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Abstract 

Risk to groundwater quality is defined as a function of susceptibility, hazard and 

consequence. Aquifer susceptibility combines the intrinsic susceptibility of the physical 

system with potential preferential pathways. Hazard threats are assessed based on the 

potential impact and probability of release. The consequence is the financial cost of the 

loss of the resource. The risk assessment methodology is applied to the Township of 

Langley, BC. The results define vulnerable areas as those where susceptible aquifers 

coincide with chemical and biological threats. The risk is greatest where vulnerable 

areas coincide with high potential financial loss: within municipal well capture zones and 

where wells serve high value agriculture. A regional numerical model was constructed 

and used to outline capture zones for wells that may be at risk. The model was also 

used to model contaminant transport and highlight the need to consider horizontal 

groundwater flow when assessing vulnerability.  
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1. Introduction 

Risk is most often defined as the probability and the amount of harm resulting 

from a hazard (United Nations International Strategy for Disaster Reduction (UNISDR) 

2004). How risk is assessed varies widely, especially between the social and physical 

sciences, with various conceptual models and frameworks in use today (Birkmann 

2006). Although the process of risk assessment varies, risk is generally considered to be 

a function of hazard, vulnerability and exposure, where exposure relates to that which is 

impacted, such as people or property (Asian Disaster Reduction Center (ADRC) 2005). 

Regardless of how risk is assessed, the goal remains the same – to assess the impact 

of a disaster on social, economic and environmental conditions in order to empower 

decision makers to create strategies for risk reduction (UNISDR 2005). The real 

advantage of using risk assessments is it provides a rational basis for making otherwise 

subjective decisions on management options (Suter et al. 1987). 

Risk assessment was borne out of the need to assess the human health effects 

of exposure to various food, drugs, and pesticides (Pollard and Duarte-Davidson 2002). 

The concepts quickly moved into the realm of disaster analysis, such as earthquakes, 

landslides and disease (ADRC 2005; UNISDR 2004). Risk principles and methodologies 

are well documented for natural disasters such as landslides and earthquakes 

(Birkmann 2006), however, the extension of risk to environmental systems is relatively 

new and ever-changing (Canadian Council of Ministers of Environment (CCME) 1997, 

Peterman 2004, Power 2002), and comprehensive risk assessments are seldom applied 

to water-related issues. In the realm of water resource management, the concepts of risk 

assessment are most often applied to source water protection, with strategies involving 

the identification of water resource vulnerabilities and potential contaminant pathways in 

order to select ideal management tools for risk reduction (Ontario Ministry of 

Environment 2004; Ivey et al. 2006).  
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Although source water protection methods often include risk components, such 

as vulnerability and hazard, arguably they would not be considered risk assessments as 

they do not consider the consequence of contamination. In studies of disaster or 

ecological risk, the outcome or consequence is normally considered as a part of risk 

analysis (Birkmann 2006; Peterman 2004). Source protection often involves analysis 

within source areas only (e.g. within a well capture zone or watershed); these areas are 

often analyzed individually and not compared with other source areas. 

With respect to groundwater, intrinsic aquifer susceptibility mapping (often 

referred to as aquifer vulnerability mapping; Vrba and Zaporozec 1994) is a tool 

commonly used by water managers to prioritize areas where protection measures are 

needed to ensure groundwater resource quality. Based solely on the physical attributes 

of the subsurface, intrinsic susceptibility is a relative measure of the ease with which a 

contaminant can enter the subsurface when introduced at surface (Van Stempvoort et al. 

1993; Aller et al. 1987). The main limitation of aquifer susceptibility mapping approaches 

is that they typically do not consider whether contaminants are actually present, neither 

do they consider the likelihood of entry of contaminants into the subsurface, nor the 

likelihood of those contaminants causing harm.  

1.1. Background 

1.1.1. Aquifer Susceptibility 

 Aquifer susceptibility, although based on site specific characteristics, is a relative 

measure of distinguishing the intrinsic susceptibility to contamination, of one area over 

another. Because it is not an absolute value, susceptibility cannot be used to quantify 

the parameters that are often of primary interest to stakeholders, such as the probability 

of contamination or the time of travel from spill to a well intake. Many susceptibility 

methodologies are in use today (see review in Gogu and Dassargues 2000; Vrba and 

Zaporozec 1994), each with its own method for determining the relative susceptibility of 

the aquifer.  

Some of the more commonly used susceptibility mapping methods include GOD 

(Foster 1987), AVI (Van Stempvoort et al. 1993), and DRASTIC (Aller et al. 1987). 
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Specialized methods have been developed for use in areas with specific geological 

conditions, such as karst environments (Doerfliger et al. 1999; Goldscheider et al. 2000) 

and fractured bedrock (Denny et al. 2007). Typically the methods involve creating a 

series of maps or overlays, often within a Geographic Information System (GIS), which 

define the various intrinsic properties of the aquifer. These intrinsic properties are either 

mapped directly or are assigned indices. The cumulative impact of all parameters, or 

their indices, defines the relative susceptibility. Common parameters utilized for this 

include soil properties (thickness, texture, moisture content and permeability), surficial 

geology, recharge, aquifer hydraulic conductivity, depth to water, topography, properties 

of confining beds, surface water connectivity, and aquifer thickness (Gogu and 

Dassargues 2000). In general, wherever the local parameters are conducive to a rapid 

travel time for a contaminant travelling from the land surface down to an aquifer, the 

susceptibility is considered high. 

A common assumption of these methods is that the contaminant will be released 

at surface and move through the soil and vadose zone as if it were water. This 

oversimplifies a potentially complex series of interactions, but leads to a conservative 

estimate of susceptibility. Some methods have been altered to address certain chemical 

behaviours (e.g. pesticides – DRASTICP; Aller et al. 1987). However, typically the 

complex mechanisms for chemical attenuation that occur in the vadose zone are 

accounted for through more detailed, site-specific investigations. Other important factors, 

such as hydraulic gradient, porosity, climate and water content are usually not 

considered, nor do the methods take into consideration recharge and discharge areas.  

Because each method determines susceptibility differently, the result of one 

method is not directly comparable to another. In some cases, different methods have 

shown strong divergence in susceptibility (Gogu and Dassargues 2000; Neukum and 

Hotzl 2007). This can be an issue where two neighbouring jurisdictions utilize two 

different methods. Further, this variability results in a need to involve experts with 

knowledge of the strengths and weaknesses of each method. This requirement for 

technical expertise challenges the basic purpose of these maps: the summarization and 

conveyance of technical data to decision makers in a simple and intuitive format.  
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All of the existing methods are limited by the data available for the site of interest; 

the results of each should only be used to the extent that their accuracy allows. 

Methodology to display susceptibility uncertainty has been suggested as an important 

area for future work (Gogu and Dassargues 2000). 

Two of the more common susceptibility methods in use are described below. 

1.1.1.1. DRASTIC 

Arguably, the most well-known aquifer susceptibility mapping method is the 

DRASTIC system developed by the United States Environmental Protection Agency 

(USEPA; Aller et al. 1987). This system uses seven parameters to assess susceptibility, 

each with a defined weight that imparts a relative importance to each parameter. The 

parameters are Depth to water, net Recharge, Aquifer media, Soil media, Topography, 

Impact of the vadose zone, and the hydraulic Conductivity of the aquifer. Each 

parameter is assigned a rating (between 1 and 10) based on conditions at that location; 

the parameters are also assigned a relative weight, based on their importance. The 

DRASTIC susceptibility is then calculated as follows: 

   Susceptiblity = DR
x(5) + RR

x(4) + AR
x(3) + SR

x(2) + TR
x(1) + IR

x(5) + CR
x(3)  (1.1) 

where R is the rating assigned to each parameter and (#) is the weight assigned to each 

parameter. 

The DRASTIC method has been criticized for the redundancy of parameters 

related to the aquifer media and the vadose zone (Panagopoulos et al. 2006). The soil 

zone is a subset of the vadose zone, while, for surficial aquifers, the aquifer media 

overlaps with the soil zone and the vadose zone. Further, hydraulic conductivity often 

reflects typical values for the aquifer media. Another criticism relates to the assignment 

of the relative weights of each parameter, which is based on a Delphi consensus 

approach rather than on physical theory (Van Stempvoort et al. 1993). Those able to 

recreate similar susceptibility maps using simpler methods have questioned the 

necessity of the complex methodology (Gogu and Dassargues 2000; Ronneseth et al. 

1995). Others have shown that only a small number of parameters have the largest 

bearing on susceptibility. For example, Draoui et al. (2008) found that parameters 
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related to the soil and vadose zone most strongly affect susceptibility, while Nobre et al. 

(2007) determined that susceptibility is most dependent on depth to water. It has been 

suggested that the complicated weighting and rating procedure is “self-defeating” 

(Holden et al. 1992). Several studies have shown that DRASTIC is not able to predict 

nitrate contamination (Rupert 2001). Holden et al. (1992) found “little if any association 

between DRASTIC scores and herbicide occurrence” and even discovered one nearly 

significant negative trend.  

Nevertheless, DRASTIC continues to be used in a number of studies due to its 

worldwide recognition and familiarity. In an attempt to overcome some of its limitations, 

for example, the presence of fractures in bedrock, modifications to DRASTIC have been 

made (Denny et al. 2007). More recently, Liggett (2008) compared the effect of using 

different rating tables (for defining the parameter ratings), and different sources and 

interpretation of data for generating DRASTIC maps.  

In British Columbia (BC), DRASTIC maps have been made for the Grand Forks 

aquifer in south central BC (BC Ministry of Environment (BC MoE) 2009), for the Lower 

Fraser Valley (Wei 1998), the Gulf Islands (Denny et al. 2007), the Oliver and Vernon 

areas of the Okanagan (Liggett et al. 2006; Liggett 2008), and Vancouver Island (Liggett 

and Gilchrist 2010). 

1.1.1.2. AVI 

The Aquifer Vulnerability Index (AVI; Van Stempvoort et al. 1993) is another 

commonly used mapping method and is one of the few developed in Canada. A modified 

AVI index, known as the Intrinsic Susceptibility Index (ISI), is also widely used as part of 

Ontario’s Source Protection Planning program (Ontario Ministry of Environment (Ontario 

MoE) 2004). AVI has been credited as the first fully physically-based susceptibility 

method (Frind et al. 2006). In contrast to DRASTIC, AVI utilizes only two parameters: the 

thickness and hydraulic conductivity of each layer above the aquifer. The susceptibility is 

calculated as the sum of the hydraulic resistance, c, for each layer, as calculated below: 

   c = Σ (d/K) (1.2) 
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where d is the layer thickness (units of length) and K is the hydraulic conductivity (units 

of length/time). 

The hydraulic resistance has the dimensions of time, but is not a travel time, as 

factors such as diffusion, sorption and hydraulic gradient are not considered. Like 

DRASTIC, AVI classifies an area into arbitrary susceptibility classes (groups of log[c]). 

There has been success in using quantile-quantile plots to introduce standard class 

limits, thereby improving agreement between methods (Neukum and Hotzl 2007). 

Susceptibility maps generated using the AVI method have been shown to be quite 

similar to those produced from more complicated methods (Gogu and Dassargues 

2000). The obvious advantage of AVI over methods, such as DRASTIC, is the simplicity 

of calculations and the relatively few data requirements which are typically more readily 

available (i.e., depth and K estimated from drillers’ logs). 

1.1.1.3. Intrinsic Susceptibility Accuracy 

The accuracy of susceptibility assessments is often tested against groundwater 

quality data to assess the method’s ability to predict contamination. By far the most 

commonly used water quality indicator is nitrate-nitrogen (Debernardi et al. 2008; 

Holman et al. 2005; Panagopoulos et al. 2006; Rupert 2001), likely owing to its 

prevalence in rural settings, relatively inexpensive analysis costs, and abundant 

historical data. This indicator, however, is not conservative as it is affected by various 

nitrogen cycling processes in the soil (Addiscott 2005; Kendall 1998); nitrate can 

undergo denitrification (Bottcher et al. 1990; Fukada et al. 2004). Other comparison 

indicators include pesticides (Holden et al. 1992) and chloride (Nobre et al. 2007).  

The comparison of susceptibility with groundwater quality has yielded mixed but 

typically positive results for various methods including GOD (Debernardi et al. 2008), 

DRASTIC (Panagopoulos et al. 2006) and AVI (Wei 1998). Explanations for less than 

ideal correlations include a lack of analysis for dilution and denitrification (Debernardi et 

al. 2008), poor well log descriptions and discontinuous confining layers (Wei 1998), 

pumping-induced draw of contaminants (Holman et al. 2005), attenuation and 

degradation of contaminants (Holden et al. 1992), and the presence of perched water 

tables (Ronneseth et al. 1995). Groundwater quality data have also been used to 
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optimize and revise susceptibility mapping methods. For example, Panagopoulos et al. 

(2006) used nitrate data to alter both the rating scale and weighting factor for each 

parameter in the DRASTIC methodology, leading to much greater correlation between 

susceptibility and quality. A similar DRASTIC optimization was successfully used 

elsewhere (Rupert 2001). Specific vulnerability maps (see Section 1.1.3) typically fare 

much better than intrinsic susceptibility in terms of predicting contamination (Nobre et al. 

2007). 

1.1.1.4. Preferential Pathways 

Susceptibility assessments assume that contaminants are introduced at surface 

and move slowly downwards through the natural soil and rock formations. Throughout 

the contaminant’s travel, it undergoes various processes such as biodegradation, 

oxidation/reduction, and adsorption (among others). Over many years (to decades to 

centuries), these processes may essentially neutralize the threat of the contaminant. 

Thus, the natural system is capable of acting as a barrier to the transport of 

contaminants deeper into the groundwater flow system. 

In many locations, anthropogenic activities have removed natural barriers to 

groundwater flow through excavations (e.g. mines, gravel pits) or borings (geotechnical 

or water wells). These features can potentially act as preferential pathways by which a 

contaminant moves directly into a deeper aquifer and bypasses the natural attenuation 

of the subsurface (Figure 1.1). By acting as a bypass, these conduits increase the 

natural intrinsic susceptibility of an aquifer. The presence of such preferential pathways 

are included in select source water protection methodologies (Ontario MoE 2004), but 

are ignored more often than not.  
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Figure 1.1. Preferential pathways such as wells allow contaminants released at 
surface to bypass natural processes that can attenuate the 
contaminant, and thus quickly enter deep aquifer units. 

1.1.2. Hazard Mapping  

Aquifer susceptibility mapping differentiates one area from another based on the 

system’s physical intrinsic susceptibility to contamination. There is neither consideration 

made to the presence or absence of a contaminant source, nor to the likelihood of the 

release of a contaminant. It is obvious that without a source, there is no likelihood of 

contamination, even where the susceptibility is infinitely high. Therefore, in order to 

adequately assess the risk, a method of assessing the location and magnitude of 

potential hazards is required. This step is known as hazard mapping. 

Natural hazards, such as earthquakes or landslides, are typically mapped at a 

regional scale. In contrast, hazards to groundwater quality are most often mapped at a 

much smaller scale and are usually confined to a well capture zone as part of source 

water protection planning initiatives (e.g. BC Wellhead Protection Toolkit, BC Ministry of 

Environment, Lands and Parks (BC MoELP) 2000; Ontario Source Water Protection 

Assessment, Ontario MoE 2004). Hazard mapping is rarely completed for resource 

protection purposes beyond the scale of a well or well field.  
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In its most basic form, source water protection hazard mapping involves the 

creation of a spatially referenced inventory of contaminant threats. This inventory can be 

as detailed as budgetary constraints allow. Often, readily available information (e.g. 

government databases, land use zoning, aerial photographs) allows for a rudimentary 

hazard assessment to be completed as a desktop exercise. Land use for example, can 

be used to create an inventory based on the assumption that each parcel of a defined 

land use type will contain the typical hazards associated with that particular land use 

(USEPA 2004). For example, agricultural land could be assumed to be a potential 

source of pesticides, hydrocarbons, excess nutrients (e.g. nitrate-nitrogen) and fecal 

coliforms (Carmichael et al. 1995, Goss and Richards 2008, Liebscher et al. 1992). 

Remote sensing techniques are also an excellent means to acquire hazard data. Aerial 

photographs can be used to visually identify both point and diffuse sources of pollution 

(Merchant 1994). Advanced remote sensing methods can be used to identify ongoing 

problems. Typically these techniques use detectable changes to infer undetectable 

ones, such as changes in vegetation to infer underground storage tank leaks (Werz and 

Hotzl 2007). In order to quantify the hazards identified using land use or remote sensing 

data, or to detect unseen threats, government records can be used. For example, 

business or environmental permits may indicate the presence of chemical storage, 

landfills or waste discharges. Similarly, potentially hazardous utilities such as sewer lines 

and oil and gas pipelines are often accurately mapped. The most detailed hazard 

assessments often involve onsite investigations and/or landowner interviews, but due to 

the resources required, these are seldom completed.  

Once a hazard is identified and mapped, it undergoes further analysis to 

determine the relative threat. This step serves to quantify the potential magnitude of the 

threat and assess the likelihood of a release to the environment. The magnitude usually 

involves the strength and scale of the hazard. For example, in Ontario the strength of a 

threat is prioritized based on a chemical hazard score, which is based on both human 

toxicity (carcinogenicity and chronic toxicity) and environmental fate (a measure of the 

mobility or persistence of the contaminant). The scale of the hazard threat is often 

limited to its volumetric size, but may also include the frequency and duration of the 

release (Ontario MoE, 2004). A hazard’s threat is also a function of the probability of the 

hazard being released to the environment. Two common methods for assessing 
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probabilities involve directly calculating probabilities from a lengthy data set or using 

expert judgment (Peterman 2004). The former is often difficult to do, as lengthy data sets 

are typically not available. Further, older data may no longer be relevant, especially as 

technologies or practices change over time. The use of expert opinion is therefore in 

widespread use. Expert opinion can draw from factors that may indicate containment 

failure, such as age, maintenance history, presence/absence of secondary containment 

or leak detection systems (Werz and Hotzol 2007), as well as from personal experience. 

1.1.3. Vulnerability  

The combination of hazard and intrinsic susceptibility defines what is known as 

the specific vulnerability of an aquifer (Vrba and Zaporozec 1994), referred to herein 

simply as vulnerability (Focazio et al. 2002). In its simplest form, vulnerability combines 

the presence of a contaminant (hazard mapping) with intrinsic susceptibility at the 

hazard’s location. In more advanced definitions, it also includes contaminant-specific 

processes, such as biodegradation and sorption (Nobre et al. 2007); the vulnerability can 

be highly dependent on these processes (Daly et al. 2002). For example, Andreo et al. 

(2006) combined the behaviour of two contaminants of interest, BTEX (Benzene, 

Toluene, Ethylbenzene, Xylene) and faecal coliforms, with intrinsic susceptibility to 

produce two, very distinct vulnerability maps. Due to the high likelihood of volatilization 

(turbulent groundwater flow through karst and in a very warm climate), the specific 

vulnerability map for BTEX showed a lower vulnerability than the intrinsic susceptibility 

map. Conversely, faecal coliforms suffer little retardation or degradation due to low 

residence time and, consequently, the vulnerability and intrinsic susceptibility maps were 

very similar. This level of detail is often limited to areas within important well capture 

zones (Ontario MoE 2004). 

Groundwater vulnerability, whether intrinsic or specific, assumes vertical 

movement from surface down to the nearest aquifer (Vrba and Zaporozec 1994). When 

specific receptors, such as municipal supply wells, are the focus of vulnerability 

assessments, a common approach is to delineate well capture zones. The standard 

approach is backward particle tracking within a numerical model (Reilly and Harbaugh 

2004). This method does not address the complexities of reactive contaminant transport 

but does allow for a better understanding of the overall flow system (Frind et al. 2002). 
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With this new level of understanding, the vulnerabilities of specific receptors can be 

assessed to a higher level of detail. Conversely, with forward particle tracking sourced 

from potential hazards, previously unknown vulnerable receptors (e.g. private wells, 

sensitive streams) can be identified.    

1.1.4. Consequence 

In studies of disaster risk, the outcome or consequence is normally considered 

as a part of risk mapping (Birkmann 2006; UNISDR 2004). Earthquake risk, for example, 

often includes an assessment of the number of people likely to be affected or the 

expected dollar value of damages. Risk assessment refers to the estimation of both 

components of risk: the probability of adverse events and the magnitude of their 

consequences (Peterman 2004). In the context of water, rarely is the spatially variable 

consequence of contamination considered. One exception is Ducci (1999), who used 

socio-economic value classes in conjunction with hazard and susceptibility to map risk to 

groundwater quality. These value classes were based on the number of people served 

by the source as well as the size of local businesses supported. By assigning a spatially 

variable value of water, the consequence of water losses can be included the 

assessment of risk.  

1.1.5. Uncertainty 

The natural systems that are the subject of risk assessments are often very 

complex, with a high degree of natural variability. In order to assess risk, these systems 

must first be analyzed and simplified into conceptual models. During this analysis, 

various types of uncertainty can develop. Each parameter that is measured is subject to 

inaccuracies and imprecision (Peterman and Anderson 1999). Many environmental 

variables (e.g. recharge, hydraulic conductivity) are extremely difficult to measure 

accurately across the study area. The extrapolation of data between point 

measurements (e.g. boreholes) is another common source of potential error. When a 

system is modeled, it becomes necessary to simplify reality. A lack of agreement 

between these models and reality is another major source of uncertainty. Generally, the 

more complex a model becomes, the greater the inherent uncertainty. The explicit 
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quantification of the uncertainty of risk components has become a major component of 

risk assessment (Suter et al. 1987).  

1.1.6. Decision Analysis and Risk Management 

Ultimately, the purpose of risk assessment is to guide the efficient adoption of 

risk reduction measures (UNISDR 2004). The difficulty in risk management is 

determining what management options are ideal and how uncertainties in risk 

assessments might affect the outcomes of management options. For this reason, an 

intermediate step between risk assessment and risk management is the process of 

decision analysis (Figure 1.2).  

 

Figure 1.2. Risk Assessment as a component of decision analysis, where risk 
and uncertainty are considered to rank management options. Risk 
management involves the selection of management options based 
on decision analysis as well as other factors, such as socio-
economic trade-offs. Figure from Peterman (2004); reproduced with 
permission. 

Decision analysis provides decision makers with management options that 

include the quantification of risks and uncertainties (Peterman 2004). One major 

advantage of decision analysis is that it allows for the analysis of several alternative 
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models in assessing management options. Also, by including uncertainty, decision 

analysis often selects an ideal management option that is different than that which is 

selected using simpler methods that ignore uncertainty (Peterman and Anderson 1999). 

