.37E-05 2.65E-06 1.40E-05 1.00E-05 1.50E-05 
  Standard dev 2.06E-04 4.96E-04 1.53E-05 1.70E-05 NA 2.53E-05 3.22E-05 1.13E-05 2.83E-06 

# of tests   2 4 4 2 0 0 0 1 0 
S Averages 2.64E-02 2.04E-04 4.00E-04 1.82E-04 NA NA NA 3.45E-03 NA 

  Max 3.67E-02 4.32E-04 4.00E-04 7.17E-04 NA NA NA 3.45E-03 NA 
  Min 1.90E-02 4.44E-05 4.00E-04 4.62E-05 NA NA NA 3.45E-03 NA 
  Standard dev 1.26E-02 1.96E-04 NA 4.74E-04 NA NA NA NA NA 

 



 

233 

Table F1.2. Short duration tests 
  Rock type SANDSTONE MUDSTONE 

Formation    Gabriola  Geoffrey  DeCourcy Protection  Extension Spray  Cedar District Ganges Haslam 
# of tests   61 10 0 0 0 5 0 0 0 
T (m2/s) Averages 5.75E-06 1.06E-05 NA NA NA 4.86E-06 NA NA NA 

  Max 5.42E-02 7.19E-05 NA NA NA 3.61E-05 NA NA NA 
  Min 3.38E-07 1.22E-06 NA NA NA 7.55E-07 NA NA NA 
  Standard dev 6.94E-03 2.86E-05 NA NA NA 1.55E-05 NA NA NA 

# of tests   7 2 0 0 0 0 0 0 0 
S  Averages 1.84E-05 1.51E-04 NA NA NA NA NA NA NA 

  Max 3.67E-02 2.68E-04 NA NA NA NA NA NA NA 
  Min 2.41E-07 8.55E-05 NA NA NA NA NA NA NA 
  Standard dev 2.11E-04 1.29E-04 NA NA NA NA NA NA NA 
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Appendix G.  
 
Hydraulic diffusivity and transmissivity of wells with 
tidal signal by rock type 

Lithology Well Island 

Hydraulic Diffusivity 
(T/S)  

Transmissivity 
(T=D*S) 

Formation  
Amplitude     

(m2/s) 
Time Lag 

(m2/s) 
Amplitude          

(m2/s) 
Time Lag           

(m2/s) 
Sandstone R2 Gabriola 0.79 11.45 8.0E-05 1.1E-03 Geoffrey 

R4 Gabriola 0.50 0.38 5.0E-05 3.8E-05 Geoffrey 
R5 Gabriola 0.03 0.09 3.0E-06 9.1E-06 Geoffrey 
R6 Gabriola 0.32 56.09 3.0E-05 5.6E-03 Gabriola 
R7 Gabriola 0.04 283.96 4.0E-06 2.8E-02 Gabriola 
R8 Gabriola 0.32 0.03 3.0E-05 2.6E-06 Gabriola 
R10 Mudge 0.01 0.26 1.0E-06 2.6E-05 DeCourcy 
TH1 Gabriola 8.09 No graph 8.0E-04 NA Gabriola 
TH5 Gabriola 6.10 No graph 6.0E-04 NA Gabriola 

Obs Well 317 Gabriola 0.58 3.87 6.0E-05 3.9E-04 Geoffrey 
Obs Well 197 Gabriola 3.16 281.56 3.0E-04 2.8E-02 Gabriola 
Obs Well 194 Gabriola 12.00 0.51 1.0E-03 5.1E-05 Gabriola 

TA-3 Salt Spring 0.03 0.41 7.2E-06 1.2E-04 Ganges 
Sparks Saturna 0.89 4.76 2.5E-04 1.4E-03 Geoffrey 
Mackie Saturna 0.59 1.04 1.7E-04 3.0E-04 Geoffrey 

Obs Well 290 Saturna NTS 0.06 NA 1.7E-05 DeCourcy 
Obs Well 319 Saturna 0.18 0.00 5.3E-05 1.1E-06 Geoffrey 
Obs Well 283 Pender NTS 0.08 NA 2.2E-05 DeCourcy 
Obs Well 258 Galiano NTS 0.57 NA 1.6E-04 Gabriola 

Mudstone R1 Gabriola 0.17 270.65 2.0E-05 2.7E-02 Spray 
R3 Gabriola 0.01 0.07 1.0E-06 6.8E-06 Northumberland 
R9 Gabriola 0.04 13280.25 4.0E-06 1.3E+00 Northumberland 

TH2 Gabriola 0.60 No graph 6.0E-05 NA Spray 
Obs Well 385 Gabriola 3.10 1.31 3.0E-04 1.3E-04 Spray 
Obs Well 316 Gabriola 0.42 0.18 4.0E-05 1.8E-05 Northumberland 
Obs Well 196 Gabriola 4.02 149.28 4.0E-04 1.5E-02 Spray 
Obs Well 281 Salt Spring 0.35 0.25 1.0E-04 7.3E-05 Northumberland 
Obs Well 284 Pender 0.57 0.31 1.6E-04 8.8E-05 Pender 

Igneous TA-5 Salt Spring 0.10 2.23 3.0E-05 6.4E-04 Saltspring Intrusions 
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Appendix H.  
 
Calculation of hydraulic heads at the Swan Point 
modeling site 

1. The pressure variations measured by the transducer in the well or ocean were 
first compensated for changes in atmospheric pressure (See Chapter 4). 

2. The HOBO software converts the pressure measured to ‘depth of water above 
the initial level above transducer’ (see point 4). To do this, an estimate of the 
density of the column of water is needed. Two different corrections were 
made depending on whether pressure was measured in a well or in the 
ocean: 

a. Wells: where possible, borehole electrical conductivity (EC) 
measurements were made in each well. From the water surface to the 
depth of the transducer, the EC was generally low, indicating relatively 
fresh water. Therefore, the water in the well was considered fresh and no 
density correction was applied.  

b. Ocean:  for transducers placed in the ocean for measuring tide variations, 
a density correction was applied. A density of 1025 kg/m3 for seawater, 
corresponding to a total dissolved solids (TDS) concentration of 35,000 
mg/L was used. This density may be slightly overestimated for ocean 
water near Salt Spring Island. 

3. When the transducer was placed in the well, the initial depth to water was 
measured with a water level tape (5.4 m deep at Swan Point, SSI). The 
measurement was made from ground surface. The transducer was installed   
2 m below the initial water level in order to insure it remained under water at 
all times. All measurements of pressure are referenced to this water column 
height. 

4. The pressure head is calculated by the HOBO software using the following 
equation: 

ψ=  

ψ = pressure head (m) 

P = pressure above the transducer (kg)/(m*s2) 

ρ = density (kg/m3) 
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g = acceleration of gravity (m/s2) 

 

5. The ground surface elevation was measured in the field with a hand-held GPS 
coupled with LIDAR data available for Salt Spring. The datum is mean ocean 
level (0 masl). 

a. Ground surface elevation at Swan Point, SSI = 9.87 m 

6. The elevation head is calculated by subtracting the depth to logger (initial 
depth to water + depth of transducer below water level at installation) from 
ground surface elevation 

7. The hydraulic head is calculated by adding the pressure and elevation head 
together. 

 

 

  
Figure. H1.1. Schematic of the calculation of hydraulic heads at Swan Point modeling 
site. 
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