Another key advantage is that decision analysis includes a sensitivity analysis. This step 

assesses how the ranking of management options might change under different 

assumptions about the system. This is of particular value to decision makers as it 

highlights the most robust management option, despite the complexities and 

uncertainties of the system (Peterman and Anderson 1999). Finally, decision analysis 

can be used to determine where best to allocate funds for data collection to reduce 

uncertainty (Suter et al. 1987).  

Risk management involves choosing management options that optimally reduce 

the risk. Often, decision makers must consider the results of risk assessment, decision 

analysis and other factors when deciding on the course of action. These other factors 

can include political, social or economic issues that result in tradeoffs (Peterman 2004). 

Risk management therefore involves subjective judgment on the part of the decision 

maker and not pure science. Globally, there is a strong movement towards integrating 

social, economic, environmental and natural resource aspects of environmental 

management into decision making (Pollard and Duarte-Davidson 2002). Ideally, this 

process must include the involvement of stakeholders and the public, and clear 

communication between scientists, decision makers and stakeholders (Peterman 2004).  

In most applications of disaster risk (e.g. earthquakes), hazard reduction is not 

possible; instead disaster resilience comes from a reduction in population vulnerabilities 

(Birkmann 2006). With groundwater source protection, the susceptibility of the system is 

more or less static. Therefore, risk reduction techniques mostly relate to hazard 

reduction. When hazards are identified, they are matched with a management strategy, 

which can be either regulatory (e.g. enforcement of existing environmental laws) or non-

regulatory (e.g. public education, best management practices (BMP), land use planning 

based on vulnerability; BC MoELP 2000). Using risk analysis to target regulatory 

attention is now a common practice that increases regulatory efficiencies. Further, new 

regulations, which have been informed by risk assessment, are increasingly welcomed 

by industry (Pollard and Duarte-Davidson 2002). Risk reduction can also come in the 

form of managing the exposure of affected communities. For example, the impact of 
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groundwater contamination is lessened with the introduction of management strategies 

for community exposure reduction (e.g. spill response plans, spill detection systems) as 

well as harm reduction (e.g. backup wells, filtration systems).  

1.1.7. Risk to Surface Water Quality due to Contaminated 
Groundwater 

In order to maintain healthy streams and rivers, water managers also need to 

consider the effects of groundwater (Woessner 2000). Although surface water often 

relies on groundwater to provide baseflow (maintain quantity), the quality of surface 

water can be negatively impacted by contaminated groundwater (Naugler 2007; Cox et 

al. 2005). For example, excess nutrients, commonly found in groundwater (Rivett et al. 

2007, Wassenaar et al. 2006), can create excessive biomass production in streams, 

creating issues of oxygen availability for fish and other aquatic organisms. Where 

surface water is the source of drinking water, discharging contaminated groundwater 

also has the potential to create negative impacts to humans directly.  

Like the assessment of groundwater quality risk, analyzing surface water quality 

risk requires an inventory of potential contaminants of concern (i.e. hazard mapping). 

Due to the rapid travel time of surface water relative to groundwater, surface water 

source protection often focuses solely on pollutant travel, from hazard source to 

receptor, along surface water pathways. Typically this involves hazard mapping along 

the shoreline of water courses upstream of a surface water intake (Ontario MoE 2004). 

However, in areas where shallow groundwater contributes a large portion of overall 

surface water volumes, it is advisable to consider the impact of contaminants conveyed 

by groundwater to surface water systems. Hazard inventories for this task can be 

identical to that completed for groundwater quality risk. 

The susceptibility of surface water quality to groundwater contaminants is not 

often considered on a regional scale; typically only small scale studies are completed 

(Cox et al. 2005). Unlike aquifer susceptibility, there are no commonly used index-based 

susceptibility methods in use for surface water. Groundwater susceptibility methods (e.g. 

AVI, DRASTIC) essentially estimate contaminant travel time down to an aquifer. 

Therefore, what is needed is a method of estimating the time for a contaminant to travel 

from its source to an aquifer, and then through the aquifer system to the point of surface 
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water discharge. The only reasonable means of such analysis is with the use of a 

numerical groundwater flow model. With a flow model, a simple advective transport time 

could be determined using particle analysis (Anderson and Woessner 1992). Similar to 

aquifer susceptibility, it would also be possible to assess the “specific vulnerability” (Vrba 

and Zaporozec 1994) for each contaminant, using a reactive transport model. Ideally, 

some assessment of the pollutant retardation capability of the hyporheic zone would also 

be required (Woessner 2000). By incorporating hazard potential with the characteristics 

of the 3-dimensional flow system using a numerical model, the vulnerability of surface 

water quality can also be assessed.   

The analysis of consequence as it relates to surface water quality has many 

potential aspects. The impact to drinking water supply can be quantified somewhat 

consistently based on the number of people impacted by negative water quality. 

Ecological impact is more difficult to quantify, but could be based on the expected 

fisheries value ($) lost or the number of endangered species affected. Consequence, as 

it relates to ecological impact, will ultimately be weighted based on the values of the 

local community.  

1.2. Water Security Assessment Framework 

The work undertaken for this thesis was part of a larger project, funded by the 

Canadian Water Network (CWN), led by Dr. Karen Bakker (UBC) and Dr. Diana Allen 

(SFU) that involved researchers from eight Canadian Universities. The overarching goal 

for the project was the improvement of water security, via the development of 

management tools for communities. Water security was defined by the team as 

“sustainable access on a watershed basis to adequate quantities of water, of acceptable 

quality, to ensure human and ecosystem health” (Figure 1.3). 
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Figure 1.3. Water Security ensures both ecosystem and human health. 

The security of water involves an assessment of the current status of water as 

well as the risk of water security impacts in the future (Figure 1.4). The Water Security 

Status Indicators (WSSI) are used to assess the current status of water or the change in 

status based on previous measures. This includes indicators for both human and 

ecosystem health, in terms of water quantity and quality. Examples of status indicators 

include the Water Quality Index (CCME 2001) and Water Availability Index (Environment 

Canada, under development). The security of water is also based on the likelihood that 

the resource will be negatively impacted by stressors (e.g. climate change, land use 

change, change in water demand, etc.) and that there is some uncertainty in the 

magnitude of impact and the consequences. Therefore, Water Security also includes a 

Water Security Risk Assessment (WSRA). The Water Security Framework can be used 

by decision makers to improve water governance and thus improve water security 

(Figure 1.4). 
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Figure 1.4. Water Security involves the current status as well as the risk of 
negative impacts. The assessment of water security informs good 
water governance. 

An example of a WSRA is the groundwater quality risk assessment methodology 

described in this thesis. The original concept / template for groundwater quality risk 

assessment stemmed from joint research by Natural Resources Canada (NRCan) and 

Simon Fraser University (SFU). The approach defines risk to groundwater as a function 

of hazard, vulnerability and consequence. The assessment is a GIS-based land use 

model that assesses risk to groundwater, and provides a tool to explore management 

options through the adjustment of individual risk indicators. The method incorporates 

intrinsic susceptibility with hazard potential and a measure of consequence. The original 

assessment methodology was tested on North Pender Island, BC (Murray Journeay, 

NRCan, personal communication, 2008).  

As part of the CWN project, the groundwater quality risk assessment 

methodology was incorporated into the overall Water Security Framework. This thesis 

research was motivated by the need to further develop this methodology and apply it to 

a case study area. This thesis details the refinements and the new components added to 

the framework that were undertaken as part of this research. The revised methodology 
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was then applied to a case study area in the Township of Langley, BC. Both NRCan and 

the Township are CWN partners in this project.    

1.3. Purpose and Objectives 

Source water protection is fundamental for achieving water security. Based on 

the literature review described above, several significant shortcomings exist in current 

source water protection methodologies, as they pertain to groundwater quality: 

1) Groundwater “risk” assessments are often completed without including all of 

the components of a true risk analysis and are usually limited to areas within 

well capture zones;  

2) Intrinsic aquifer susceptibility mapping (commonly referred to as vulnerability 

mapping), while commonly used, does not take into account the hazard 

potential within a study area and so gives a false (overly conservative) 

impression of likelihood of contamination; 

3) The consideration of conduits as a means for rapid entry of contaminants 

into an aquifer is often not included in susceptibility mapping;  

4) The spatial distribution of potential consequences of groundwater 

contamination is rarely considered;  

5) Large scale contaminant inventories do not often incorporate groundwater 

flow characteristics into the analysis. By incorporating 3-dimensional flow 

patterns, hazard potentials can be further prioritized based on the time of 

travel to sensitive receptors, such as wells and streams.  

6) Hazard inventories are often completed within well capture zones only. Using 

flow patterns derived from a numerical flow model in combination with a 

large scale contaminant inventory, other potential vulnerable receptors (e.g. 

private wells or sensitive streams) can be identified.  
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The purpose of this research is to develop and test a comprehensive water 

quality risk framework that incorporates the fundamental components of risk: 

vulnerability, hazard and consequence. 

The primary objectives of the research are: 

1) Using the NRCan groundwater quality risk framework as a starting point, to 

refine the potential impact of conduits to aquifer susceptibility and to expand 

on the assessment of consequence. 

2) To test the framework in a case study area, the Township of Langley (BC) 

3) To develop a conceptual groundwater model of the study area; build, 

calibrate and run a regional-scale numerical finite element flow model; 

4) To use the flow model to quantify the water budget for the region, and assess 

capture zones for wells and streams. 

5) To develop a transient transport model that can be used to assess risk of 

contamination to wells from point and non-point sources. 

6) To develop a chapter of a guidance document designed for local government 

that describes the groundwater quality risk assessment approach and its 

application to a case study area 

1.4. Potential Value of Research 

The groundwater quality risk assessment described herein is an attempt to define 

the risk to the resource in a holistic manner. This approach can be used to guide efforts 

to prevent contaminant release, direct monitoring efforts, and build community 

preparedness through increased risk management capabilities. Risk assessments such 

as this, in combination with indicators of current resource security, defines the overall 

water security. The Water Security Framework was developed for small communities, 

and is intended to inform good water governance. As a tool for local governments to 

assess water security, a guidance document for defining and assessing water security 
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was developed. The guidance document is available online at www.watersecurity.ca; the 

groundwater quality risk assessment is a component of the guidance document, and is 

include in Appendix A. 

1.5. Thesis Organization 

Chapter 1: Introduction to the thesis – Review of current work related to risk 

assessments and the source protection of groundwater; research purpose and 

objectives 

Chapter 2: Lower Fraser Valley physical setting – physiography, climate, land use, 

geology, surface hydrology and hydrogeology. 

Chapter 3: Assessing risk to groundwater quality using an integrated risk framework. 

Chapter 4: Development of a regional scale finite element groundwater flow model. 

Chapter 5: Assessing capture zones and travel times using a regional scale 

groundwater flow and transport model. 

Chapter 6: Conclusions and recommendations.  

Appendix A: Section II “Water Security Risk Assessment (WSRA)” in “Water Security 
Guidance Document”. 

http://www.watersecurity.ca/
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2. Study Area 

2.1. Introduction 

The study area includes a large portion of the Lower Fraser Valley (also referred 

to as the Fraser Lowland), located in southeast British Columbia (BC), Canada and 

northwest Washington State (WA), United States. The valley is bound to the west by the 

Strait of Georgia, to the north by the Coast Mountains, and the south and east by the 

Cascade Mountains. 

Some of the work discussed in this chapter focuses on the broader study area, 

which includes much of the Fraser Lowland (Figure 2.1). This larger area is the setting of 

the numerical flow model (Chapter 4) and includes the municipalities of Surrey, Langley, 

Abbotsford and Chilliwack in BC and the communities of Blaine, Lynden, Ferndale, 

Sumas, Everson and Birch Bay in WA. The larger study area is bound by the Fraser and 

Nooksack Rivers, is bisected by the Canada-US border, and covers approximately 1,525 

km2. 

The Primary study area is a subset of the model domain described above as 

defined by the municipal borders of the Township of Langley (ToL: Figure 2.1). The 

groundwater risk assessment (Chapters 3 and 5) is applied to the Township only.   
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Figure 2.1. Fraser Lowland study area showing the Township of Langley (Risk 
Assessment; Chapter 3 and 5) and the larger, numerical model 
domain (Chapter 4). 

2.2. Physiography and Land use 

The Fraser Lowland consists of areas of relatively flat topography with elevations 

generally less than 150 m above sea level (masl; Figure 2-2). At the eastern margin of 

the area, bedrock mountains (e.g. Sumas and Vedder Mountains) climb steeply to 

elevations of 900+ masl. Notable areas of topographic highs include the Uplands of 

Surrey, White Rock and Clayton, as well as the Langley Uplands, which stretch through 

most of Langley and into western Abbotsford (Figure 2.2). Several broad river valleys 

occupy the area. The Nicomekyl River valley stretches from Boundary Bay to the Fraser 

River, Sumas valley (aka Sumas Prairie) is a flat, wide valley that runs from the Vedder 

River to the far northeast of the study area to the Nooksack River in the south. Other 
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notable Canadian lowland areas include Glenn Valley (northeast Langley) and Matsqui 

Prairie (North Abbotsford). South of the Langley Uplands, the Lynden Terrace is a large 

glacial outwash terrace that extends south to the Nooksack River valley and the Custer 

Trough. The Boundary Upland extends across the International border east of Blaine, 

WA.  

 

Figure 2.2. Study area elevation map showing major uplands and valleys. 

Given the mild climate and fertile soils of the Fraser Valley, agriculture has 

historically been the primary land use. Despite rapid urban growth, the area maintains a 

high proportion of agricultural land (Figure 2.3). Agricultural land on the Canadian side is 

dominated by raspberry fields and poultry production (Hii et al. 1999; Liebscher et al. 

1992), while the American side is predominantly dairy (Cox and Kahle 1999).  
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Approximately 704,000 people live in the municipalities of Surrey, Langley and 

Abbotsford (Canada Census 2011) with an additional 200,000 residents on the American 

portion of the lowlands (US Census Bureau 2007). The Canadian portion of the study 

area is experiencing fairly rapid growth, expanding approximately 15% between 2006 

and 2011 (Canada Census 2011). With this growth has come increased pressure on 

existing resources, especially water.  

 

Figure 2.3. Agricultural land within the study area. Source: BC Agricultural Land 
Commission (BC) and Whatcom County Planning Dept. (WA) 

2.3. Geology 

The Fraser Lowland of southwest BC and northwest WA are located within the 

topographic depression of the Tertiary age Georgia Basin. The Basin is bound to the 

north by the Coast Mountains and to the south and east by the Cascade Mountains. The 
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Tertiary rocks are a sequence of sedimentary rocks up to 2400 m thick in some areas, 

and are known as the Huntingdon Formation in BC and the Chuckanut Formation in WA. 

These bedrock units are comprised of non-marine conglomerate, sandstone, mudstone 

and minor coal (Mustard and Rouse 1994). The surface of the Tertiary bedrock has a 

high relief; several paleovalleys exist in the Tertiary bedrock (Ricketts and Liebscher 

1994). Beneath the Tertiary sedimentary rocks are the igneous rocks that form the Coast 

and Cascade Mountains (Mustard and Rouse 1994). 

The Tertiary bedrock is buried beneath up to 700 m of unconsolidated 

Quaternary fill but is exposed at surface in some locations (e.g. Sumas Mountain) 

(Hamilton and Ricketts 1994). The Quaternary deposits are complex, consisting of 

sediments deposited in marine, deltaic and fluvial environments near glaciers (Clague 

1994). The complexity of the sediments is due to the repeated glaciation and 

deglaciation of the region, along with a related sea level fluctuation of up to 200 m, which 

created a dynamic system of sedimentation and erosion. The glacial history of the study 

area is complex and a detailed description is beyond the scope of this thesis; the reader 

is referred to Clague (1994) for further details. The following summary is included due to 

the relevance to the study area hydrogeology. 

The last major glaciation of the Fraser Lowland is referred to as the Fraser 

Glaciation (Armstrong et al. 1965). During that time, the Fraser Lowland was covered by 

up to 1800 m of ice, and the region was depressed isostatically up to 300 m (Armstrong 

et al. 1985). The Fraser Glaciation was the last major advance of the Cordilleran ice 

sheet into the Fraser Lowland, beginning around 25,000 years BP. During the period of 

glacial growth, thick deposits of well sorted sand (Quadra Sand) were deposited in front 

of glaciers as braided stream channels, on floodplains and at delta fronts (Clague 1994). 

The first deposits of glacial ice in the Fraser Lowlands are termed Coquitlam Drift and 

are found in mountain valleys north of the study area. Following glacial retreat about 

19,000 year BP, glaciers readvanced during the Vashon Stade (beginning about 17-

18,000 years BP). Vashon drift consists of at least three till units as well as glaciofluvial 

and glaciolacustrine deposits (Armstrong et al. 1985). Following glacier retreat around 

13,000 years BP, the sea began to invade the lowlands and deposits of glaciomarine 

and marine sediments accumulated (Armstrong et al. 1965); this period is the Everson 

Interstade. Sediments in the western portion of the Fraser Valley are largely of 
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glaciomarine and marine origin and were deposited beyond the ice margins; these are 

referred to as Capilano Sediments (although they were originally referred to as Newton 

Stony Clay). In the eastern lowland the deposits are more complex, with marine stony 

clays and stony silts mixed in with several units of deltaic sand and gravel (Armstrong et 

al. 1965). These deposits, known as the Fort Langley Formation, were deposited in the 

area of the fluctuating ice margin. Following approximately 2,000 years of the Interstade, 

a minor readvance of glaciers into the eastern portion of the Fraser Lowland (i.e. the 

Sumas Stade) deposited sediments known as the Sumas Drift (Clague 1994). This 

mixture of till and glacial-fluvial sediments was deposited on top of the Fort Langley 

Formation (Figure 2.4).  

Since the Fraser Glaciation, sediments have been deposited in the lowland. 

These are referred to as Salish or Fraser Sediments, and are mainly fluvial and deltaic in 

origin, with limited extent and thickness (Armstrong et al. 1985).  
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Figure 2.4. Simplified Quaternary stratigraphy of southwestern BC. Modified 
from Clague (1994), Armstrong et al. (1985), Mustard and Rouse 
(1994). 

2.4. Climate 

The climate of the Fraser Valley is relatively mild, with warm wet winters and 

cool, dry summers. The average annual temperature (at Abbotsford Airport) is 10ºC, with 

an average daily temperature that ranges from 2.6ºC in January to 17.7ºC in August 

(Environment Canada 2012). Given the close proximity of the Coast Mountains, 

orographic uplift creates a strong precipitation gradient (see Section 4.6), which 
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increases to the north and east (Scibek and Allen 2005). Most precipitation falls as rain, 

with snow representing less than 10% of yearly precipitation. On average, nearly 80% of 

the total annual precipitation (1573 mm/yr. at Abbotsford International Airport) falls 

between October and May (Figure 2.5), while less than 100 mm falls in July and August 

(Environment Canada 2012). A lack of summer precipitation results in soil moisture 

deficits throughout the region, creating the need for frequent irrigation in agricultural 

areas (Halstead 1986).  

 

Figure 2.5. Average monthly precipitation and daily temperatures at the 
Abbotsford Airport. Source: Environment Canada (2012). 

2.5. Hydrology and GW-SW Interactions 

The study area is drained by several major surface water drainage systems 

(Figure 2-6). The Fraser River is the largest river within the Fraser Lowland, draining 

approximately 222,000 km2 of the Province of BC before discharging into the Strait of 
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Georgia. A relatively small portion of the northern study area drains directly into the 

Fraser via small tributaries such as the Salmon River. The Sumas River drains a large 

portion of the eastern study area, into the Fraser River. The western portion of the area 

is drained predominantly by creeks and rivers that discharge directly into the Strait of 

Georgia, such as the Serpentine and Nicomekyl Rivers in BC and the Dakota and 

California Creeks in WA. Across much of the central study area, drainage is to the south, 

via Fishtrap and Bertrand Creek into the Nooksack River. The major creeks and rivers 

as well as several small lakes within the study area are shown Figure 2.6. 

 

Figure 2.6. Major surface water features. Spring locations from Golder (2005) 
and Scibek and Allen (2005).  

The degree of connection between groundwater and surface water is not well 

known throughout the Fraser Valley, but has been studied in detail in a few select areas 

as described below. Given the low permeability of the Fort Langley and Capilano 
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sediments that cover large portions of the study area, the level of transmission of water 

between aquifers and surface water bodies is likely relatively low where these sediments 

aquitards occur near surface. Interaction may be significant in areas of unconfined 

coarse grained aquifers, or where substantial down cutting by creeks through the lower 

permeability sediments has occurred.   

Likely the most well studied area of groundwater-surface water interaction is the 

Abbotsford-Sumas aquifer, which is predominantly drained to the south by Bertrand 

Creek, Pepin Brook and Fishtrap Creek (Cox et al. 2005; Berg and Allen 2007; Pruneda 

et al. 2005). During the summer months, flow in these streams is largely maintained by 

groundwater. This flux is not static throughout the year, however, as Fishtrap Creek 

loses water to the aquifer in the winter (Ricketts and Liebscher 1994). At the eastern 

margin of the Abbotsford-Sumas aquifer, the sediments were deposited against an ice 

mass, formerly occupying Sumas Valley (Clague et al. 1983). The steep escarpment that 

remains is the site of several springs (Figure 2.6), which drain the aquifer to Sumas 

River, via Marshall and Shamrock Creeks (Piteau 2010). In the southwestern portion of 

the study area, groundwater discharge from Sumas Drift deposits is also primarily 

responsible for maintaining flow in Dakota, California and Terrell Creeks (Godin 1992). 

In Langley, most of the groundwater discharge to creeks and rivers occurs along the 

margins of major unconfined units, such as the Brookswood, Fort Langley and 

Hopington aquifers (Golder Associates 2004). Several springs have been mapped in 

Langley (Figure 2.6).  

Aquifers throughout the Fraser Lowland provide critical baseflow for surface 

water during the dry, summer months (Wernick et al. 1998). With the decline of 

groundwater levels in some areas of Langley (e.g., BC Observation Well 007; Figure 

2.7), there are ongoing concerns related to the destruction of aquatic habitat. Recent 

groundwater modelling in Langley Township has shown that some creeks have already 

lost up to 30% of their baseflow (Golder Associates 2004). The Township contains 

approximately 700 km of streams utilized by 24 fish species; two creeks are listed as 

“sensitive streams” under BC’s Fish Protection Act (WMP Interagency Planning Team 

2008). Water levels in the Abbotsford-Sumas aquifer have not yet shown signs of 

depletion (Halstead 1986, Kohut 1987, Scibek and Allen 2005); however, the model-

predicted impacts of increased municipal extraction on certain small creeks in 
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Abbotsford, has highlighted the finite nature of water within this hydrologic system 

(Piteau 2010). 

 

Figure 2.7. BC Observation Well #007 has shown substantial water level decline 
in the Hopington Aquifer (Langley) since the early 1970s.   

2.6. Hydrogeology 

As described above, the Fraser Lowland area is bound at depth by Tertiary 

bedrock. Little information exists on the permeability of the Tertiary rocks, but given the 

typical low porosity of the rock type, the potential groundwater transmission is thought to 

be low (Ricketts and Liebscher 1994). The low transmission potential is reflected in the 

low yields of wells drilled into these rocks (Halstead 1986). However, given the high 

relief of the Tertiary bedrock, paleovalleys in the bedrock are likely to influence regional 

groundwater flow (Ricketts and Liebscher 1994).  

The unconsolidated deposits within the lowlands have highly complex 

stratigraphic relationships, owing to the ever-changing depositional environment. Many 

permeable units (Figure 2.8), either unconfined, shallow confined or deep confined, are 

known to exist within the Fraser Lowland (Halstead 1986; Cox and Kahle 1999). 
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Although many of these units have been classified as aquifers, it is difficult to delineate 

distinct hydrostratigraphic units, as the hydraulic interconnection between them is largely 

unknown. There are also various scattered permeable units of limited size within less 

permeable till units (Ricketts and Liebscher 1994).  

The deepest unconsolidated sediments consist of pre-Fraser glaciation marine, 

estuarine and fluvial deposits, comprised of fine sand, silt and clayey silt (Halstead 

1986). Given the depths of these units (>90 m below ground surface), their low 

permeability, and their high groundwater residence times (and thus high concentrations 

of total dissolved solids (TDS)), they are seldom used for water supply. Thus, there is 

little hydrogeological information available from drilling records.  

Above these units is a thick heterogeneous sequence of glacial drift deposits 

(commonly referred to as tills or diamictons), which were deposited during the early 

stages of the Fraser Glaciation (referred to as Vashon and Coquitlam Drift). These tills 

are not continuous across the lowlands, but they constitute the major confined aquifers 

found in the region (e.g. Nicomekyl Serpentine Aquifer, Aldergrove Aquifer, Clayton 

upland Aquifer). The till units are generally overlain by the glaciomarine clay units of the 

Capilano Sediments and Fort Langley Formation, which act as aquitards.  

The most widely used aquifers within the Fraser Lowland are highly permeable 

glaciofluvial sand and gravels, associated with the Sumas Stade (Sumas Drift deposits), 

which generally stratigraphically overlie the Fort Langley Formation. These units form 

water table (unconfined) aquifers with good water quality, owing to their low groundwater 

residence times, but are susceptible to anthropogenic pollution due to their unconfined 

nature. The Brookswood aquifer (southwest Langley) is a former glaciofluvial delta that 

was raised isostatically since glaciation. Another highly productive aquifer is the 

Abbotsford-Sumas Aquifer; the aquifer is a plain of permeable sand and gravel 

deposited by meltwater streams. This aquifer extends south across the Canada-US 

border, where it is sometimes referred to as the Sumas-Blaine Aquifer (Cox and Kahle 

1999). Although these Sumas deposits are productive (reported well yields are up to 150 

L/s), they are highly heterogeneous and contain lenses of low permeability deposits such 

as lodgement or flow till or stony clay (Ricketts and Liebscher 1994).  
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The youngest aquifers (postglacial) are those composed of Fraser River 

sediments (delta, channel fill and overbank deposits; e.g. Fort Langley Aquifer) and 

Salish sediments (stream, landslide and beach deposits; e.g. Vedder River Fan Aquifer).   

Approximately 35 distinct units within the unconsolidated Quaternary deposits 

have been delineated by the BC Ministry of Environment within the Canadian side of the 

study area. In contrast, the Washington State Department of Ecology has grouped the 

region’s aquifers into the largest unit (Sumas-Blaine Aquifer), and has mapped areas 

containing surficial aquifers and discontinuous aquifers (Figure 2.8).   
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Figure 2.8. Mapped aquifers in BC (Source: BC Ministry of Environment) and 
WA (Source: Washington State Department of Ecology). 

2.6.1. Recharge 

Aquifers within the study area receive recharge from direct precipitation, inflow 

from streams, and surface runoff from neighbouring areas (Ricketts and Liebscher 

1994). Major unconfined units are recharged predominantly by direct infiltration from 

precipitation. Given this, it is not uncommon for shallow wells completed in these units to 

dry up during unseasonably dry years (Halstead 1986). Most recharge occurs during the 

winter months when precipitation is high and evapotranspiration is low (Figure 2.5; 

Halstead 1986), although irrigation return flow may be a significant source during the 

summer months. Figure 2.9 shows mean monthly precipitation (from Abbotsford 

International Airport) and groundwater levels measured in two BC Observation Wells 

(#002 in the Abbotsford Aquifer and #360 in the Brookswood Aquifer). Groundwater 
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levels in these two unconfined aquifers are strongly correlated to precipitation with a lag 

of approximately three months. 

Recharge from direct precipitation is highly variable across the study area due to 

variability in soil infiltration capacity, evapotranspiration (ET), hydraulic conductivity and 

slope, as well as spatially variable anthropogenic features (e.g. irrigation, septic 

systems, impermeable surfaces, water distribution leakages). For example, Golder 

(2005) estimated recharge across the Township of Langley to vary from 52 to 850 

mm/yr. Estimates for recharge to the unconfined Abbotsford-Sumas aquifer from two 

different studies range from 280 to 1270 mm/yr. (Cox and Kahle 1999) and from 628 to 

1,150 mm/yr. (Scibek and Allen 2005).  

Little is known about the pathways and magnitudes of recharge to the deeper 

confined aquifers.  
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Figure 2.9. Groundwater levels in major unconfined units (Well #002 – 
Abbotsford Aquifer; Well #360 – Brookswood Aquifer) are strongly 
correlated with precipitation (Abbotsford Airport), with a lag of 
approximately 3 months. Data sources: BC Ministry of Environment 
Groundwater Level (GWL) Database and Environment Canada 
Climate Normals (1971 to 2000).  

2.6.2. Groundwater Flow 

Regional groundwater gradients are not well known in most aquifers within the 

Fraser Lowland. Typically only the well-used unconfined aquifers of Sumas Drift deposits 

have been studied in enough detail to determine the groundwater flow directions. For 

example, groundwater flow within the Abbotsford-Sumas Aquifer follows a radial flow 

pattern in a general southerly direction (Liebscher et al. 1992), although local variations 

in the groundwater flow exists near streams (Scibek and Allen 2005). The transport of 

nitrate enriched waters into the United States from Canada along this regional 

groundwater flow path has received much attention (Cox and Kahle 1999, Kohut et al. 

1989, 1993, Liebscher et al. 1992, Mitchell et al. 2003). In Langley, flow within the 



 

37 

Brookswood Aquifer also follows a radial pattern with a general westerly direction 

(Ricketts and Liebscher 1994). Flow in the Hopington Aquifer in central Langley follows a 

gradient from southeast to northwest, before discharging to springs and surface waters 

(Golder Associates 2004). Several unconfined aquifers along the Fraser River, including 

the Glenn Valley and Fort Langley Aquifers, are believed to discharge directly to the 

Fraser River (Golder Associates 2004).  

Groundwater flow directions in the confined aquifers are largely unknown. 

However, given the topography of the region, it is likely that flow is from east to west 

along the main gradient of the Fraser River. Bedrock topography may have an impact on 

flow at depth, especially where paleovalleys exist (Ricketts and Liebscher 1994). 

2.6.3. Extraction 

Groundwater is used heavily within the Fraser Lowland; however, the exact 

quantity of extraction is largely unknown due to a lack of legislative requirements to 

report groundwater use in BC. Most of the urbanized areas in the Canadian portion of 

the area rely on some form of municipal water supply. In the City of Surrey, this 

municipal supply is predominantly surface water, provided by the Regional District: 

Metro Vancouver. The water utility operated by the Township of Langley also relies on 

water from Metro Vancouver. However, approximately 50% of the municipal supply is 

from production wells operated by the Township (Interagency Planning Team 2009). The 

City of Abbotsford water system is sourced primarily from surface water north of the 

Fraser River; however, several production wells are used during shortages or when 

there are high turbidity events in the primary source (AECOM 2010). Several other water 

purveyors that operate in the area include Clearbrook Water Works and the City of White 

Rock.  

Although the precise locations of private wells are largely unknown, a majority of 

agricultural operations in the lowlands are believed to rely on wells. Similarly, large rural 

areas are not serviced by municipal water, and thus, private wells are the most likely 

water source. Roughly 5,000 to 10,000 private wells are believed to be in use on the 

Canadian side of the study area.  
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In Washington State, the drilling of a well requires notification to the Department 

of Ecology. However, the actual extraction rates of wells are largely unknown. Several 

large water purveyors, such as the Cities of Sumas and Ferndale, do operate wells 

within the study area. Approximately 3,000 wells are believed to exist on the American 

side of the study area.  

A more detailed analysis of estimated groundwater extraction rates is given in 

Section 4.7.  

 

 



 

39 

3. Groundwater Risk Assessment 

3.1. Introduction 

Source water protection is the first and often most critical part of a multi-barrier 

approach to drinking water protection (WHO 1993; O’Connor 2002). This strategy 

involves the identification of water resource vulnerabilities and potential contaminant 

pathways in order to select ideal management tools for risk reduction (Ontario Ministry of 

Environment (MoE) 2004; Ivey et al. 2006). With respect to groundwater, intrinsic aquifer 

susceptibility mapping (often referred to as aquifer vulnerability mapping; Vrba and 

Zaporozec 1994) is a tool commonly used by water managers to prioritize areas where 

protection measures are needed. Based on the physical attributes of the subsurface, 

intrinsic susceptibility is a relative measure of the ease with which a contaminant can 

enter the subsurface when introduced at surface (Van Stempvoort et al. 1993; Aller et al. 

1987). The main limitation of aquifer susceptibility mapping approaches is that they 

typically do not consider whether contaminants are actually present (although some 

studies of specific vulnerability have considered hazards; Vrba and Zaporozec 1994; 

Nobre et al. 2007), neither do they consider the likelihood of entry of contaminants into 

the subsurface nor the likelihood of those contaminants causing harm.  

Incorporating these aspects constitutes a form of risk assessment, allowing for 

the uncertainty in foreseeable future events, which can negatively impact water quality 

(Ontario MoE 2004). Another important limitation of aquifer susceptibility approaches is 

that they do not consider the consequences of contamination. In studies of disaster risk 

(e.g. earthquakes), the outcome or consequence is normally considered as a part of risk 

mapping (Birkmann 2006). In a water context, rarely is the consequence of 

contamination considered. One exception is Ducci (1999), who used socio-economic 

value classes in conjunction with hazard and susceptibility to map risk to groundwater 

quality. These value classes were based on the number of people served by the source 

as well as the size of local businesses supported. In this light, Belousova (2006) 



 

40 

included “specific damage” in risk analysis, with total risk calculated as the product of 

specific vulnerability and specific damage for each contaminant. 

Although risk principles and methodologies are well documented for natural 

disasters such landslides and earthquakes (Birkmann 2006), comprehensive risk 

assessments are seldom applied to water-related issues. The purpose of this study was 

to develop a risk assessment methodology for source-water protection purposes that is 

both straightforward and standardized, based on common risk assessment principles. A 

map of risk to groundwater quality is generated using a series of spatial datasets to 

quantify the two fundamental components of risk - Vulnerability and Loss. Ultimately, a 

groundwater quality risk assessment can guide efforts to prevent contaminant release, 

direct monitoring efforts, and build community preparedness (i.e. risk management).  

3.2. Risk Assessment Methodology 

3.2.1. Introduction 

There are several methods in the scientific literature for the assessment of risk 

and vulnerability (Birkmann 2006). The variability in methods, and even definitions, likely 

owes to the wide breadth of topics, from earthquakes to floods to plagues, to which risk 

is applied. Risk assessment is defined as the “systematic use of available information to 

determine the likelihood of certain events occurring and the magnitude of their possible 

consequences” (United Nations Inter-Agency Secretariat of the International Strategy for 

Disaster Reduction (UNISDR) 2004). This likelihood is based on the presence of human 

induced or natural hazards and the vulnerability of the system. Risk is therefore a 

function of hazard, vulnerability and exposure (Arakida 2006; Asian Disaster Reduction 

Center (ADRC) 2005). In most applications of disaster risk assessments, exposure 

relates to that which is affected, such as people or property and is often quantified by the 

potential impact (Arakida 2006). Carreno et al. (2007) developed a holistic approach 

using indices to assess seismic risk. Risk was defined as a function of the potential 

physical damage and an impact factor. The physical damage is hazard dependent and is 

based on the exposure to hazards and the physical susceptibility of the system being 

measured. The impact factor is hazard independent and is a function of social and 
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economic fragilities and a lack of resilience or ability to cope/recover. Building on this 

concept, the assessment methodology presented in this paper defines the Risk of 

groundwater contamination based on two fundamental components: Vulnerability and 

Loss (Equation 3.1). Vulnerability is the potential for damage caused by various 

contamination hazards, offset by the natural protection provided by the physical 

(unaltered or altered) system. Loss is the economic, environmental and/or health 

consequences associated with the contamination of a groundwater resource.  

Risk (due to a specific hazard) is calculated as: 

   Risk (RH) = Vulnerability (VH) x Loss (L) (3.1) 

Vulnerability (VH) includes the susceptibility of the physical system – here the 

aquifer (Aquifer Susceptibility, SA) and the presence/absence of hazards that may 

contaminate the resource (Hazard Threat, TH). This combination of hazards with aquifer 

susceptibility is commonly referred to as the specific vulnerability of an aquifer (Vrba and 

Zaporozec 1994) and is calculated here as:  

   Vulnerability (VH) = Aquifer Susceptibility (SA) x Hazard Threat (TH) (3.2) 

Aquifer Susceptibility is generally stable in time, but can be altered through 

anthropogenic activities (e.g. the construction of wells, mines and other excavations). 

Such “Conduits” physically remove, or provide bypasses through, the natural protection 

provided to an aquifer by the overlying geology. The inclusion of such features within 

susceptibility analyses is uncommon, but conduit assessment has been implemented in 

some studies (e.g. Ontario MoE 2004). Here, Aquifer Susceptibility (SA) includes both 

the Intrinsic Aquifer Susceptibility (SI) and the presence of man-made Conduits (C) such 

as boreholes or mines that may potentially act as preferential pathways into an aquifer if 

protective measures are not in place:  

   Aquifer Susceptibility (SA) = Intrinsic Aquifer Susceptibility (SI) + Conduits (C) (3.3) 

Areas of high Aquifer Susceptibility are seldom at real risk without a source of 

contamination. Therefore, it is necessary to include an inventory of potential hazards. In 

this study, the threat represented by each hazard source is quantified based on factors 

specific to the chemicals (toxicity and environmental fate), their potential magnitude 
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(onsite quantity and spatial extent), and the probability that each will be released to the 

environment:  

   Hazard Threat (TH) = ∑ (Chemical Intensity x Quantity x Probability x Extent) (3.4) 

where, 

   Chemical Intensity = (Toxicity + Environmental Fate) / 2 (3.5) 

Quantity (Q) = Relative volume of point or non-point source contaminant;  

Extent (E) = Spatial footprint of area exposed to threat of contamination; and  

Probability (P) = Likelihood of hazard threat occurrence. 

The final piece of Equation 3.1 is the parameter Loss (L), which is the 

consequence of the resource becoming contaminated. This factor can include a wide 

breadth of consequences including financial losses or environmental or human health 

impacts. This methodology currently focuses on examples of financial consequences. 

These consequences include the cost to replace a groundwater source (Replacement 

Cost); the impact to the local economy where a reasonable replacement cannot be 

found (Economic Loss); and the financial burden, to the individual and the community, of 

health related issues (Healthcare Cost). The overall framework for assessing Risk, using 

the above parameters is depicted in Figure 3.1. 
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Figure 3.1. Risk Assessment Framework 

Both fundamental components of Risk, i.e. Vulnerability and Loss, are in part 

dependent on the social, economic and governance structure of the local community. 

Therefore, this assessment can be used to direct management changes, in order to 

reduce a community’s exposure to Risk. The effectiveness of human measures to 

protect the aquifer from contamination, defines the Resistance of a community. For 

example, proactive planning initiatives, such as wellhead protection, reduces the 

potential of Hazard Threats (by reducing the presence of hazards within protection 

zones), thereby reducing Vulnerability. The effectiveness of the community’s response 

and recovery capability, defines the Capacity. This variable is largely hazard-

independent and affects Risk through Loss. For example, those communities with 

effective spill response plans or alternatives sources of water (i.e. a greater capacity) are 

susceptible to less Loss and, therefore, have lower Risk exposure. Resistance and 

Capacity then, indirectly affect how the variables for Vulnerability and Loss, respectively, 

are assessed; Equation 3.6 expresses this relationship in a general fashion. The 
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concepts of Resistance and Capacity, while not quantitative, serve to reduce 

Vulnerability and Loss, respectively.  

   Risk = (Vulnerability – Resistance) x (Loss – Capacity) (3.6) 

This paper demonstrates two examples of the risk methodology. The first 

considers the risk of groundwater contamination based on a full suite of potential 

chemical threats and the financial consequences of pollution. This is referred to as the 

‘base case’ scenario. The second risk assessment relates solely to the risk of pathogen-

related illness, referred to as the ‘health’ scenario. This scenario considers only 

pathogen hazard sources and the financial consequences of pathogen-induced illness in 

end-users.  

3.2.2. Vulnerability 

3.2.2.1. Aquifer Susceptibility 

3.2.2.1.1. Intrinsic Aquifer Susceptibility 

Intrinsic aquifer susceptibility provides a relative measure of the ease at which a 

contaminant will move from surface down to an aquifer. Many detailed susceptibility 

methodologies are in use today (see review in Vrba and Zaporozec 1994). Some of the 

more commonly used intrinsic susceptibility mapping methods include GOD (Foster 

1987), AVI (Van Stempvoort et al. 1993) and DRASTIC (Aller et al. 1987). Specialized 

methods have been developed for use in areas where other methods are inadequate, 

such as in Karst environments (Doerfliger et al. 1999; Goldscheider et al. 2000) and 

fractured bedrock (Denny et al. 2007). Input parameters often include soil properties, 

surficial geology, recharge rates, travel time through the vadose zone, aquifer hydraulic 

conductivity, depth to water, land use, topography, properties of confining beds, surface 

water connectivity, and/or aquifer thickness (Gogu and Dassargues 2000). In all 

methods, it is assumed that the potential contaminant is introduced at or near the land 

surface and that the contaminant will move through the soil and vadose zone as if it 

were water (i.e., with no attenuation). This oversimplifies a potentially complex series of 

interactions (e.g. sorption, chemical reactions, etc.), but leads to a conservative estimate 

of susceptibility. Because each method determines susceptibility differently, the result of 

one method is not directly comparable to another. In some cases, different methods 
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have shown strong divergence in susceptibility (Gogu and Dassargues 2000; Neukum 

and Hotzl 2007). 

The risk methodology described herein is designed to be transferrable to any 

region, regardless of data or resource availability. Therefore, no single susceptibility 

assessment method is preferred, provided the method used adequately defines intrinsic 

susceptibility for the region. Where it is not possible to complete a susceptibility 

assessment using a defined method, it is possible to gauge relative susceptibility in a 

general way using available data. For example, a soil map in combination with a map of 

topography can be used to roughly outline areas of high (permeable soils, low slope) 

and low (impermeable soils, high slope) intrinsic susceptibility. Conversely, where 

advanced methods are possible (e.g. time of travel derived from numerical models), 

these results can be similarly utilized. Regardless of the method of assessing intrinsic 

susceptibility, the results need only be reclassified using a scale of 1-10 in order to use it 

in the risk methodology. 

3.2.2.1.2. Conduits 

Boreholes into the subsurface, including geotechnical and water wells, provide a 

pathway through which a contaminant from the surface can move directly into a deep 

aquifer (Ontario MoE 2004). By acting as a bypass, these conduits increase the natural 

intrinsic susceptibility of an aquifer at the scale of the area around the wellhead (Figure 

3.2). The magnitude of the susceptibility increase depends on the depth of the well as 

deeper wells bypass a greater proportion of an aquifer’s natural protection. The 

probability that the well will act as a conduit will depend on the well construction and 

location characteristics. During well construction, a space between the natural formation 

and the well is created. This void, known as the annular space, represents a conduit for 

contamination and, therefore, should be sealed using a low permeability material, 

referred to as a surface seal (Figure 3.3); bentonite clay and/or cement is often used as 

a sealant. Where seal information is available, the length, thickness and sealant type 

can be used to qualify seal effectiveness. Contaminants may also travel into an aquifer 

within the well itself if a secure well cap is not installed. High capacity drilled wells are 

often completed with airtight caps that prevent leakage into the well even if the well 

becomes completely submerged underwater. Other well caps/covers may only prevent 
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large debris from entering the well, while in some dug wells, caps/covers may provide 

little to no protection.  

 

Figure 3.2. A well can act as a conduit, allowing surface contaminants to enter a 
deep aquifer, either directly inside the well or along an annular 
space outside the well casing. 

Where a well is placed within a topographic depression (large scale), surface 

runoff carrying contaminants is more likely to collect near the wellhead, increasing the 

chances of downward migration through an open annular space or uncapped well 

(Figure 3.2). At the local (small) scale, if the ground around a well is graded away from 

the well casing (Figure 3.3), contaminants will not pond around the wellhead. These 

large and small scale slopes around the well casing are important features in 

determining the likelihood a contaminant will enter the groundwater system via the well. 

The mapper must qualify the likelihood that: 1) the well is placed in a topographically 

favourable area, and 2) the wellhead is graded away from the casing. Well placement 

can be determined using onsite knowledge (most ideal) or using available contour maps 

or digital elevation models (DEMs). The degree to which a wellhead is properly graded 

requires onsite knowledge of the well. In addition, as properties hook up to municipal 

water, or wells are replaced with higher capacity wells to meet new demand, unused 

wells are often left abandoned. Over time, these wells fall into disrepair and are often 
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‘lost’ under vegetation, becoming not only a safety concern but also a substantial risk to 

the aquifer as a conduit. Table 3.1 lists the characteristics and scores used to assess 

wells as potential conduit threats. 

 

Figure 3.3. A low permeability material (sealant) is installed around the well 
casing, near the surface, forming a surface seal. This seal prevents 
any contaminants at the surface from using the outside of the well 
casing as a preferential vertical pathway to the aquifer at depth. A 
proper well cap prevents contaminants from entering the well casing 
directly. Grading the land surface away from the wellhead prevents 
surface contaminants from collecting around the casing and making 
their way into any annular space that may exist around the well 
casing. 
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Table 3.1. Conduits score rating scheme for assessing the level of Conduit 
threat provided by a well 

Construction Category Score Characteristic 

Presence of a well 0 No well present 

1 Well is present 

Effective surface seal 0 Good seal installed 

1 Adequate seal installed but length or width is not ideal 

2 Adequate seal likely installed 

3 Adequate seal likely not installed 

Well cap/cover 0 Adequate cap installed 

1 Adequate cap likely installed 

2 Adequate cap not likely installed 

Likelihood of ponding 
around the wellhead 

0 Ponding is unlikely  

1 Ponding is probable 

2 Ponding is highly likely 

Abandoned 0 Well in use or closed 

2 Well likely abandoned and in disrepair 

 

3.2.2.1.3. Overall Aquifer Susceptibility 

Intrinsic Susceptibility is the susceptibility of the aquifer under natural conditions; 

conduits increase an aquifer’s susceptibility by providing a man-made pathway to 

bypass the natural hydraulic resistance. To combine Conduits with Intrinsic Aquifer 

Susceptibility (Equation 3.3), each conduit data point is converted into a raster grid (50 X 

50 m size in this study). Each grid cell is then assigned a conduit threat value based on 

the well(s) it contains (Table 3.2); where more than one well is located within a single 

grid cell, the cell is assigned a cumulative value of the conduit scores. The raster 

conversion increases ease of computation in the GIS and provides a means of 

calculating well density. The overall score for each raster cell is then classified using a 

scale of 0 (no wells) to 5, representing the well density, as per Table 3.2. The values for 

conduits (0-5) and intrinsic susceptibility (1-10) are simply added using raster addition in 

the GIS (Equation 3.3) and reclassified using a 1-10 scale. 
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Table 3.2. The cumulative Conduits scores (Table 3.1) are used to assign a 
Conduit threat value to each raster cell 

Cumulative Conduit Score Conduit Threat Value 

0 0 

1 to 5 1 

6 to 11 2 

12 to 19 3 

20 to 29 4 

30 or more 5 

 

3.2.2.2. Hazard Threat 

3.2.2.2.1. Land Use Contaminant Inventory 

In areas of high aquifer susceptibility, where there is no contamination source, 

there is no risk. An adequate risk-based assessment must therefore include an inventory 

of potential hazard threats (Ontario MoE 2004).Through the systematic inventory of 

contaminant sources, the relative probability of a contaminant release can be quantified. 

This process of hazard mapping can be as detailed or as generalized as budgets allow. 

A detailed onsite investigation throughout the study area is the most ideal form of 

chemical hazard assessment. However, such a task is extremely time consuming and, 

thus, is seldom done unless part of a quality control check. To make the mapping 

process more manageable, it is preferable to use information that is readily available. 

Land use data, for example, are often available through municipal planning departments 

and can be used to map potential hazards, based on the typical chemical hazards found 

on a particular land use. Assumptions made during the mapping process, for example, 

the actual use or the quantity of a particular contaminant present on a parcel, can be 

confirmed through site investigations or using aerial photographs. Other useful data 

include permits or licenses for operations of interest, such as landfills, gas stations or 

hazardous waste storage facilities. Utility pipelines, such as sewer, oil and gas are often 

mapped accurately and networks are readily available as spatial coverages.  

The current study creates an inventory of chemical hazards based on land use. 

Land use information is classified using the North American Industry Classification 

System (NAICS). The NAICS serves as a standardized system of classification for 

industry in North America, based on production processes. These data are used to 
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populate each parcel with the typical contaminants found on the land use type (U.S. 

Environmental Protection Agency 2004). Once a hazard is identified, it is analysed 

further to determine the relative hazard threat. Using data compiled by the Ontario 

Ministry of Environment (2004), each contaminant is assigned a toxicity and 

environmental fate. The Chemical Intensity (CI) of each contaminant is then calculated 

using Equation 3.5. Toxicity and environmental fate, which are combined to give 

Chemical Intensity, are assessed based on a scale of 1-10. Depending on the level of 

knowledge available, the contaminants can be assessed by group (e.g. agricultural 

waste) or by individual contaminant (e.g. nitrate). The Quantity (Q) stored or used on 

each parcel must be estimated (scale of 1-10) using available records or by persons with 

local knowledge of common practices. Further, the Probability of release (P) to the 

environment must be rated (1-10). This Probability is based on several factors, such as 

the level of spill response in the area, legislative requirements of storage and use of 

contaminants, as well as local or industry best management practices (BMPs). Similarly, 

Quantity and Probability can be generalized by operation type (e.g. dairy farms) or by 

individual operations (e.g. Frank’s Dairy Farm). The final variable in Equation 3.4 is the 

Extent (E) or spatial footprint of contamination. The extent of potential release is 

expressed as a percentage of the entire parcel (e.g. fertilizer application over 80% of the 

parcel is assigned a level of 8). Although this method maps parcel-sized hazards using 

land use, in instances where the extent is expected to be over a very small percentage 

of parcel area (<10%), it may be preferred to treat the hazard as a point source.  

3.2.2.2.2. Point Sources 

In some situations, the potential extent of a contaminant release is very small 

relative to the size of the parcel, such as fuel storage or a septic system on a large 

parcel of agricultural land. These contaminant sources are treated as point sources, 

rather than diffuse sources, assuming their approximate locations are known. With point 

sources, the hazard threat methodology is nearly identical: instead of applying the 

Hazard Threat to a relative ‘extent’ of the entire parcel (e.g. 80% = 8/10), the assumed 

area of release is mapped separately from the parcel, and an extent rating of 10 is 

applied (i.e. 100% of the small sub-area that defines the point source). The Quantity, 

Chemical Intensity and Probability are then assessed as described above. To integrate 
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the two, the point source hazard scores are simply added to the diffuse scores over the 

land base where the two coincide.  

3.2.2.2.3. Overall Hazard Threat 

As depicted in Figure 3.1, the assessment of individual hazards is a combination 

of chemical Quantity, Intensity, Extent and Probability of release. Each of these variables 

is assessed on a 1-10 scale for each hazard and then each parcel is assessed as a 

cumulative total of the hazards present, as per Equation 3.4. The final Hazard Threat is 

based on the cumulative total of each parcel, reclassified to a 1-10 scale. The process of 

assigning a cumulative score to each parcel is accomplished with greater ease using a 

relational database outside of a GIS. Using a database also allows for the quick re-

assessment of hazard score as new information is received or conditions (e.g. 

legislation, BMP’s) change.  

3.2.2.3. Vulnerability 

Following the assessment of Aquifer Susceptibility and Hazard Threats, 

Vulnerability is calculated using Equation 3.2 and the results reclassified using a 1-10 

scale.  

3.2.3. Loss 

The contamination of groundwater has environmental, human health and 

economic consequences. The magnitude of these consequences is extremely difficult to 

quantify due to the wide variability in potential contaminant type, soil and rock properties, 

hydrology and socioeconomic conditions. In order to assess the consequence of a spill, 

a reasonable approach is to consider solely the implications of a complete loss of the 

resource. This method, then, ignores the costs and feasibility of remediation and focuses 

on the implication of unhindered contamination of groundwater. Although a simplification, 

this method allows users to examine the relative impacts of the loss of the resource over 

the study area. 

One or more indicators for the potential Loss due to contamination can be used 

for this assessment. The choice of indicators should be based on the values of the 

community, but will ultimately be limited by data availability and resources. A simple 
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method may be to assess the number of people affected by contamination. The present 

study looks at financial implications, focusing on three major areas of loss: the 

Replacement Cost of potable water (both private and municipal systems), the Economic 

Loss incurred by the community following the closure of a water intensive business (e.g. 

agriculture), and the Healthcare Costs incurred by the community for water-related 

illness. These financial loss assessments are but a few examples of a wide range of 

possible loss indicators that could be used by a community to assess Loss. 

3.2.3.1. Replacement Cost 

With the contamination of a potable water supply, a new source must be found 

(assuming the cost of treatment is too high). The availability of options will vary 

depending on location. In areas with favourable geology, deeper aquifers may be 

accessed if shallower units become contaminated. The loss assigned to these parcels is 

the cost to install and equip a new well. Where deeper groundwater does not exist, 

municipal supply may be available. If supply is not located nearby, the costs to 

landowners for water main extension are often too high to justify. Other potential options 

include surface water sources, bulk water delivery, onsite filtration or rainwater 

harvesting. Each parcel is assigned a Loss based on the cost of the cheapest available 

alternative water source. Where major production wells supplying cities and towns are 

contaminated, a large financial impact is assigned. As above, the least expensive 

alternative option is used to quantify the Loss.  

3.2.3.2. Economic Loss 

In some cases, the loss of a well may have economic impacts that stretch 

beyond a single homeowner. For some water intensive businesses, such as agriculture, 

it may be difficult or even impossible to replace its groundwater source. Often, even if 

municipal supply is available the volumes required are too large for the municipal system 

to provide. If surface water sources are not available nearby, the business owner may 

have no choice but to shut down, change operation type, or move the business 

elsewhere. This situation may have a large impact on the local economy, depending on 

the size and nature of the business. The impacts may be quite complex and far 

reaching. However, to simplify the assessment, each parcel is assigned an Economic 
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Loss (to the surrounding community) based on the annual revenue generated by the 

business.  

3.2.3.3. Healthcare Cost 

Water-borne illnesses represent a serious threat to the well-being of groundwater 

users (Uhlmann et al. 2009). This danger spans a range of consequences to the 

individual, ranging from minor gastrointestinal (GI) irritation to loss of life. The impact of 

water-borne illness is difficult to quantify as it may vary by pathogen type (e.g. E.Coli vs. 

Cryptosporidium vs. Giardia, etc.), level of water treatment, frequency of monitoring, and 

vulnerabilities of the population affected (e.g. elderly and infants). For most cases of 

pathogen-related water borne illness, the impact to individuals is low to moderate, with 

few cases leading to the loss of life. Besides the suffering of the affected persons, there 

is a financial implication to the individual, community and region related to the loss of 

wages, travel costs and burdens on the medical system (e.g. medications, 

doctor/hospital visits, etc.). Wells affected by pathogen-related hazards are assessed a 

cost based on the number of people served and an average cost per case of 

gastrointestinal illness of $1,343 (Henson et al. 2008). A well is considered to be 

affected if a pathogen source (e.g. manure spreading agriculture or septic system) is 

located within the one-year capture zone of the well (Goss and Richards 2008). A subset 

of the hazard assessment (both land use based and point sources thought to be 

associated with human or animal waste) is used for assessment of Healthcare Cost.  

3.2.4. Overall Risk 

The calculation of overall risk is a simple combination of the Vulnerability 

assessment with the Loss assessment via multiplication, as shown in Figure 3.1. 

3.3. Study Area 

The study area used to test this methodology is the Township of Langley (the 

Township), located 45 kilometers east of the City of Vancouver, in the Lower Fraser 

Valley in southwestern British Columbia (BC) (Figure 3.4). Historically a highly 

productive agricultural community, the Township is struggling with urban growth; 
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currently the population is approximately 100,000, but is estimated to grow to 165,000 

over the next 15 years. With this growth has come increased pressure on the existing 

water resources. Currently, much of the rural area is serviced by approximately 7,600 

private wells, with the more urbanized areas served by the municipal system. Nearly all 

agricultural activity is sustained through private wells and accounts for over $200 Million 

in annual farm sales (Statistics Canada, 2007). The municipal system relies on 18 

production wells as well as surface water from the Greater Vancouver Water District 

(GVWD; water is sourced from surface watersheds in the mountains to the north of the 

City of Vancouver – remote from the study area. Water is piped to the Township). 

Overall, approximately 80% of residents use groundwater for their water needs 

(Interagency Planning Team 2009); therefore, the social and economic health of the 

Township is highly linked to groundwater. Nitrates sourced from agricultural fertilizer and 

septic systems are known to negatively impact groundwater quality throughout the 

Township (Carmichael et al. 1995; Li and Schreier 2004). Furthermore, the streams 

sustained by nitrate-contaminated aquifers are themselves becoming nitrate enriched 

(Naugler 2007).  

The Fraser Lowlands are comprised of a complex mix of glacial drift deposits 

(Clague 1994). Within the Township a wide range of aquifers, from shallow unconfined 

to deep confined, are used for water supply purposes. The local geology in the Township 

is a complex mix of Quaternary tills, ice-contact deposits, glaciomarine deposits, and 

glaciofluvial sands and gravels (Golder Associates 2005). These sediments exist down 

to bedrock at depths of 200 to 500 m. Recent modelling work delineated 45 permeable 

units within the Township (Golder Associates 2004).  
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Figure 3.4. Township of Langley (dotted outline) in the Lower Fraser Valley, 
British Columbia. 

3.4. Results and Discussion 

3.4.1. Vulnerability 

3.4.1.1. Aquifer Susceptibility 

3.4.1.1.1. Intrinsic Aquifer Susceptibility 

Recently, Golder Associates (2005) completed a Township-wide intrinsic aquifer 

susceptibility mapping project, using the Aquifer Vulnerability Index method (AVI; Van 

Stempvoort et al. 1993). AVI is simple to use and requires only two parameters: the 

thickness and hydraulic conductivity of each layer above the aquifer. The Intrinsic 

Aquifer Susceptibility is calculated as the sum of the hydraulic resistance, c, for each 

layer: 
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   c = ∑ (d/K) (3.7) 

where d = layer thickness [Length], and K = hydraulic conductivity [Length] / 

[Time]. The hydraulic resistance is calculated on a well by well basis, and a map is 

generated by contouring the results. The AVI method calculates the hydraulic resistance 

of the shallowest aquifer at any one location. Therefore, in areas where unconfined 

aquifers exist, any confined units beneath are ignored. This is thought reasonable as the 

most readily accessible units (i.e. the shallowest) will be used preferentially more often 

than not.  

Well records from the BC Ministry of Environment’s (BC MoE) database, WELLS, 

were used as sources for lithology data. The results of the AVI method (Figure 3.5a) 

show high susceptibility in areas where shallow unconfined units exist, and low 

susceptibility where the most shallow aquifers are confined. There are many 

documented cases of declining water quality in the more susceptible areas (Carmichael 

et al. 1995).  

3.4.1.1.2. Conduits 

A list of wells within the Township was downloaded from the provincial WELLS 

database. These well records are submitted voluntarily by local well drillers. Because 

this submission is voluntary, the information provided is seldom complete. Many other 

wells are believed to exist within the Township, but well records have not been 

submitted. 

Following data processing, the wells were assessed according to Table 3.1. A 

lack of detailed information in the well records required assumptions to be made based 

on regulatory requirements and common installation techniques. In BC, the installation of 

an effective surface seal and well cap, and proper wellhead grading were only mandated 

as of 2005, through the introduction of the Ground Water Protection Regulation (GWPR). 

Where information on well construction was omitted from the database, the well age was 

used as an indicator of the probability of installation of certain key well components. The 

reported installation method or type of well was also used to infer well characteristics. 

Dug wells are commonly constructed using pre-cast concrete rings that are ‘sunk’ into 

the ground by excavating the ground inside the rings. This method requires a large 
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excavation to be made around the well in order to place an effective surface seal and, 

thus, a seal is not commonly installed. Drilled wells, in contrast, are constructed with 

specialized equipment that allows for the installation of a surface seal with greater ease. 

Several hundred well records did not contain a reported construction method; data 

manipulation was required in order to classify all records as either “drilled” or “dug” using 

assumptions based on well diameter, well yield, well driller and other reported 

construction details. Of the 5,790 well records in the Township, only 124 included details 

about the surface seal. To assess the likelihood of installation of an effective seal, the 

well construction date and the well type were used. Wells installed after 2005 are 

required to have an effective surface seal; industry practice prior to 2005 was to install a 

seal with a drilled well, but this was less common with dug wells.  

No well record from the Township included information about a well cap. As of 

2005 and 2007, all new wells and existing wells, respectively, are required to have a well 

cap installed. Unfortunately, little work has been done to enforce the retroactive capping 

of existing wells within the Township. Based on local knowledge of practices, nearly all 

drilled wells were constructed with a well cap, regardless of drilling date (BC MoE 

personal communication); many dug wells were completed with a well cover, but many 

of these are not suitable (e.g. use of plywood placed over the well opening).  

Contaminants released at surface in areas of steep slopes will tend to runoff 

(Aller 1987); therefore, wells located on flat terrain are more likely to have surface waters 

pond near the wellhead. To assess this impact, a raster of slope (25m resolution) was 

created from a digital elevation model (DEM) of the study area using ArcGIS 9.3 (ESRI 

2008). Areas of slope less than 5 degrees were deemed more favourable to surface 

ponding. Similarly, the grading of the ground immediately adjacent to the well can 

prevent ponding next to the wellhead. This basic means of wellhead protection is 

mandated by the GWPR for wells constructed after 2005. Wells installed after this date 

were assumed to have been constructed with adequate wellhead grading.   

Over the past 20 years, the extension of the municipal water supply mains has 

allowed many Township residents to connect to the municipal system. Wells no longer in 

use for drinking water are seldom closed following municipal connection. Wells on 

properties that are served by the water utility may still be used for outdoor use, such as 
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agriculture; provincial regulations require closure after 10 years without use. Wells 

located on parcels served by municipal water and not involved with agricultural activity 

were assumed to be abandoned, unless a well closure report was available. A total of 

995 wells were identified within the Township as being abandoned.  

Each well was assigned a Conduit Score based on Table 3.1; the assumptions 

used to assess wells in the study area are summarized in Table 3.3. Finally, a 50 m 

raster grid was created as per Section 3.2.2.1. 
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Table 3.3. Assessment of Conduit scores 

Construction 
Category 

Score Assumption Justification / Distinction Basis of Decision 

Presence of  
a well 

0 No well present Natural susceptibility is not affected Absence of a well 

1 Well is present Natural susceptibility is increased Presence of a well 

Effective 
surface seal 

0 Good seal 
installed 

Well construction report specifies adequate 
length and width of seal 

Well record specifies at least 
15 feet of sealant, 1 inch 
thick 

1 Adequate seal 
installed but 
length or width 
is not ideal 

Well construction report specifies the length 
and width of sealant but values are below 
standards; surface seal required to have 
been installed. 

Well record specifies < 15 
feet of sealant; well was 
drilled after 2005 

2 Adequate seal 
likely installed 

Well construction report does not include 
surface seal details but industry practice 
generally includes does include seal 
installation 

Well was drilled before 2005 

3 Adequate seal 
likely not 
installed 

Well construction report does not include 
surface seal details and industry practice 
generally does not include seal installation 

Well was dug prior to 2005 

Well cap/cover 0 Adequate cap 
installed 

Well cap required by legislation Well was constructed after 
2005 

1 Adequate cap 
likely installed 

Well cap not required by legislation but 
industry practice includes cap installation 

Well was drilled prior to 2005 

2 Adequate cap 
not likely 
installed 

Well cap not required by legislation and 
industry practice does not include cap 
installation 

Well was dug prior to 2005 

Likelihood of 
ponding around 
the wellhead 

0 Ponding is 
unlikely 

Well construction legislation requires 
wellhead grading and well location is 
favourable 

Well constructed after 2005 
and slope is > 5 degrees 

1 Ponding is 
probable 

Well unlikely to have wellhead grading OR 
well location is unfavourable 

Well constructed prior to 
2005 OR slope is < 5 
degrees 

2 Ponding is 
highly likely 

Well unlikely to have wellhead grading AND 
well location is unfavourable 

Well constructed prior to 
2005 AND slope is < 5 
degrees 

Abandoned 0 Well in use or 
is closed 

Well is likely to be properly maintained Well located on a property 
without municipal water OR 
agricultural activity OR well 
closure report is available 

2 Well likely 
abandoned 
and in disrepair 

Well believed to be no longer in use Property has municipal water 
AND no agricultural activity 
ongoing 
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3.4.1.1.3. Overall Aquifer Susceptibility 

To combine Intrinsic Aquifer Susceptibility with Conduits, the values for conduits 

(1-5) and intrinsic susceptibility (1-10) were simply added using raster addition in ArcGIS 

and reclassified into a 1-10 scale. The result maintains high aquifer susceptibility scores 

in areas above shallow, unconfined aquifers and increases the susceptibility of confined 

aquifers (normally of low susceptibility) in areas of high well density. At the scale of 

Figure 3.5b, it is difficult to assess this change, but 4.3% of the areas with an intrinsic 

susceptibility less than 4, were increased 1 or 2 overall susceptibility levels with the 

addition of conduits. Areas of high intrinsic susceptibility were ranked as marginally (to a 

maximum of 20%) more susceptible by a high density of wells, relative to natural 

conditions.  

 

Figure 3.5. Intrinsic Aquifer Vulnerability (a) vs. Overall Aquifer Susceptibility 
(b). Intrinsic Aquifer Susceptibility originally mapped by Golder 
Associates (2005) 

The results likely underestimate the impact of conduits; of 7,600 parcels believed 

to be currently served by a private well in the Township, only 4,200 parcels show a well 
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in the WELLS database. It is likely that even more unregistered abandoned wells are 

located on properties now served by municipal services.  

3.4.1.2. Hazard Threat 

3.4.1.2.1. Land use Contaminant Inventory 

Using land use data available through the BC Assessment authority and the BC 

Ministry of Agriculture, a contaminant inventory was completed as per Section 2.2.2. 

Using a custom Microsoft Access database, the Quantity and Probability of release were 

assessed by chemical group for each land use type. These were combined with the 

Chemical Intensity and Extent using Equation 3.4, to calculate a Hazard threat score for 

each parcel. 

3.4.1.2.2. Point Sources 

A major known source of groundwater contamination within the Township is 

biowaste from onsite sewage systems (Wernick et al. 1998). These systems serve the 

sewage disposal needs of parcels outside the range of municipal services. A properly 

designed and maintained septic system presents a low threat to groundwater. 

Unfortunately, many septic systems are not properly maintained and are more likely to 

fail as they age and fall under worsening states of disrepair.  

In BC, unless it serves a large population, a septic system is unregulated; the 

location and condition of these systems is largely unknown. In order to include septic 

systems in the risk assessment, their locations were first determined. The Township of 

Langley maintains records of the parcels serviced by the municipal sewage system, but 

not private systems. Parcels not on the municipal system were assumed to be on a 

private system, unless sewage was not necessary (e.g. vacant lots). Extensive aerial 

photograph interpretation was required to determine whether a parcel was being used 

for its designated purpose. Parcels zoned as residential, for example, include areas such 

as parks, open fields, pathways, riparian areas and other undeveloped land that would 

not require a septic system. Approximately 380 parcels were identified as not requiring 

onsite waste disposal, via visual inspection. An additional 100 parcels were not serviced 

by the municipal system yet contained parcels that were. These included townhouse 

complexes and mobile home parks and were eliminated as parcels requiring a private 
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waste system. Similarly, several mobile home parks are located outside of the municipal 

sewer catchment and one onsite system is assumed to service the entire park. Once the 

parcels that are serviced by onsite sewage disposal were identified, the actual location 

of the systems needed to be mapped. On the assumption that most septic systems 

would be located near built structures on each property, the largest structure on each 

property was first identified; spectral response for the red, green and blue colour bands 

(i.e. the visible light bands) from the available orthophotos were used. The light coloured 

roofs of major buildings had a high response in the red and blue bands, but a very low 

response in the green. The two rasters (red and blue responses) were added together 

using raster addition and the maximum pixel (i.e. the highest combined value in the red 

and blue spectrum) in each parcel was then identified. Random quality control checks 

were completed to ensure the selected pixel was near what appeared to be the main 

living space on each property. Several hundred pixels had to be eliminated manually 

where multiple pixels with the same score existed on the same property; commonly this 

was due to very large buildings. Each identified pixel was designated as the extent of the 

onsite sewage system. The size of the pixel (10m x 10m) is thought to be a reasonable 

size for a residential system but may underestimate the extent of larger systems.  

In BC, regular maintenance of septic systems is not required by law, nor are 

there requirements for keeping maintenance records. The age of the system was used 

to infer a likelihood of failure; BC Assessment Authority data for “year built” were used 

for this analysis. This method assumes that: 1) the original septic system is still in use, 

and 2) all septic systems receive the same level of maintenance. In future applications, 

areas with records contrary to either assumption could be used to better assess the 

likelihood of failure. Each system was assigned a value on a 1-10 scale, which 

represents the Probability of release, based on the inferred age of the system (Table 

3.4).  

Table 3.4. BC Assessment Authority (BCAA) year built data were used to infer 
a likelihood of failure (and thus release of excess biowaste) 

BCAA Year Built Value Probability Value 

post-2005 1 

1998 to 2004 4 

1978 to 1997 7 

pre-1978 9 
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The Quantity of contaminant release is related to the size of the system or the 

size of population the system serves. The threat Quantity was based on the land use to 

infer the number of people using the system (Table 3.5). 

The Chemical Intensity was calculated using the same techniques as for diffuse 

hazard sources; contaminants of concern related to human waste include nitrite and 

nitrate. The extent of contaminant release is given a rating of 10, over the inferred area 

of the septic field. A threat value for each septic system was assessed over this smaller 

area, using Equation 3.4. 

Table 3.5. Ranking system for assessing the Quantity related to septic system 
hazards 

Quantity Characteristic of Rank 

2 < 6 people, 10 hours/day – e.g. small park outhouse 

3 < 6 people, 24 hours/day– e.g. single family dwelling 

5 < 50 people, 10 hours/day – e.g. small businesses 

7 < 50 people, 24 hours/day – e.g. small care facility 

8 > 50 people, 10 hours/day – e.g. large business office, golf course 

10 > 50 people, 24 hours/day – e.g. mobile home park, hospital 

 

3.4.1.2.3. Overall Threat 

Following the independent calculations of Hazard Threats from point and diffuse 

sources, the scores were combined using ArcGIS and reclassified using a 1-10 scale 

(Figure 3.6a). With overall Hazard Threats reclassified in this way, values of 9 and 10 

were reserved for landfills, automotive service stations and garages as well as some 

other light industry. Much of the rural area was ranked between 3 and 8, with relatively 

high scores dominated by high manure producers (poultry, dairy) and manure and 

pesticide spreaders (small fruits); the highest values were achieved where these 

agricultural operations were also serviced by private onsite sewage disposal systems. 

The lower threats were predominantly rural homesteads (often hobby farms; score of 2-

3) and small urban homes (score of 1).  
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To address the risk of pathogen-related health issues (i.e. the Health Scenario), 

a subset of the full threat inventory was created (Figure 3.6b). This inventory includes 

agricultural operations where manure is assumed to be used as fertilizer as well as 

private onsite sewage systems (i.e. septic systems). These pathogen threats were 

assessed using a simplified threat assessment whereby Chemical Intensity (CI) was 

removed due to a lack of data on toxicity and environmental fate related to individual 

pathogens.  

 

Figure 3.6. Hazard Threat assessment for the base case scenario (a) and 
hazards from pathogen sources only (b). 

The Hazard Threat assessment process is highly variable. Besides the Chemical 

Intensity variable, which is independent of local conditions, the threat assessment inputs 

rely heavily on local expertise. The current assessment was completed by one 

researcher with generalized local knowledge. The confidence of the absolute results is 

thus quite low; however, the relative threat levels by land use type are thought to be 

maintained. This portion of the assessment would likely benefit from input from various 

stakeholders and local experts. In some cases, there may be other data available to 
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better assess the factors of Extent, Quantity and Probability. Government records may 

include the locations and quantities of stored contaminants, assisting with the 

assessment of Extent and Quantity. Further, spill records may be used to better 

establish levels of Probability of release. Records related to the regular, intentional 

release of contaminants, such as pesticide/manure applications, and waste discharge 

permits may also be available through local, provincial or state governments. 

3.4.1.3. Vulnerability 

The overall Vulnerability assessment combines Aquifer Susceptibility with Hazard 

Threat, as per Equation 3.2. This was completed for both the base case (full hazard 

inventory; Figure 3.7a) and the health scenario (pathogen sources only; Figure 3.7b). 
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Figure 3.7. Final Vulnerability Assessment results: Base case scenario (a) and 
Health scenario (b). Grey areas in b) relate to built up areas with no 
septic systems or agricultural land use. 

3.4.2. Loss 

Three major aspects of financial loss are addressed from the contamination of 

groundwater in any one area of the Township of Langley: those related to water source 

replacement, to economic losses where business can no longer operate, and to losses 

incurred by the community and individuals where people become sick. Several other 

aspects of loss (e.g. environmental, remediation costs, etc.) are possible, but were not 

addressed due to a lack of data.  

The “base case” risk assessment scenario includes the costs related to water 

source replacement and potential economic losses. This assessment is treated 

separately from the second risk example, which is related to Healthcare Cost. This latter 

aspect of Loss is based on pathogen hazards only, which are a subset of the overall 

Hazard inventory, and includes only those financial losses related to Healthcare 

consequences. 
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In order to assign a Loss value, hazards need to be linked to the specific well(s) 

that will be affected; three methods were used to demonstrate a range of potential data 

availability. These methods include: 1) parcel basis where it is assumed that 

contaminants released on a parcel will contaminate the water supply of that parcel, e.g. 

used to assess private well replacement cost and economic loss; 2) simple analytical 

methods for determining capture zones, e.g. used to assess private well healthcare 

costs; and 3) numerical methods for determining capture zones, e.g. used to assess 

municipal system potable water replacement and healthcare costs.  

3.4.2.1. Replacement Cost 

The contamination of a private water well would leave the users without a source 

of potable water. The landowners may have the option of hooking up to municipal water 

supply where available, drilling a deeper well if the geology allows, or needing to import 

water or invest in another expensive long term solution such as water treatment. Similar 

financial consequences could impact the municipal water utility; the Township extracts 

over 8 million m3 of water per year via 18 municipal water wells (Golder Associates 

2005) at significant cost savings over purchasing water from the Greater Vancouver 

Water District (GVWD), a regional water purveyor.  

In most cases, upon contamination of a private well, the cheapest available 

option is to install a new well into a deeper aquifer. This option does not take into 

consideration the quality of deeper groundwater; arsenic is one issue known to exist in 

confined aquifers in the region (Cavalcanti de Albuquerque 2011). This scenario would 

represent a onetime cost for the drilling and equipping of the new well. The cost of a new 

well will vary depending on the depth drilled; however, to simplify the assessment, a 

reasonable cost of $15,000 was associated with the installation of a new domestic water 

well; an irrigation well, typically constructed with a larger diameter to accommodate 

increased flow rates, was assessed a $20,000 cost. Unfortunately, fewer than 25% of 

Langley properties that rely on shallow groundwater are located in areas where deeper 

aquifers are known to exist, which would allow the installation of deeper wells into 

uncontaminated aquifers. Where deeper aquifers do not exist, a second option is to 

connect to municipal water. The Township’s network of municipal lines spans a large 

area, but is quite limited in the rural areas that are dependent on private wells. The cost 



 

68 

to extend a municipal water line is estimated at $750 per metre (Inter-Agency Planning 

Team 2009); to be conservative, an estimate of $1,000 per metre was used. The option 

of water main extension was assessed at $10,000 for properties within 10 m of the 

municipal line, $20,000 within 20 m, and $30,000 within 30 m. For a cost greater than 

$30,000, it is believed that many residents would seek alternative sources such as water 

imports or rainwater harvesting; therefore, water mains extension beyond 30 m was not 

considered. All other parcels were assessed a $50,000 cost where drilling a new well or 

connecting to municipal supply was not possible or feasible. This cost is meant to 

estimate the long term cost to purchase and operate an alternative water source (e.g. 

rainwater harvesting, bottled water, onsite filtration, etc.), but also to emphasize the lack 

of available alternatives in many areas of the Township. Future considerations may 

include the loss of property values associated with a lack of water source. The results 

are shown in Figure 3.8a. 

The Township’s water utility uses 18 production wells to supplement surface 

water that is purchased from the GVWD. Groundwater extracted from the Township’s 

wells is estimated to be three times more cost effective than purchasing water from the 

GVWD, saving the Township over $2 Million per year ($0.24 per m3; Inter-Agency 

Planning Team 2009). Contaminant release within the capture zone of a Township well 

would require the purchase of more costly water from the GVWD. Thus, each Township 

production well was assigned a dollar value based on its extraction volume and a rate of 

savings of $0.24 per m3; contamination within the capture zone of a production well 

would lead to an added cost to the utility equivalent to this value. Therefore, each parcel 

within the modelled 5 year capture zone (Golder Associates 2005) was assigned a loss 

value based on the production well value (Figure 3.8b). The 5 year capture zone was 

used in order to remain somewhat conservative without overly emphasizing the impact 

to the water utility (i.e. vs. using a 20 year capture zone).  
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Figure 3.8. Replacement Costs ($’s) to private well owners (a) and to the 
municipal water utility (b). 

3.4.2.2. Economic Loss 

Without a viable water source, agriculture, which represents over $200 Million in 

annual economic revenue (Statistics Canada 2007) within the Township, would not be 

sustainable. The majority of water used for agriculture within the Township is sourced 

from groundwater. Municipal water supply does not have the capacity to sustain large 

farming operations due to the volumes required. A new, deeper well would provide a 

relatively inexpensive alternative for a farm, where the geology allows. However, where 

this is not possible, very few options remain. A surface water source (such as a stream) 

may exist, but it is considered unlikely that one would be found nearby that is not already 

fully allocated. Without a viable source, the farm would no longer be able to operate in 

the same manner, creating a financial impact to the local economy.  

To simplify the assessment, each parcel was assigned an Economic Loss (to the 

surrounding community) based on the annual revenue generated by the business. 

Detailed farm-by-farm income was not available; average annual revenue ($/acre) for 
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various agricultural types (e.g. dairy, berries, etc.) was obtained from readily available 

data for the U.S. (U.S. Census Bureau 2007). Using these data, each parcel in the 

Township was assigned an estimated annual farm sales value. The result of this 

estimate, a total annual Township-wide farm sale of $27.5 Million, is well below the total 

reported sales of over $200 Million. A likely cause of this discrepancy is the intensive 

nature of agriculture within the Lower Fraser Valley. In order to ensure the Economic 

Loss values better reflect actual farms sales, the estimates were increased proportional 

to crop type to match the total Township output (Figure 3.9). 

This analysis assumes that contamination on a parcel will contaminate 

(eventually) any wells located on that property. In many cases, especially where the 

wells onsite draw from confined aquifers, this assumption may not be met.  
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Figure 3.9. Economic Loss in dollars. 

The cumulative financial loss thus far for the base case (source replacement and 

loss of economic activity) was calculated, and the results classified using a 1-10 scale, 

based on the dollar value classes presented in Table 3.6. The results (Figure 3.10) 

stress the relative importance of a small number of high output agricultural operations, 

as well as areas within municipal production well capture zones.  
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Table 3.6. Rating table for assigning the Total Loss Value ($’s) to a Loss Class 

Loss 
Class 

Loss value ($’s) 

0 No Loss 

1 < 5, 000 

2 5 to 10,0000 

3 10,000 to 25,000 

4 25,000 to 50,000 

5 50,000 to 100,000 

6 100,000 to 250,000 

7 250,000 to 500,000 

8 500,000 to 1,000,000 

9 1,000,000 to 5,000,000 

10 >5,000,000 
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Figure 3.10. Total Loss for the base case scenario, reclassified using a 1-10 
scale. 

Costs not considered include that of remediation of groundwater; costs of this 

nature would be in addition to Loss values calculated here but are difficult to quantify 

with any level of confidence based on the infinite number of hypothetical contaminant 

release situations. Water filtration may be a reasonable alternative to parcels with a 
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contaminated water source; however, the feasibility and costs would vary widely. A more 

detailed assessment of the costs of options not included here (e.g. rainwater harvesting) 

would further refine the cost analysis.  

3.4.2.3. Healthcare Cost 

In order to assess Loss related to health complications, a simplifying assumption 

was made. Each person drinking water from a well that is affected by pathogen-related 

hazards, is assumed to become impacted, and that impact will be fairly minor (so called 

‘average’ case: < 4 days loss of work plus medical costs). This simplification may 

underestimate the overall impact where loss of life is involved; however, it does not 

preclude future analysis whereby the number of people affected is combined with 

detailed demographics (i.e. susceptibility to severe pathogen-related illness) to 

specifically assess the risk of greater impact. Wells likely to be affected are those where 

a pathogen-related hazard (manure spreading agriculture and septic systems) is within 

the one-year travel time capture zone. One-year travel time was used as most 

pathogens cannot survive for extended periods of time in the subsurface (Goss and 

Richards 2008). Capture zones were available for the municipal wells (Golder 

Associates 2005) but not for the other 7000+ private and community wells. Capture 

zones were calculated for these wells using a simple fixed radius method (BC Ministry of 

Environment, Lands and Parks 2000). This method calculates a circular capture zone 

based on the pumping rate, time of travel and basic aquifer properties (porosity, 

thickness). The result does not consider the flow of groundwater and is thus best used in 

areas of low hydraulic gradients. Pumping rates were estimated based on the inferred 

number of people served and were often overestimated to remain conservative. 

Furthermore, this travel time only includes travel below the water table, not from surface 

through the vadose zone, and thus represents travel time significantly longer than one 

year (i.e. more conservative). The use of fixed radius capture zones may adequately 

represent the connection between hazards and specific wells in unconfined aquifers, but 

will be insufficient for wells drawing from confined units.  

The Loss assigned due to Healthcare Cost is based on the number of people 

using a well (inferred from land use or using Fraser Health Authority classification) 

multiplied by the average cost per case of GI-related illness of $1,342.57 (Henson et al. 
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2008). If a pathogen-related hazard (septic system or manure-spreading agriculture) is 

located within the well capture zone, the property is assigned a Loss. Where healthcare-

related financial data are not available, it may be preferable to leave this impact as the 

number of people affected or assign an arbitrary dollar value that represents the relative 

importance of GI-illness prevention to the community.  

With the widespread presence of pathogen hazards, these loss results (Figure 

3.11) are heavily weighted to the areas with large groundwater extractions, most 

predominantly the municipal wells. They also highlight the potential losses to moderate 

extractors such as the dozen or so schools that maintain a well water supply. The large 

number of small private wells that are susceptible to healthcare-related loss are also 

evident from the results. 
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Figure 3.11. Loss due to healthcare costs, reclassified using a 1-10 scale. 

3.4.3. Overall Risk 

3.4.3.1. Results 

Using Equation 3.1, Vulnerability and Loss were combined to calculate Risk for 

the base case and health scenarios (Figure 3.12). As mentioned above, the two risk 



 

77 

assessments were based on two sets of Hazard Threat (one a subset of the other) and 

Loss, which were calculated separately.  

 

Figure 3.12. Final Risk map for the (a) base case and (b) health scenarios. 

For the base case, much of the Township is assessed a moderate hazard score 

(Figure 3.6a), due to the predominance of agriculture over the total Township area. 

Because of this, the areas of high Risk (Figure 3.12) are predominantly those that 

received high scores in Aquifer Susceptibility and Loss. The few parcels of high Hazard 

Threat (e.g. service stations, small landfills) did transfer into a high Risk score; however, 

the small size of these parcels is not evident in Figure 3.12a. A notable area of high risk 

is south of the City of Aldergrove, where high value agriculture is occurring far from 

municipal services over portions of the unconfined and susceptible Abbotsford-Sumas 

aquifer. Another high risk area is in and around Fort Langley, where a highly susceptible 

aquifer is tapped by a high density of wells; the highest producing Township production 

well is located in this aquifer. Areas of moderate to high risk (Risk score of 7-9), are 

generally those that received a value of 8 or higher in both the Loss and Vulnerability 
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assessments; values of 10 were reserved for those few that also received a value of 8 or 

higher in Hazard threat.  

The result of Health Risk (Figure 3.12b) emphasizes the areas near municipal 

extraction wells and other major pumping wells, due to the large extraction volumes and, 

subsequently, the large number of people potentially exposed to pathogens. What these 

results do not include are the water system specific safeguards that would drastically 

reduce the probability of a pathogen reaching an end-user. A majority of the larger 

municipal and community systems use some combination of chlorine, UV, reverse 

osmosis and/or ozone (Fraser Health 2010) to prevent user exposure.  

3.4.3.2. Resistance and Capacity 

Although this Risk assessment is an indicator method of current risk level, it can 

also be used as a planning tool. Besides Chemical Intensity and Intrinsic Aquifer 

Susceptibility, the input variables of this methodology are not static. One of the strengths 

of this method is the ability to analyse the components individually in order to reduce the 

overall exposure to Risk through Resistance and Capacity.  

The Susceptibility of an aquifer can be altered by changing the potential impact 

of Conduits. The high well density in and around Ft. Langley is believed to be associated 

with abandoned wells which have a high potential to act as conduits. Management 

options to address this increased susceptibility include focused education towards well 

owners in the area or increased compliance and enforcement of well closure 

requirements. 

The Vulnerability assessment (Figure 3.7) highlights areas where a high hazard 

value is located over a susceptible aquifer. Each contaminant can be matched with a 

management strategy, either regulatory (greater enforcement of existing environmental 

law, new laws) or non-regulatory (e.g. adopting BMPs, education), in order to reduce 

contaminant Quantities, Extents or Probability of release in certain areas. Regulatory 

examples may include mandating secondary containment of storage facilities, nutrient 

management plans or spill response plans, to name a few. Increased education towards 

the public and industry may also reduce the likelihood of contamination. For example, 

areas of high septic density could become a focus for educating homeowners about 
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septic maintenance. Higher standards for the construction, management and closure of 

potential conduits, such as wells or gravel pits would reduce Aquifer Susceptibility. 

Looking to the future, land use planning could consider Aquifer Susceptibility when 

making land use designation changes. Each of the above is an example of means to 

increase resistance, thereby reducing vulnerability. 

The Loss analysis can also be used as a planning tool to reduce risk by 

increasing capacity. Areas prone to a high Loss potential could be considered for 

increased monitoring efforts, especially where pathogen hazards exist. Contingencies 

may also be developed in the event of contamination. Some Township-specific 

examples might include upgrades to municipal water lines to handle agricultural needs, 

the extension of municipal lines into rural areas for potable use, or surface water 

licenses procured as agricultural water reserves. The water utility may reduce its 

exposure to loss by building greater water redundancy through increased extraction 

capacity, by undertaking wellhead protection planning or otherwise building backup 

systems.  

Through changes to Resistance and Capacity, a community’s Vulnerability and 

Loss and, subsequently, overall exposure to Risk can be strategically reduced over time.  

3.5. Conclusions 

The susceptibility of an aquifer to contamination is a function of both the physical 

system and man-made features that create preferential pathways into the subsurface. 

When susceptible aquifers are located near contaminant sources, they become 

vulnerable to contamination. If an aquifer does become contaminated, there is a series 

of consequences. Like vulnerability, the implications of this loss are not spatially uniform. 

By combining Vulnerability with Loss, a level of Risk can be mapped across the study 

area. These results can be used to identify potential problems and focus efforts to build 

capacity and resistance to groundwater contamination. The assessment, then, is an 

indicator of the current status of Risk, but also a tool to inform change. 
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4. Regional Scale Groundwater Flow Model 

4.1. Introduction 

In the previous chapter risk was defined as the spatial coexistence of hazard, 

susceptibility and consequence. To assess the susceptibility of a well or an aquifer to 

contamination, it is necessary to estimate the relative ease with which a contaminant 

released at surface can reach a receptor of concern. Aquifer susceptibility methods (e.g. 

AVI) estimate the ability of the subsurface to slow the movement of a contaminant as it 

moves from surface, down to an aquifer. However, the horizontal flow of contaminants, 

once within the groundwater flow system, must also be considered. In the previous 

chapter, a simple fixed radius technique was used to evaluate the capture zones of 

wells. However, such a technique is limited to simple aquifer geometries and conditions 

of limited gradient. Only with the use of a numerical flow model can the movement of 

contaminants, and hence realistic capture zones, within a complex groundwater flow 

system be analyzed, thereby more accurately assessing real world vulnerability, and 

subsequently risk.  

This chapter describes the development of a regional scale groundwater flow 

model. In the following chapter, the model will be used to define realistic capture zones 

for wells using several different methods. It will also be used to assess how horizontal 

groundwater flow can contribute to risk assessments.  

4.1.1. Purpose   

The purpose of this model is the regional scale characterization of three 

dimensional groundwater flow within the Lower Fraser Valley, with the goal of 

understanding the susceptibility of groundwater receptors to surface contamination. The 

model is also developed with future, regional scale problems in mind, such as aquifer 

sustainability and the effects of climate change.    
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4.1.2. Conceptual Model 

The Fraser Lowland is located within the topographic depression of the Georgia 

Basin. This basin is bound to the west by the Salish Sea, and to the north and east by 

igneous rocks that form the Coast and Cascade Mountains (Mustard and Rouse 1994). 

Within the basin, thick sedimentary rocks overlie these igneous formations, which are, in 

turn, covered by a highly heterogeneous unconsolidated Quaternary fill (Clague 1994). 

These sediments are up to 700 m thick and consist of marine, fluvial and glacial 

deposits, deposited during repeated periods of glaciation and deglaciation (see Section 

2.3). Glacial advance and retreat, coupled with large fluctuations in relative sea level (up 

to 200 m), created a dynamic system of sedimentation and erosion. During glacial 

advance, thick deposits of coarse sediments were deposited in front of glaciers as 

braided stream channels, on floodplains and as deltas. Following glacial retreat, the 

invasion of the sea left deposits of glaciomarine and marine sediments. This complex 

depositional history has left a heterogeneous mixture of stacked permeable units, 

separated by thick confining beds; several confined aquifers, of limited and often 

unknown hydraulic interconnectivity, have been mapped within the valley. The most 

heavily used aquifers in the region are thick deposits of till and glacial-fluvial sediments 

(known as Sumas Drift), deposited during the last glacial re-advance. The Brookswood 

and Hopington aquifers, both highly productive unconfined Sumas Drift deposits, were 

former glaciofluvial deltas. Groundwater within these aquifers follows a radial flow 

direction towards the west. Another Sumas Drift deposit, the Abbotsford Sumas aquifer, 

straddles the Canada-US border. Flow in this aquifer follows a general southward flow 

direction but exhibits radial flow on the Canadian side of the international border. Flow 

within the confined aquifers of the region is largely unknown; however, flow likely follows 

the regional elevation gradient, from east to west. Recharge to the aquifers in the region 

comes from direct precipitation, inflow from streams and surface runoff from 

neighbouring areas (Ricketts and Liebscher 1994).  

Past local modelling efforts in the study region focused on local (or aquifer) scale 

models (e.g. Township of Langley model: Golder Associates 2004, Abbotsford-Sumas 

model: Scibek and Allen 2005) (Figure 4-1). Golder (2004) used MODFLOW to create a 

three-dimensional model for the Township of Langley. The model was used to define 

capture zones for the municipal production wells and assess the water balance for the 
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Township. Scibek and Allen (2005) created a model of the Abbotsford-Sumas aquifer, 

also using MODFLOW. This model was used to study the impact of climate change on 

water supply as well as to examine transport of nitrate within the groundwater system 

that originates at surface from agricultural activities.  

Given the complex hydrostratigraphy of the Fraser Valley, it is difficult to re-

create natural conditions using a model with a domain that is limited to the administrative 

boundaries of a municipality or to the extent of a single aquifer. Thus, it is preferable to 

create a regional-scale 3D numerical flow model for the Fraser Valley, based on physical 

flow boundaries. The model domain for this study spans municipal and international 

borders, in order to allow for the interconnectedness of aquifers that stretch across four 

Canadian municipalities as well as the State of Washington (Figure 4-1).  



 

83 

 

Figure 4.1. The extent of two existing groundwater flow models available for the 
region. 

4.1.3. Data Pre-Processing 

Prior to construction of the numerical flow model, all data were processed using a 

geographic information system (GIS). ESRI’s ArcGIS 9.3 was used extensively to 

manipulate available data prior to import into FEFLOW as well as to further analyze the 

results of the flow model. Details concerning data pre-processing are provided in 

relevant sections of this chapter. 

In order to process the available hydrostratigraphic data that were available as 

water well logs, a specialized geologic software package was used. GMS 6.0 (Aquaveo 

Water Modeling Solutions, 2008) was used to visualize water well data in 3D. Following 
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importation of lithologic logs, cross sections were created in GMS such that a conceptual 

model of local aquifers could be created. Details are discussed later. 

4.2. Software 

The numerical modeling package, FEFLOW v6.0 (DHI-WASY, 2012), was 

chosen to create the groundwater flow model of the Fraser Valley. FEFLOW is a proven 

code that has been used in regional-scale water management studies (e.g. Barazzuoli et 

al. 2008; Sarwar and Eggers 2006). FEFLOW is a finite element (FE) code, using a 

flexible mesh that is more adept at characterizing complex geometric forms (Anderson 

and Woessner 1992). This capability is advantageous when dealing with the complex 

geology of the region. Finite Element Modeling (FEM) also allows for local refinement of 

the mesh around features of interest; this is of particular importance for this project as 

one of the key outcomes is well capture zones. This ability for focused mesh refinement 

is especially important when constructing regional models, so as to avoid the increased 

computational effort that would arise if the entire model domain were finely discretized. 

FEFLOW also utilizes parallel processing, makes use of multi-processor CPU’s, further 

reducing model run time. The package includes water budgeting and particle tracking 

capabilities, both of which are relevant to the intended use of the final model. FEFLOW 

also includes capabilities that may be relevant to future enhancement and use of the 

model, such as contaminant transport, density dependent simulations, and the ability to 

integrate with surface water models (via MIKE11; DHI 2009). FEFLOW also benefits 

from a high level of compatibility with common GIS tools (i.e. ESRI shapefiles). This is of 

particular benefit as most of the required spatial data (e.g. wells, surficial geology, 

DEM’s) are in this format.  

4.3. Model Domain 

A model domain should be bound by natural hydrogeologic boundaries, wherever 

possible (Anderson and Woessner 1992). For this reason, the model domain was 

delineated based on major physical boundaries such as major rivers, mountain ranges 

and the sea. This domain, although much larger than the focused study area (the 
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Township of Langley), also allows for the future use of the model to analyze complex 

regional problems, such as extraction sustainability and impacts of climate change. The 

model domain in this study covers an area of 1,526 km2. The domain is bound to the 

north by the Fraser River and Sumas Mountain, the west by the Surrey Uplands and the 

Pacific Ocean, to the south by the Nooksack River, and to the east by the Vedder 

Mountain and the Vedder Canal (Figure 4.1). The model is constrained at depth by the 

Tertiary bedrock; a digital bedrock topographic map (Scibek and Allen 2005) was used 

to define this boundary (Figure 4.2). The boundary conditions assigned to each of these 

and the justification is discussed below (see Section 4.5). The overall model thickness is 

shown in Figure 4.3.  
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Figure 4.2. Map of bedrock elevation interpolated from point data. Data from 
Scibek and Allen (2005). 
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Figure 4.3. Model domain thickness interpolated from point data. 

4.4. Finite Element Mesh  

The model domain was imported into FEFLOW as a shapefile. The mesh 

generator was used to create a preliminary uniform triangular mesh, consisting of 30,000 

elements with nodal spacing of approximately 250 metres. Following this preliminary 

mesh generation, the top slice of the mesh was assigned elevations based on a digital 

elevation model (DEM) of the model domain; the bottom slice of the mesh was assigned 

elevations based on bedrock elevation (Figure 4.2). Initially, the model domain was 

discretized vertically into slices that increased somewhat coarsely in thickness with 

depth (1.5 m thick model layers near surface to 20 m thick at depth). However, the 

importation of detailed lithology from the pre-existing models with layers of varying 

thickness (Scibek and Allen 2005; Golder 2004) required a much finer model slice 
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discretization than initially envisioned (1.5 m thick model layers near surface down to a 

maximum of 5 m at depth). Once the slice elevations were determined, the mesh was 

refined around features, such as wells and surface water bodies, where steep hydraulic 

head gradients were expected. The final model consists of 44 layers, which includes 4.4 

million model nodes and 8.5 million mesh elements (Figure 4.4 and Figure 4.5).  
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Figure 4.4. 3D view of the final model domain. The model mesh within the red 
square is shown in Figure 4.5. 

 

Figure 4.5. Close-up view of the model mesh, as outlined in Figure 4.4. 
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4.5. Boundary Conditions 

Boundary conditions represent the sources and sinks of water within the flow 

system represented by the model. These features act as constraints on the equations of 

the mathematical model by specifying a value of head (or flux) at the domain boundary 

(Anderson and Woessner 1992). The selection of appropriate boundaries is therefore 

critical for accurate representation of groundwater flow (Robertson 2012; Reilly and 

Harbaugh 2004).  

Boundaries are often grouped into two types, physical and hydraulic. Both of 

these types may be represented as specified head or specified flux boundaries, with no-

flow (zero flux) being a specific condition of specified flux (Anderson and Woessner 

1992). Physical boundaries represent actual physical features that bound the flow 

system, such as impermeable rock or a large body of water. Hydraulic boundaries are 

artificial in the sense that they are not associated with physical features. As such, they 

must be carefully assigned such that the model is not unduly influenced by them under 

various stress states. Consequently, they are not appropriate where the effects of future 

stresses are to be assessed. Examples of hydraulic boundaries include groundwater 

divides and flow lines. To increase the robustness of the model for future use, physical 

boundaries were used wherever possible.  

4.5.1. Lakes and Large Rivers (Specified Head Boundaries) 

A specified head (or constant head) boundary represents a fixed hydraulic head. 

The head at a node may be fixed at some value for the duration of a simulation, or it may 

be assigned different values that change with time. These boundaries are most often 

used to simulate surface water bodies that are in direct connection with the aquifer. In a 

model, specified heads act as an infinite supply of water, and should therefore only be 

used to represent large surface water bodies that are able to gain and lose water to the 

groundwater system without a resulting change in head (Anderson and Woessner 1992). 

Where future stresses may affect the levels of surface water bodies, specified head 

boundaries are not appropriate (Robertson 2012). Because the model may be eventually 

used for future forecasting, the use of specified head boundaries was limited.   
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Several large rivers bound the model domain, including the Fraser, Nooksack 

and Vedder Rivers. All are believed to be large enough to add or lose water to the 

groundwater system without a change in head and, therefore, are assigned as specified 

head boundaries. Two small lakes in Abbotsford, Judson and Laxton, are also included 

as specified heads as they are both in hydraulic connection with the aquifer (Piteau 

2010). Scibek and Allen (2005) used specified head boundaries for the Nooksack River 

and Judson and Laxton Lakes in the Abbotsford-Sumas model. 

Where density dependent codes are not applied, the freshwater/saltwater 

interface in coastal areas is often modeled as a no flow boundary (Anderson and 

Woessner 1992). A large portion of the western boundary of the model domain 

intersects the Salish Sea (formerly Strait of Georgia); this area was initially modeled as a 

no flow boundary; however, this resulted in excessively high hydraulic heads along the 

coast. This boundary was later changed to a specified head boundary condition (0 m). 

Given the distance to the primary study area (Langley), the impact of this simplification is 

not likely to affect our results. 

All of the above specified head boundary conditions are shown in Figure 4.6. 
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Figure 4.6. Specified head boundary conditions (blue circles) surrounding and 
within the model domain include the Fraser River (1), Vedder River 
(2), Nooksack River (3), the Salish Sea (4) and Judson and Laxton 
lakes (5).  

4.5.2. Streams and Small Rivers (Head Dependent Flux 
Boundaries) 

Small streams and rivers are seldom in perfect connection with an aquifer. 

Further, in many cases the flux between streams and aquifers will vary in magnitude and 

even direction, depending on groundwater levels (Berg and Allen 2007). Head 

dependent flux boundaries allow for flux across a boundary to adjust due to changes in 

the hydraulic head adjacent to the boundary (Robertson 2012). These boundaries 

calculate a flux based on a user defined specified head on one side of the boundary, a 

model calculated head on the other, and the vertical conductance of the streambed 

sediments that typically separate the boundary from the aquifer (Anderson and 

Woessner 1992). The vertical conductance of the layer of streambed sediments is 

defined as the vertical hydraulic conductivity divided by the thickness.  
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Without detailed water stage elevations for the large network of streams and 

rivers in the model domain, available elevation data in the form of a DEM were used to 

define stream surface values. Unfortunately, DEMs are an average elevation across the 

grid cell (i.e. the DEM resolution). Because streams generally occupy the lowest 

available path through the landscape, a DEM grid cell with a resolution greater than the 

width of the stream will always overestimate stream elevation. This is especially 

problematic for areas of steep topography where surface water has eroded deep gullies; 

comparing coarse DEM values (30 m resolution) with detailed contour data in Langley (1 

m resolution) reveals an overestimation of stream elevation in deep gullies of up to 14 m 

when using the DEM values. Fortunately, detailed elevation contours for the areas of the 

domain with the greatest relief (parts of Surrey and Langley) were available. These data 

were used to define head values for fluid transfer boundaries where available. The final 

head dependent flux boundaries are shown in Figure 4.7. 

 

Figure 4.7. Head dependent flux boundaries. 
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Data describing the thickness or permeability of streambed sediments were not 

available. Ultimately, the vertical conductance of these boundary conditions was altered 

during the calibration process; however, as a first estimate of the conductance, the 

surficial geology was used. In order to estimate recharge (see Section 4.7), the model 

domain was classified into four hydraulic conductivity classes based on the surficial 

geology. These classes were used to estimate the vertical hydraulic conductivity of the 

streambed sediment layer (Table 4.1). This method assumes that the streambed 

consists largely of material ‘native’ to that particular portion of the stream. Although this 

assumption may be valid in areas where erosion is predominant over deposition, in 

many areas fines transported from upstream areas may significantly reduce the 

hydraulic conductivity of the streambed material. In order to estimate streambed 

conductance, the estimated hydraulic conductivity is divided by the thickness of the 

layer. As a first approximation, 0.3 m was chosen for the thickness value based on likely 

conditions. In addition, typically clean groundwater entering a stream will flush the pore 

space in the streambed layer, while infiltrating surface water will clog these spaces. In 

some groundwater codes (e.g. FEFLOW), it is possible to assign different conductance 

values based on the direction of flow. It is customary to assume that the conductance 

rate into the groundwater system is less than the conductance rate out (DHI-WASY 

2012); it was assumed that the difference was one order of magnitude. The 

corresponding estimated values for conductance (in and out of the groundwater system) 

for each class are shown in Table 4.1.  

Table 4.1. Estimated vertical hydraulic conductivities of the streambed 
sediment layer are based on the recharge classes used in Section 
4.7. The conductance values are based on an assumed streambed 
thickness of 30 cm.  

Hydraulic 
Conductivity Class 

Estimated 
Conductivity (m/s) 

Conductance In (s-1) Conductance Out (s-1) 

1 1.0E-08 3.3E-09 3.3E-08 

2 5.0E-07 1.7E-07 1.7E-06 

3 1.0E-05 3.3E-06 3.3E-05 

4 5.0E-04 1.7E-04 1.7E-03 
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4.5.3. Bedrock and Groundwater Divides (No Flow Boundaries) 

No flow (or zero flux) boundaries are a special type of specified flux boundary in 

which there is perceived to be no groundwater flux across the boundary. These are often 

used to represent features such as impermeable bedrock or groundwater flow divides 

(Anderson and Woessner 1992). Two local Tertiary bedrock mountains, Vedder and 

Sumas Mountains, were assigned as no flow boundaries (Figure 4.8). In both cases, no 

information is available on the magnitude or location of any interaction of the modeled 

unconsolidated aquifers with bedrock fractures. However, it is assumed that any influx 

from the mountainous terrain would be quite small, relative to the flow within the surficial 

sediments, due to the inferred low recharge to groundwater in these areas (small area, 

low permeability, steep terrain). It is likely that most of the precipitation falling in these 

areas is diverted to surface water.  

A no flow boundary was also assigned to the Surrey Uplands, in the northwest 

portion of the domain. This boundary represents the surface water drainage divide for 

watersheds that drain to the north and west into the Fraser, and those draining south 

and east into the Nicomekl River (GeoBC 2012). It is inferred that groundwater follows 

similar patterns and that the resulting groundwater divide can be modeled as a no flow 

boundary. Given the relatively steep change in topography at this location, it is unlikely 

that future stresses will significantly move the location of this groundwater divide.   
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Figure 4.8. No flow boundaries (yellow nodes) represent the Surrey Uplands (1), 
Sumas Mountain (2) and Vedder Mountain (3).  

Finally, a no flow boundary was assigned to the base of the model domain. It is 

assumed that flow within the bedrock beneath the unconsolidated sediments of the 

Fraser Valley is insignificant relative to that in the surficial aquifers (Ricketts and 

Liebscher 1994). The model is therefore bound at depth by a no flow boundary condition 

representing the Tertiary bedrock (see Figure 4.2). 

4.6. Lithology 

In order to construct a geological model of this size, the hydrostratigraphic data 

from the existing numerical flow models of portions of the domain (Township of Langley: 

Golder Associates 2004; Abbotsford-Sumas aquifer: Scibek and Allen 2005) were used 

as starting points. The resulting hydrostratigraphic model was then extended to areas 

outside of these existing models using water well drill logs from both the United States 

and Canada.  

The primary challenge of importing data from the existing MODFLOW models 

into FEFLOW related to differing geometries of model layer thickness. For a finite 
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element model, with a flexible mesh, the layers are constructed with a uniform thickness. 

The Township of Langley model (Golder Associates 2004), hereafter referred to as the 

Langley model, consists of 30 model layers of varying thickness (range of 2.7 m to 7.4 

m). However, at any one vertical grid column, the layer thickness is constant (Figure 

4.9). The Abbotsford-Sumas aquifer model (Scibek and Allen 2005), hereafter referred to 

as the Abbotsford model, originally consisted of 9 layers that also varied in thickness. 

Subsequent work on this model (Chesnaux et al. 2012) increased the number of layers 

to 15; however, within each layer, the thickness is still quite variable (e.g. layer 2 varies 

from 3 to 27 m thick); at any one vertical grid column, the thickness increases with depth 

(Figure 4.10). In order to import data from two different models with variable layer 

thickness into a mesh with constant layer thickness, extensive data manipulation within a 

GIS was required. Cells from both models were exported into a GIS and redistributed 

based on the FEFLOW mesh slice thickness and depth. Each FEFLOW slice thus 

becomes the product of multiple layers from each existing model. For example, layer 20 

of the FEFLOW model consists of cells from certain areas of layers 2 to 10 of the 

Abbotsford model and cells from layers 7 to 21 of the Langley model. With the ultimate 

goal of developing realistic well capture zones within the Township of Langley, where the 

two models discussed above overlap (Figure 4.1), data from the Langley model were 

retained.  

 



 

98 

 

Figure 4.9. Example cross section of the Langley model. Data source: Golder 
Associates (2004). 

 

Figure 4.10.  Example cross section of the Abbotsford model. Data source: 
Chesnaux et al. (2012). 

Lithology data for the areas outside of the Langley and Abbotsford models were 

sourced from water well logs available for BC (BC Ministry of Environment, WELLS 

database) and Washington State (Department of Ecology). These logs contain 

information that is collected by water well drillers, who generally have limited training in 

geology, resulting in data that are often of poor quality. Further, these data are prone to 
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issues related to semantics that result in various descriptions for the same lithologic unit 

(Allen et al. 2008).  

Well records for BC were downloaded from the WELLS database (BC Ministry of 

Environment) and clipped in the GIS to the study area; approximately 12,000 well 

records were available. Wells were assessed for data quality; wells were removed where 

basic information (e.g. well depths) was lacking, lithologic descriptions were poor, 

ineligible or nonsensical (e.g. rock overlying unconsolidated materials), or well location 

accuracy was poor. Following this, the lithologic description was standardized, following 

the procedures of Allen et al. (2008). A database of well records, including lithology, was 

available from the Washington State Department of Ecology. Unfortunately, these 

records are only available as scanned images, not within a database structure, and so 

were incorporated separately into the model as discussed below.  

Once well lithology (from the BC wells) was standardized these data were 

imported into GMS 6.0 (Aquaveo Water Modeling Solutions, 2007) for visualization in 

3D. After initial examination it was quite evident that developing cross sections, and 

subsequently a geological model, within an area of such complex geology, was not 

possible. In order to proceed, the lithology data were simplified into three material types: 

those of high K values, low K values, and intermediate K values. These three classes 

were approximated as sand and gravel, silty sand and silt/clay, respectively (the material 

properties were later assigned more realistic K values once defined within FEFLOW). 

Next, cross sections were constructed in GMS, focusing on areas of mapped aquifers, 

as defined by the BC Ministry of Environment (Figure 2-8). The lateral extents of aquifers 

were digitized manually in GMS and exported as shapefiles. These polygons were then 

used to define the aquifers in FEFLOW, using vertical extents defined by the constructed 

cross sections. Mapped surficial geology (Geological Survey of Canada 1980) was used 

to define near surface geology where wells were not available or were of poor quality.  
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Figure 4.11. An example of the use of GMS to map the extents of aquifers using 
borehole lithology. Lithology was simplified into sand and gravel 
(green), silty sand (yellow) and silt/clay (red) to simplify aquifer 
delineation. Aquifer polygons (black outline) shown are the Beaver 
River aquifer (left) and the Mt. Lehman aquifer (right). 

With a lack of GIS-ready lithology for Washington State it was difficult to create a 

geological model of the area south of the border. Surficial geology maps were used to 

assign material properties for the model, near surface. Aquifer boundaries were 

available from other sources (Cox and Kahle 1999; Scibek and Allen 2005) and spot 

checks using the available well records were used to approximate the vertical extent of 

the units. Areas at depth were essentially assigned average aquifer properties for the 

area. These areas will require future work to better define the geology, but given the 

distance, both laterally and vertically, from the primary model focus area (i.e. Langley) 

the lack of detail is not expected to affect results. Some delineation of aquifers at depth 

was completed directly in FEFLOW, predominantly in areas of concentrated extraction 

wells. The final model lithology for select model slices is shown in Figure 4.12 to Figure 

4.17.  

Initial estimates for material properties (e.g. hydraulic conductivity) were taken 

from published tables (Freeze and Cherry 1979) and subsequently refined during model 
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calibration. Values for specific yield and specific storage were sourced largely from 

Scibek and Allen (2005). The range of material property values are shown in Table 4.2.  

Table 4.2. The range of aquifer properties used within the model. 

Material Property Range 

Hydraulic Conductivity 5 x 10-9 to 2.5 x 10-3 m/s 

Specific Yield 0.05 to 0.3 

Specific Storage 0.0001 to 0.01 (1/m) 

Porosity 0.1 to 0.35 
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Figure 4.12. Hydraulic conductivity values in layer 1 (0 to 1.5 m below ground) of 
the FEFLOW model. 

 

Figure 4.13.  Hydraulic conductivity values in layer 5 (6 to 7.5 m below ground) of 
the FEFLOW model. 
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Figure 4.14. Hydraulic conductivity values in layer 10 (15.5 to 17.5 m below 
ground) of the FEFLOW model. 

 

Figure 4.15. Hydraulic conductivity values in layer 15 (29.5 to 32.5 m below 
ground) of the FEFLOW model.  



 

104 

 

Figure 4.16. Hydraulic conductivity values in layer 25 (72.5 to 75.5 m below 
ground) of the FEFLOW model. 

 

Figure 4.17. Hydraulic conductivity values in layer 35 (130 to 140 m below 
ground) of the FEFLOW model.  
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4.7. Recharge 

Groundwater recharge is affected by various interrelated factors, such as the 

rate, volume and form of precipitation, evapotranspiration, soil infiltration capacity and 

vadose zone hydraulic conductivity. Often, recharge is simplified to a spatially uniform 

rate that is based on some percentage of average annual precipitation (Anderson and 

Woessner 1992). Recent modeling work in the area has estimated recharge using a 

simple water balance method (Golder 2005) and more advanced recharge modeling 

(Scibek and Allen 2006). An in-depth calculation of recharge for the current model was 

beyond the scope of work of the project, particularly given the large overlapping areas of 

the two previous models with the current model domain.  

Scibek and Allen (2006) determined that the greatest controls on recharge are 

soil permeability, saturated hydraulic conductivity of the vadose zone, and vadose zone 

thickness (i.e. depth to water table). Therefore, they mapped different recharge zones 

across the aquifer based on classifications of these three factors. They utilized four 

classes of each, resulting in 64 unique recharge zones (4 x 4 x 4) across their model 

domain. Recharge was then modeled using the HELP code (Hydrologic Evaluation of 

Landfill Performance; US Environmental Protection Agency 1994) for each of the 

resulting soil columns.  

Of these three factors, two are readily available from existing maps: soil 

permeability based on soil drainage and saturated hydraulic conductivity of the vadose 

zone. Vadose zone thickness is not known across the domain for the present study. 

Therefore, a simplified approach was used to estimate recharge using soil permeability 

and hydraulic conductivity, in combination with the results of Scibek and Allen (2006).  

First, the model domain was classified into four classes of soil drainage using 

available soil maps, using the same approach as Scibek and Allen (2006) (Table 4.3; 

Figure 4.18).  
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Table 4.3. Soil Drainage Classes 

Soil Drainage Class Drainage Descriptions 

1 - Low Poorly, very poorly drained 

2 - Moderate Imperfectly drained 

3 - High Moderately well drained 

4 - Very High Well Drained, Rapidly drained 

 

 

Figure 4.18. Soil drainage for the model domain, classified into four classes. 

Following this, Quaternary geology maps for Canada (GSC 1980) and the United 

States (WA Ecology 2004) were used to classify the domain into four categories of 

saturated vertical hydraulic conductivity (Table 4.4; Figure 4.19). 
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Table 4.4. Vertical Hydraulic Conductivity classes used in the assessment of 
recharge. 

Vertical Saturated Hydraulic 
Conductivity 

Surficial Geology (example descriptions) 

1 - Low glaciolacustrine and glaciomarine silts and clay 

2 - Moderate lodgement and flow till, stony silt, silt loam, overbank silt 

3 - High sandy till, fine sand, sandy loam 

4 - Very High outwash sand and gravel, glaciofluvial and deltaic sand and 
gravel 

 

 

Figure 4.19. Published maps of Quaternary geology were used to classify the 
model domain into four classes of saturated vertical hydraulic 
conductivity.  

The final recharge zones are comprised of the values for soil drainage (1-4) 

multiplied by the values for hydraulic conductivity (1-4); the results range from a value of 
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1 (minimum recharge) to 16 (maximum recharge), as shown in Figure 4.20. Scibek and 

Allen (2006) estimated that at the Abbotsford International Airport (nearest 

meteorological station) the aquifer receives 1040 mm/yr. of recharge. This value is 

based on ideal conditions for recharge: high soil drainage (4 out of 4) and high hydraulic 

conductivity (4 out of 4). To estimate recharge across the domain, all other areas were 

assessed relative to the Airport; recharge values were estimated using Equation 4.1 

            (   ⁄ )         
                    

  
 (4.1) 

where K class = 1 - 4 and soil class = 1 - 4. From Equation 4.1, the recharge across the 

domain varies from 65 to 1040 mm/yr. (Figure 4.20). This methodology assumes that all 

other factors that affect recharge (e.g. evapotranspiration, depth to water table, etc.) are 

equal across the model domain. It also assumes that the two factors used (soil drainage 

and vadose zone hydraulic conductivity) affect recharge equally. Although a gross 

simplification of a complex problem, the results seem reasonable given the wide 

variation in the permeability of soil and surficial geology in the region, with recharge 

varying from 4% to 66% of precipitation.  
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Figure 4.20. The final 16 recharge zones are based on classified soil permeability 
(1-4, low to high) and classified vadose zone hydraulic conductivity 
(1-4, low to high). The zones are converted into mm/yr. using 
Equation 4-1. 

The above recharge estimation also assumes that annual precipitation across the 

model domain is the same as it is at the Abbotsford Airport. Precipitation increases 

dramatically from south to north and from west to east, due to orographic effects 

(Halstead 1986). Using data for climate stations across the Fraser Valley, Scibek and 

Allen (2006) delineated this precipitation gradient (Figure 4.21). In this study, the 

regional gradient was used to interpolate precipitation across the model domain. The 

difference in precipitation, relative to the Abbotsford Airport, was applied to the above 

results to create a final recharge distribution that varies from 37 mm/yr. to 1170 mm/yr. 

(Figure 4.22). These results are similar to those of Cox and Kahle (1999) whose 

estimates ranged from 280 mm/yr. to 1270 mm/yr. over the predominantly unconfined 
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Sumas-Blaine aquifer. The recharge estimates presented here include a much larger 

study area that includes areas of very low surficial permeability; the low end of the range 

in recharge values presented here is therefore expectedly lower than those of Cox and 

Kahle (1999) and Scibek and Allen (2005).  

It is worth noting that this recharge estimation method does not include several 

key anthropogenic factors that can influence recharge. A large portion of the model 

domain is covered by agriculture, where water is extracted from the groundwater system 

and applied to crops in the form of irrigation. Wastage from overwatering or other 

inefficiencies (e.g. water leaks) may be large contributors to recharge (Lerner 2002), but 

are typically not considered in models. Many rural properties within the study area are 

not serviced by municipal sewer and have private septic systems. These systems are 

known to contribute large quantities of artificial recharge to groundwater systems (Zhang 

and Kennedy 2006). Some areas within the model domain are also heavily developed 

and much of the land cover is impervious. Given the above factors, it is likely that the 

recharge estimation above will be an overestimation in developed areas of the model 

and underestimation in the urban and agricultural areas.  
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Figure 4.21. Precipitation gradient across the study area. Data from Scibek and 
Allen (2006). 
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Figure 4.22. Final recharge distribution that takes into account the precipitation 
gradient (Figure 4.21) across the region. 

4.8.  Groundwater Extraction 

Groundwater provides domestic water to both private well owners as well as 

several major cities including Langley, Abbotsford, Ferndale and Sumas. In addition, the 

Fraser Lowland is an area that is dominated by agricultural activity. Several water 

intensive products are common, including berries, poultry and dairy (Carmichael et al. 

1995, Cox and Kahle 1999, Liebscher et al. 1992). Given the level of groundwater 

extraction, it is necessary to estimate spatially variable pumping rates in order to 

adequately conceptualize groundwater flow. 

In BC, groundwater withdrawals are unregulated, meaning that accurate 

locations and pumping rates for wells are not available. Data from certain large capacity 
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wells, such as municipal wells in Langley and Abbotsford, are available. Extraction rates 

for the remaining wells are unknown, but can be estimated based on land use and/or 

operation type. In Washington State, large capacity wells are regulated by the 

Department of Ecology and thus extraction rates are more accurately known. Further, 

there is a requirement for well records to be submitted, and therefore, the number of 

wells in use is known to a higher degree of certainty that in BC.  

4.8.1. British Columbia Pumping Wells 

4.8.1.1. Municipal Extraction 

Several large water purveyors are known to extract large quantities (>500 

m3/day) of groundwater within the study area. The Abbotsford-Mission Water & Sewer 

Commission (AMWSC) supplies water to both the Cities of Mission and Abbotsford. 

Within Abbotsford, the AMWSC operates 15 production wells with a total extraction 

capacity of 39,800 m3/day (AECOM 2010). However, the primary source for this system 

is Norrish Creek (Northeast Mission, BC) and the production wells are used only during 

periods of peak demand and/or during high turbidity events in the surface water source. 

The most recent data available (2007) show that actual groundwater extraction is only 

5,400 m3/day (12% of capacity), on average; extraction data are not available for 

individual wells within the system. In order to introduce an estimated extraction rate for 

wells operated by the AMWSC, each well was assigned a rate based on 12% of its 

reliable yield (Table 4.5). In reality, the actual extraction for each well is likely based on 

the energy efficiency ($/m3) of each, with the bulk of the actual extraction coming from 

the most efficient wells. However, in the absence of these data, the above methodology 

was used. Several of the AMWSC wells are not included in the WELLS database. The 

locations of these wells were estimated from available maps (Piteau 2010) and were 

digitized manually; well characteristics (e.g. depth) were taken from other sources 

(Piteau 2006). 
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Table 4.5. Estimated extraction rates for AMWSC wells. Reliable yield values 
from AECOM (2010). 

Well 
Reliable 
Yield 

Percentage of Total 
System Reliable Yield 

Estimated 
Extraction 

  (m3/day)   (m3/day) 

Townline #1 3900 9.8% 529 

Townline #2 2700 6.8% 366 

Marshall #1 0 0.0% 0 

Marshall #2 2800 7.0% 379 

Marshall #3 7000 17.6% 949 

Farmer #1 4700 11.8% 637 

Farmer #2 3200 8.0% 434 

Farmer #3 1800 4.5% 244 

Industrial A 300 0.8% 41 

Industrial B 2900 7.3% 393 

Industrial B 4800 12.1% 651 

Riverside #1 2500 6.3% 339 

Riverside #2 1400 3.5% 190 

McConnell 1800 4.5% 244 

Pine 0 0.0% 0 

Total 39800 100.0% 5400 

 

The Clearbrook Waterworks District (CWD) is an improvement district, providing 

drinking water and fire flow protection to approximately 14,000 residents near 

Abbotsford. Unlike the AMWSC, water supplied by the CWD is sourced solely from 

groundwater. Three active production wells are operated by the CWD, extracting water 

from the northern portion of the Abbotsford-Sumas aquifer (Piteau 2006). In 2005, the 

total extraction by the CWD was approximately 2 Mm3 (GW Solutions 2007); this 

extraction was divided amongst three of the most efficient wells within the system, well 

3-93 (0.22 Mm3), well 1-87 (0.33 Mm3) and well 7-00 (1.4 Mm3).  

The Fraser Valley Trout Hatchery (FVTH) operates four major production wells 

along the eastern edge of the Abbotsford-Sumas Aquifer. One of the two primary wells 
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onsite (#1 and #4) is in continuous operation to supply water to the hatchery year round. 

These wells have maximum yields exceeding 11,000 m3/day (Piteau 2006).  

The City of White Rock provides groundwater to its 20,000 residents, using six 

production wells. The total extraction for these wells is approximately 6,900 m3/day 

(EPCOR 2010); the extraction was assumed to be equally divided among the six wells.  

The Township of Langley operates 19 municipal extraction wells (Golder 2005). 

Extraction data for these, and other, metered production wells within the Township are 

available (Table 4.6). 
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Table 4.6. Extraction rates for large production wells within the Township of 
Langley. Source: Golder (2005). 

Well  
Extraction Rate 
(m3/day) 

Acadia 28 

Aldergrove 3 1000 

Aldergrove 5 637 

Aldergrove 6 1987 

Aldergrove 7 1435 

Aldergrove 8 1395 

Brookswood 1 1655 

Brookswood 2 0 

Brookswood 4 0 

Brookswood 7 1437 

Brookswood 9 1903 

Fort Langley 1 2 

Fort Langley 2 8927 

Murrayville 1 547 

Murrayville 2 1149 

SRUL 1 222 

Tall Timbers 1 70 

Tall Timbers 2 47 

Willoughby 1 325 

Langley Grove Estates 146 

Langley Memorial Hospital 262 

Ministry of Forests 65 

Spring Valley Trout Hatchery 2160 

Trinity Western University 385 

West Creek Springs 3168 

Total 28952 

  

4.8.1.2. Private Wells 

Private wells are believed to extract large quantities of water each year, possibly 

surpassing the total extraction by large municipal wells. These private wells supply 

domestic water to properties outside municipal systems, process water to industries, and 

irrigation water to agriculture. Given the large portion of the model domain that is used 
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for agriculture (Figure 4.23), it is likely that agriculture represents the largest use of 

groundwater.  

 

Figure 4.23. Agriculture represents a large portion of the study area land use. 

A lack of groundwater licensing within BC severely limits the ability to estimate 

groundwater extraction rates for private wells. Under existing legislation, there are no 

reporting requirements for the installation of a new pumping well, nor are there limits to 

the amount of water that can be extracted (the one exception: if a well or well field 

extracts >6480 m3/day (75L/s) an environmental assessment must be completed). The 

provincial government maintains a database of well records (WELLS database) that are 

submitted on a voluntary basis by well drillers. Approximately 12,000 well records are 

available within the model domain. Unfortunately these records often lack basic 

information (e.g. well depth). Initial data manipulation included the removal of logs 
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without basic information, manually entering information where available from other 

sources, and the removal of wells where well closure reports are available. 

A major issue with the available well records is that it is not possible to determine 

if the wells are still in use today. To assess the likelihood that wells are still in use, the 

well locations were cross referenced against known water distribution networks for the 

three Canadian municipalities within the study area (Surrey, Langley and Abbotsford). 

Wells located on properties that are within five metres of a municipal water distribution 

line were assumed to no longer be in use for domestic water. This does not preclude, 

however, the well being used for other purposes (e.g. agriculture; see below). If a well is 

located on a property outside the reach of municipal supply, it was assumed to supply 

domestic water to that property. Wherever more than one well exists on a single 

property, the most recent well was used and all others were removed. Using the average 

per capita domestic water use for the Township of Langley (364 L/capita/day; Golder, 

2005) multiplied by an average of 3.3 persons per household, wells believed to supply 

domestic water were assigned an extraction rate of 1.2 m3/day. Other types of indoor 

water usage were estimated based on other supplementary information (Table 4.7). 

Table 4.7. Estimated extraction for non-residential indoor use. 

Land Use 
Extraction 
Rate 

Units Basis for Water Usage 

Airport 12.25 m3/day Small airport, assume equivalent of 25 people per day x 
364 L/day 

Canadian Forces 18.2 m3/day Assume equivalent of 50 people per day x 364 L/day 

Mobile Home Parks 
(MHP) 

6 m3/day/acre Three Langley MHP's randomly selected and analyzed: 
average 8.3 homes per acre; assume 2 people per home x 
364 L/day 

Schools 7.2 m3/day Average of metered properties in Langley (Golder, 2005) 

Parks/Playing fields 0.36 m3/day Assume 1 person equivalent x 364 L/day (not including 
water for outdoor watering) 

Bed & Breakfast 2.4 m3/day Assume 2x average household use (6.6 persons x 364 
L/day) 

Industrial 2.7 m3/day Average of metered properties in Langley (Golder, 2005) 

Commercial 2.4 m3/day Average of metered properties in Langley (Golder, 2005) 

Recreational/Cultural 2.2 m3/day Average of metered properties in Langley (Golder, 2005) 
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Wells were assessed in terms of the likelihood they are in use for non-domestic 

purposes based on supplementary information, including municipal land use data and 

detailed agricultural inventory information for selected areas (BCMAFF 2006; Table 4.8). 

Wells were assumed to be used for non-domestic water (regardless of access to 

municipal supply) where one of the following criteria was satisfied: 1) the property is 

located within the Agricultural Land Reserve (ALR), 2) the municipal zoning is 

agricultural, industrial or ‘golf course’, 3) the BC Ministry of Agriculture, Food and 

Fisheries (BCMAFF 2001) inventory lists a parcel’s primary or secondary activity as a 

water intensive agricultural product (e.g. berries, diary, etc.), 4) the property is >1 acre in 

size and is zoned as residential (i.e. a hobby farm), 5) the well record lists the well type 

as “irrigation”, 6) the well is < 10 years old, 7) the well is <30 years old and the driller’s 

estimate yield value is >50 US gpm or the well diameter is 8” or larger.  

Once an estimated extraction for both domestic and/or outdoor use was 

assigned, the total extraction rate for each BC well was calculated.   
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Table 4.8. Estimate extraction from irrigation wells. 

Land Use 
Extraction 
Rate 

Units Basis for Water Usage 

Golf Course 13.7 m3/day Average of metered properties in Langley (Golder, 
2005); Note: total yearly outdoor watering averaged over 
365 days 

Berry 13.4 m3/day/acre Estimate based on crop coefficients (Golder, 2005) - 
based on BCMAFF (2001) 

Winery/Vineyard 13.4 m3/day/acre Estimate based on crop coefficients (Golder, 2005) - 
based on BCMAFF (2001) 

Sod 15.2 m3/day/acre Estimate based on crop coefficients (Golder, 2005) - 
based on BCMAFF (2001) 

Tree, Nut Farm; 
Orchard, Pasture 

0 m3/day/acre Believed insignificant - crop not generally irrigated 

Swine 4 m3/day Assume 500 animals x 2gpd per animal (BCMAFF, 
2006) 

Sheep, Goat 0.05 m3/day/acre Assume 4 animals per acre x 3 gpd per animal 
(BCMAFF, 2006) 

Poultry 7.6 m3/day 72 Million chickens produced per year in BC by 302 
commercial producers (BCMAFF website); 9 weeks 
(average) to raise; 0.05 gpd per chicken (BCMAFF, 
2006) 

Nursery, 
Greenhouse, 
Mushroom 

71.3 m3/day Average of metered properties in Langley (Golder, 2005) 

Llama, Alpaca 0.04 m3/day/acre Assume 4 animals per acre x 2.5 gpd per animal 
(BCMAFF, 2006) 

Horse 0.1 m3/day/acre Assume 2 animals per acre x 12 gpd per animal 
(BCMAFF, 2006) 

Beef/Donkey 0.23 m3/day/acre Assume 5 animals per acre x 12 gpd per animal 
(BCMAFF, 2006) 

Dairy 0.68 m3/day/acre Assume 5 animals per acre x 36 gpd per animal 
(BCMAFF, 2006) 

Field 
Flowers/Vegetables 

4 m3/day/acre Estimate based on crop coefficients (Golder, 2005) - 
based on BCMAFF (2001) 

Primary Activity: 
Unspecified 
Agriculture 

0.3 m3/day/acre Average field-based livestock operation 

Secondary Activity: 
Unspecified 
Agriculture 

0.1 m3/day/acre Assume secondary activity occupies < 50% of parcel 
size 
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As discussed above, due to a lack of legislation requiring well licensing, the 

locations of all wells operating within the model domain are not known. Therefore, it is 

impossible to determine the number of wells that are missing from the above analysis 

(and the resultant flow model). From detailed risk-related work completed in Langley 

(see Chapter 3), the number of properties using groundwater for agricultural activities is 

known to a moderate level of certainty. From that analysis, it was determined that 

approximately 1,609 irrigation wells are not included in the WELLS database within the 

Township. Because the Township is the primary study area, wells were added wherever 

one was believed to be missing. The well was located close to the primary structure on 

the property, as determined using digital aerial imagery, as per Section 3.4.1.2.2. The 

well depth was assigned based on the nearest neighbouring well record. Limited data for 

the municipalities of Surrey and Abbotsford prevented this methodology from being 

repeated accurately for missing wells there. It is believed that many agricultural 

properties within Abbotsford rely on irrigation canals maintained by the City of 

Abbotsford via the Sumas Prairie and Matsqui Prairie Dyking, Drainage and Irrigation 

Districts (City of Abbotsford 2012).  

4.8.2. Washington State 

4.8.2.1. Municipal Wells 

The Washington State Department of Health (DoH) regulates large water supply 

system wells (25 or more people). One hundred and forty-six of these wells exist within 

the study domain, including those operated by the Cities of Sumas and Ferndale. Data 

for these wells include the estimated population served by the water system; 15,270 

people, in total, are served by these 146 wells. Using the per capita average water use 

from Langley (364 L/day), the estimated extraction rate for each well was calculated. 

Where systems consist of multiple wells, the total extraction was assumed to be spread 

evenly among all wells within the system.  

4.8.2.2. Private Wells 

The Washington State Department of Ecology maintains a publicly accessible 

database of well logs. Unlike BC, Washington State requires the submission of a Notice 

of Intent before a well is constructed; within thirty days of the construction of a new well, 
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a well construction report must be submitted. Unfortunately, the locations of the wells are 

moved to the center of the nearest Township, Section and Range (TRS) and therefore 

only approximate their actual locations (Figure 4.24). Further, the information within each 

well record is not available within a database that can be linked with the geographic 

location, but instead is only available as an image file of each well record.  

Once the well locations were downloaded for the study area a great deal of data 

manipulation was required to: 1) remove duplications of DoH wells, 2) remove water 

resource wells (e.g. monitoring wells), 3) remove abandoned/closed wells, and 4) 

manually look up and enter well depth information from well record image files.  

 Limited land use information in GIS format was available for the model 

domain from the Whatcom County Planning Department. Land use was broken down 

into very general categories: residential (rural and urban of various densities), industrial, 

commercial and agriculture. There were no GIS-ready parcel data to allow analysis 

based on parcel size. Domestic water use for wells located within areas zoned as 

residential was based on average domestic water use for the Township of Langley (364 

L/day x 3.3 persons per household). With reduced residential density (and thus 

increased parcel size), there is an increased likelihood of outdoor water use (e.g. hobby 

farms); residential outdoor water use was estimated accordingly (Table 4.9). Wells 

located within commercial and industrial areas were assigned extraction rates based on 

metered rates for the Township of Langley. Detailed agricultural information for 

Whatcom County was not available. Dairy farms make up a large proportion of total farm 

sales within the county, representing nearly 60% of all sales by dollar value (US 

Department of Agriculture 2007). Much of the agricultural land in Whatcom County is 

used for dairies or for the production of forage to support these dairies (Cox and Kahle 

1999). In order to estimate agricultural water use, it was assumed that each well located 

within agricultural land supplied a dairy operation. Being a water intensive type of 

agriculture, it is likely that this method would overestimate the actual extraction rates of 

all agricultural wells. The rates assigned to each well were therefore based on 

conservative estimates of farm size; farm size (i.e. the number of milking dairy cattle) 

was based on the diameter of each well (Table 4.9).   
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Table 4.9. Estimated extraction rates for private wells within Washington State. 

Land Use Extraction 
Rate 

Units Basis for Water Usage 

Residential, City 1.2 m3/day Average per capita domestic water use 
(Langley) of 364 L/day x 3.3. people 

Rural/Rural Residential 5-10 
homes/acre 

1.2 m3/day Average per capita domestic water use 
(Langley) of 364 L/day x 3.3. people 

Rural/Rural Residential 1-3 
homes/acre 

1.6 m3/day Average per capita domestic water use 
(Langley) of 364 L/day x 3.3. people + 
minor additional outdoor water use 

Rural/Rural Residential 1 
home / 2-5 acres 

2 m3/day Average per capita domestic water use 
(Langley) of 364 L/day x 3.3. people + 
some additional outdoor water use 

Rural/Rural Residential 1 
home / 10+ acres 

2.4 m3/day Average per capita domestic water use 
(Langley) of 364 L/day x 3.3. people + 
moderate additional outdoor water use 

Industrial 2.7 m3/day Average of metered properties in Langley 
(Golder, 2005) 

Commercial 2.4 m3/day Average of metered properties in Langley 
(Golder, 2005) 

Agricultural w/6" well 2.6 m3/day Domestic use (1.2 m3/day) + 10 cows (36 
gpd per animal) 

Agricultural w/8" well 4.6 m3/day Domestic use (1.2 m3/day) + 25 cows (36 
gpd per animal) 

Agricultural w/10+" well 8 m3/day Domestic use (1.2 m3/day) + 50 cows (36 
gpd per animal) 

 

4.8.3. Combined Extraction Rates  

Extraction wells for BC and Washington State were combined and imported into 

FEFLOW. In total, 13,995 wells were added to the model (Figure 4.24), with a total 

extraction rate of 318,900 m3/day. Upon importation, the wells were assigned to the 

nearest mesh node; where multiple wells were assigned to a single node, the pumping 

rate was the sum of all wells.  
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According to the above analysis, the major municipal/industrial extractions, 

including the Township of Langley (29,000 m3/day), the City of Abbotsford (5,400 

m3/day), Clearbrook Waterworks District (5,480 m3/day), the City of White Rock (6,900 

m3/day), the Fraser Valley Trout Hatchery (11,000 m3/day), the City of Ferndale (7,600 

m3/day) and the City of Sumas (1,500 m3/day), comprise approximately 21% of the total 

extraction within the study area. An additional 2,900 m3/day (~1% of total extraction) is 

believed to come from other large water supply system wells in Whatcom County. The 

remaining 78% of total extraction occurs via private wells (including domestic and 

agriculture) and smaller water supply system wells (e.g. mobile home parks, commercial, 

industrial, golf courses, etc.).  
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Figure 4.24. Groundwater extraction wells included in the model. The regular 
pattern of wells in Washington State is the result of the locations 
being mapped to the center of the nearest Township, Section and 
Range. 

Besides the limitations of the assumptions used above (i.e. average water use by 

land use type), the analysis does not consider wastage or inefficiencies in irrigation 

systems. The above assumes that the extraction rates are limited to crop needs; in 

reality, it is likely that more water is extracted than is necessary. The effects of wastage 

and inefficiencies will likely be negligible where they results in increased return flow to 

the aquifer, but more so where wastage results in evapotranspiration. 
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4.9. Observation Wells 

4.9.1. Government Monitoring Wells 

On the Canadian portion of the model domain, two government agencies collect 

reliable groundwater level data: the BC Ministry of Environment and Environment 

Canada. The Ministry of Environment collects hourly water level data at 16 observation 

wells across the model domain (Figure 4.25). Environment Canada collects monthly 

water levels at 69 wells located within the Abbotsford Sumas Aquifer.  

Several monitoring wells are believed to exist on the Washington State portion of 

the model domain; however, these data are not readily available. Seven USGS 

monitoring wells with publicly accessible water level data are located within Whatcom 

County (Figure 4.25); however, the water levels are recorded sporadically (approx. once 

per year). 
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Figure 4.25. Observation wells across the model domain. 

4.9.2. Private Wells 

In both BC and Washington State, a static water level reading is often taken 

immediately following the construction of a new well. Unfortunately, the water levels are 

often measured before the water level can equilibrate with the natural environment (e.g. 

immediately after drilling or after a well yield test, before full recovery) and therefore, 

water levels measured following drilling are prone to inaccuracies. Further, wells are 

drilled at various times of year and during years that may be wetter or drier than normal. 

Based on observation wells (BC MoE), most areas of the domain experience 1 to 3 m of 

seasonal water level fluctuations. However, the difference in historical highs and lows is 

up to 6 m. In general, the reported values are considered to represent real world 

conditions to within 5 m.  
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The well logs available for the model domain include wells constructed over 

nearly a century. Given the known long term changes in water levels in the area 

(Interagency Planning Team 2009), only static water levels for recent (since 2000) 

private wells were used in order to calibrate the model. In BC, there are 11,858 well 

records within the model domain; only 1,383 records are from recent wells where both 

static water levels and well depth are recorded. The BC wells were then manually culled: 

wherever clusters of wells with similar depths (within 3 m) were found, all but one 

(usually the most recent) was removed. Wherever wells of similar depths reported 

significantly different water levels, the average water level for the cluster was assumed 

to be correct. Where this was not appropriate, the well log was consulted to determine 

the more reliable water level (e.g. in some wells completed in confined aquifers, the 

water level is reported as the depth at which water was first encountered during drilling, 

which is often different than the static water level in the completed well). Six hundred 

and seventy-eight wells were selected to provide representative, current water levels for 

BC (Figure 4.25). In Washington State, 1,106 records for wells drilled since 2000 were 

available. Following a similar methodology for the removal of redundant wells, 238 wells 

remained.  

4.10. Model Settings 

FEFLOW uses a finite element numerical technique for finding approximate 

solutions to the partial differential flow equations that are based on the conservation of 

mass and Darcy’s law. Within FEFLOW, models can be run under either saturated or 

unsaturated (or variably saturated) conditions. Models that include zones of unsaturated 

flow are much more complex, requiring the use of the non-linear Richards equation. In 

order to reduce this complexity, FEFLOW includes a “Phreatic mode” that applies a 

partial saturation approach: in partially saturated elements, the hydraulic conductivity of 

the element is reduced by multiplying it by the saturation. The model was run under 

three-dimensional (i.e. no Dupuit assumptions), saturated conditions that included this 

partial saturation approach. The preconditioned conjugate gradient (PCG) iterative 

solver was used for the flow model. Subsequent transport modeling (see Sections 5.2.4 

and 5.3) utilized the post-conditioned bi-conjugate gradient stabilized method 

(BiCGSTABP) to iteratively solve the advective-dispersive transport equation.  
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The size and complexity of the model resulted in unsuccessful initial attempts to 

run the model under steady state conditions. In order to achieve convergence, a quasi-

steady-state approach was used whereby the model was run in transient ‘mode’ until 

such time as minimal change in hydraulic head was achieved across the domain 

(approximated by a change in head of less than ~0.3 m over a modeled period of 

several months). Initially the model was run for ~70 years to ensure steady-state 

conditions were achieved. Subsequent model runs during calibration varied from one to 

ten or more years, depending on the required time for the system to regain steady state 

conditions.  

4.11. Model Calibration 

Model calibration involves the adjustment of hydraulic properties and fluxes, 

within a reasonable range, in order to increase the fit between modeled and observed 

values (Robertson 2012). Once the simulated heads and fluxes match those observed 

within a range of error, the model is considered calibrated (Anderson and Woessner 

1991).  

Model calibration was carried out under steady state conditions, using manual 

‘trial and error’ adjustments. Adjustments were made primarily to hydraulic conductivity 

and recharge values, with some minor changes made to river conductance and elevation 

values (head dependent flux boundaries). The focus of calibration was the reduction in 

residual between simulated and observation head values in wells across the domain. 

Model calibration continued until the normalized root mean square (RMS) error was less 

than 10%. Given the regional extent of the model and the quality of water level data to 

which calibration was targeted, this calibration criterion was thought to be realistic and 

practical. The normalized RMS value for the Abbotsford-Sumas model (Scibek and Allen 

2005) was ~9%.  

Figure 4.26 shows a graph of the calculated heads vs. observed heads; the final 

normalized RMS value is 8.56%. The model has increased difficulty recreating observed 

head values in deeper model slices. This is not surprising, given the lack of high quality 

deep borehole logs in the WELLS database. When only the model calibration wells 
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within the top 20 model slices (0-55 m) are considered, the calibration residuals improve 

significantly, with a normalized RMS of 5.52% (Figure 4.27). In general, the model 

overpredicts hydraulic head across the model domain, with a residual mean of 5.23 m. 

 

 

Figure 4.26. Calculated vs. observed heads - all model calibration wells. 
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Figure 4.27. Calculated vs. observed heads – model calibration wells in slice 1-20 
(0- 55m). 

4.11.1. Areas of Poor Model Calibration 

Figure 4.28 displays the calibration residuals across the model domain. As 

mentioned above, the calibration residual increases with observation depth. The model 

overestimates hydraulic head values at greater depth; the overall residual mean is 5.23 

m whereas in the top 20 slices (0 to 55 m), the mean drops to 2.07 m. In addition, at 

depth, several “problem areas” were identified, where calibration success was limited. 

The residuals in the southwest portion of the model (Box A in Figure 4.28) show a large 

overestimation of hydraulic head. The area suffers from a relatively low density of water 

wells. Also, limited effort was put into the mapping of permeable units in this area, 

particularly at depth, due to time constraints and the distance to the primary area of 

concern - the Township of Langley. Prior to this project, there were no confined aquifers 

delineated in this area. 
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Figure 4.28. Calibration residuals (calculated head - observed head; m) across 
the model domain. Calibration problem areas (A-D) are discussed in 
Section 4.10.1. 

The area of northern Langley and Abbotsford, just south of Glen Valley (Figure 

4.28, Box B) was another area of high hydraulic head residuals. Roughly 80% of the 

wells with positive residuals in Box B are deep wells (>55 m (180 ft.)). The wells in this 

area also suffer from an unusual DEM artifact that includes ‘divots’ in the land elevation 

(see Figure 4.29) that results in highly suspect surface elevations at the well locations. 

Hydraulic head elevation was calculated based on these surface elevations, and 

therefore, the observed heads may themselves be erroneous. Further, with the coarse 

resolution of the DEM (30 m), wells located in areas of high slope (such as the area 

around Glenn Valley) may be prone to further surface elevation (and subsequent water 

level elevation) uncertainty. Also of note in this area, are several deep wells logs that 

describe partly saturated conditions beneath thick (up to 60 m) clay beds. Large positive 
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residuals in these areas occur, as the model consistently predicts saturated (and 

pressurized) conditions.    

 

Figure 4.29. DEM irregularities (linear green features) may create uncertainty 
about the accuracy of water level elevation due to a potentially 
erroneous observation well ground surface elevation. Figure area 
coincides with Box B in Figure 4.28. 

The area outlined by Box C, located in northwest Langley, is another area with 

high residual head values. There are three mapped confined aquifers in this area 

(Clayton Upland upper, Clayton Upland lower and the Nicomekl Serpentine); however, it 

appears that a slim majority of the monitoring wells are completed in smaller, unmapped 

units. The absence of these smaller units in the model may be causing the high positive 

residuals in this area. The residuals from deep wells, particularly those completed in the 

Nicomekyl Serpentine aquifer, may also suffer from an absence of the effects of flowing 
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artesian wells that are in reality depressurizing the aquifer, but are generally absent from 

the model. Further, wells that are flowing (according to the well log) were assigned a 

water level that is equivalent to the local ground surface. This underestimation of the 

actual piezometric head in the well, may also lead to positive residuals.  

Box D (Figure 4.28) is located in the Brookswood area of Langley. Several deep 

wells (completed beneath the Brookswood aquifer) in this area show high, positive 

residuals. In general, wells in this area are completed in the shallower (and therefore 

less expensive to access) unit, and boreholes drilled to greater depth are less common. 

A lack of geological understanding in this area is therefore likely partly responsible for 

these high residuals deep in the aquifer. High residuals in shallow wells in the area are 

possibly due to a poor representation of groundwater-surface water interaction in the 

model. Golder (2005) identified several spring locations (Figure 2.4) along the western 

margins of the Brookswood aquifer that have not been included in this flow model. 

Further, it may be that the model values for leakage to streams that flow across the 

aquifer (and along its western margin) require further adjustment to better characterize 

groundwater discharge to these streams.      

4.12. Water Budget 

The water budget closure was just under 4%; Figure 4.30 shows the final water 

budget results. The largest component of the model water budget is recharge from 

infiltrating precipitation (9.81 x 105 m3/day). Other inputs include streams (head 

dependent flux boundaries; 3.95 x 105 m3/day) and lakes and rivers (specific head 

boundaries; 1.75 x 105 m3/day). Streams (head dependent flux boundaries) represent 

the largest outflow from the model at 9.36 x 105 m3/day. Overall, specified head 

boundaries receive 4.42 x 105 m3/day. Approximately 2.89 x 105 m3/day is pumped from 

the aquifer through wells. The discrepancy between this value and the total extraction of 

all pumping wells entered into the model (3.19 x 105 m3/day) is likely due to drawdown to 

below the well intake at wells located in areas where permeable units have not been 

delineated in the model.  Future work to define these small units should correct this 

discrepancy. 
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Figure 4.30. Final water budget results. ‘Dirichlet BCs’ (Boundary Conditions) are 
specified head boundaries; ‘Cauchy BCs’ are head-dependent flux 
boundaries; ‘Wells’ are extraction wells; ‘Distributed Sources/Sinks’ 
represent recharge from precipitation. 

4.13. Sensitivity Analysis 

A sensitivity analysis evaluates model parameters to determine their relative 

effect on model outputs (Reilly and Harbaugh 2004). A simple sensitivity analysis was 

completed to determine the sensitivity of the model to hydraulic conductivity and 

recharge. Rather than adjusting each one independently, a strategic approach was 

taken by combining the two parameters. Hydraulic conductivity and recharge are 

coupled parameters, in that if they are both increased or both decreased within 

reasonable ranges, the model will remain reasonably calibrated. Thus, two simulations 

were run; the first simulation increased all hydraulic conductivity values by one half order 

of magnitude (i.e. multiplied by 5), while the recharge values were increased by 50%. In 

the second simulation, the conductivity values were decreased by one half order of 

magnitude (i.e. multiplied by 0.5) and the recharge was decreased by 50%. The first 

analysis (increased conductivities and recharge) resulted in a normalized RMS of 11.4% 

(relative to the base case of 8.56%), whereas the second analysis (decrease 

conductivities and recharge) resulted in a normalized RMS of 9.57%. This simple 
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sensitivity analysis seems to indicate that the model is not overly sensitive to the range 

of hydraulic conductivity and recharge values tested. 

4.14. Head Distribution and Flow Directions 

The resulting equipotential map of the model domain (Figure 4.31) shows a near 

surface hydraulic head distribution that generally mimics regional ground surface 

elevations. The dominant regional flow direction is radially outwards from the Langley 

uplands in the center of the domain. Radial flow is also seen from the Clayton, White 

Rock and Mountain View uplands (see Figure 1.2). Flow from the Surrey uplands follows 

a southeastern flow direction. Flow directions, as modeled by randomly placed forward-

tracking particles, are displayed in Figure 4.32.  
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Figure 4.31. Equipotential map of hydraulic head values across the model 
domain in layer 10 (14.5 to 16.5 m below ground).  



 

138 

 

Figure 4.32. Forward particles delineate groundwater flow directions at various 
points in the model. Particle starting points are yellow circles. 
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5. Application of the Groundwater Flow Model 

5.1. Introduction 

As discussed in Chapter 3, the groundwater resource is only at risk where 

hazard, susceptibility and consequence spatially co-exist. The process of aquifer 

susceptibility mapping is an attempt to gauge the relative ease with which a contaminant 

will move from source to receptor. The methods used to assess susceptibility estimate 

travel time based on many simplifying assumptions (e.g. vertical transport of 

contaminants only). With the use of a numerical model, more realistic groundwater flow 

characteristics can be realized to better define the vulnerability of receptors. For 

example, water wells completed in confined aquifers may actually be more susceptible 

to contamination from hazards that are situated a great distance away, than those on the 

same property. Only with a more complete understanding of groundwater flow, can the 

risk be assessed with a higher degree of certainty. This chapter provides a few simple 

examples of how risk assessments can be strengthened using a numerical flow model. 

5.2. Capture Zones  

5.2.1. Comparison with Fixed Radius Capture Zones 

The conventional approach for groundwater source protection involves the 

delineation of a well capture zone, followed by various hazard reducing management 

options within the zone (called the Wellhead Protection Area (WHPA)). The WHPA is 

often defined based on the advective travel time from a contamination source to a well 

(Frind et al. 2006). The time of travel zone often varies with the contaminant of concern. 

For example, sources of pathogens are often excluded from WHPAs delineated by time 

of travel of less than 250 days (Frind et al. 2002).  

In order to assess the potential health impacts of pathogens, one year time of 

travel capture zones were created for private and community wells using a simple fixed 



 

140 

radius method (see Section 3.4.2). This method does not consider the flow of 

groundwater and, therefore, should only be used in areas of low hydraulic gradient (BC 

MoELP 2000). As a check on the quality of the capture zones delineated previously, 

using the fixed radius method, the numerical model was used to create similar zones 

using backward particle tracking. The resulting capture zones for several wells were then 

compared. 

Approximately 100 particles were released into a steady state flow field in a circle 

of 50 m radius around each well of concern (at the well screen depth). Using the 

resulting time of travel for the particles, the one year capture zone was manually 

delineated.  

As mentioned above, fixed radius capture zones do not consider groundwater 

flow. In areas of high groundwater velocities, the fixed radius capture zones often 

exceed the model derived capture zones in total area, but may ineffectively represent 

areas of the actual capture zone, particularly upgradient (Figure 5.1). Further, the risk in 

areas within the fixed radius capture zones, but outside of the model derived capture 

zones, may be overestimated, leading to unnecessary management changes. In areas 

of low groundwater velocities, the fixed radius capture zones can greatly exceed the 

model derived capture zones (Figure 5.2). In both of these examples, the numerical 

model shows a long, thin capture zone. Such elongated capture zones are common in 

flow fields where the groundwater velocity is high, as is the case in parts of the study 

area. Where the velocity is lower, the model derived capture zones will be more circular. 
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Figure 5.1. Fixed radius capture zone (red) vs. numerical model capture zone 
based on backward particle tracking (blue) for private well tag 
#47113. Both capture zones are based on one year time of travel. 
This example shows how a fixed radius approach may overestimate 
the total area at risk by ineffectively representing upgradient areas.   
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Figure 5.2 Fixed radius capture zone (red) vs. numerical model capture zone 
based on backward particle tracking (blue) for private well tag 
#50339. Both capture zones are based on one year time of travel.  

5.2.2. Comparison with Golder (2005) Capture Zones 

As part of a comprehensive groundwater modeling study for the Township of 

Langley, Golder Associates (2005) ran backward particle tracking to delineate the 60 

day and the 1, 5 and 20 year time of travel zones for the municipal supply wells. These 

zones were used in Section 3.4.2 to assign a potential loss to the municipality if their 

wells were to become contaminated. Given that the model in the present study used a 

similar conceptual model of the aquifers in the Township, but differed in terms of the type 

and location of boundary conditions, a comparison of model derived capture zones was 

completed.  
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Between 100 and 150 backward traveling particles were released around the well 

screens of selected Township production wells in the model. The particle travel times 

were then exported into ArcGIS and the time of travel zones were delineated manually. 

The 60 day and one year capture zones from both models show similar extents (Figure 

5.3 and Figure 5.4), with only minor areas without overlap. The capture zones for 5 

years and 20 years show some differences, but the overall patterns are similar.  

 

Figure 5.3. Capture zones for Township production wells Aldergrove #3, #6, #7 
and #8. 
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Figure 5.4. Capture zones for Township production well Fort Langley #2.  

As noted above, in areas with high groundwater velocities, capture zones are 

often long and narrow. Small differences in the magnitude and direction of these 

velocities can therefore create significant differences in capture zone delineation. For 

example, in Figure 5.5 the capture zones for the Brookswood #10 well are similar in 

shape in both studies but substantially longer in the present study. Given that the 

hydraulic conductivity and porosity in this area are consistent between the two models, 

this discrepancy is attributed to a larger simulated hydraulic gradient in the present 

study. The increased gradient in the vicinity of the Brookswood wells is due to a 

substantial difference in the amount of recharge added to each model. Recharge in the 

area upgradient of these wells in the present study is two to three times that used in the 

Langley model. Further, a greater number of extraction wells downgradient of the 

Brookswood wells were included in the present study, while only the major municipal 
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wells were included in the Langley model. The capture zones for the Murrayville #2 well 

are similar in extent in both studies; the 5 year capture zone, for example, is nearly 

identical in each. However, due to a slight difference in the groundwater flow direction, 

there is a substantial difference in the 20 year capture zones. The capture zones for the 

Brookswood #9 well, shows a combination of a slight difference in flow direction 

(creating a shift in the long axis of the capture zone) as well as an increase in 

groundwater velocity in the present study. This is due to a larger hydraulic gradient in 

this area (as discussed above) as well as an increased hydraulic conductivity, relative to 

that used in the Langley model (creating an extension of the five and 20 year capture 

zones).   
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Figure 5.5. Capture zones for Township production wells Brookswood #10, 
Brookswood #9 and Murrayville #2 (left to right). 

The above comparison was completed not as a check on the quality of either 

model’s capture zone analysis, but as a means of assessing the variability in capture 

zone extent. The models used are quite similar (at least in terms of aquifer properties) 

yet, in some cases, yield significantly different results. The use of model derived capture 

zones should therefore be approached with caution, with an understanding of the 

inherent error and variability of these zones.  
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5.2.3. Other Major Production Wells 

5.2.3.1. Clearbrook Waterworks District 

The Clearbrook Waterworks District (CWD; a CWN project partner) extracts 

groundwater from three active production wells completed in the northern portion of the 

Abbotsford-Sumas aquifer. In 2005, the total extraction by the CWD was approximately 

2 Mm3 (GW Solutions 2007); in the model this extraction was divided amongst three of 

the most efficient wells within the system, well 3-93 (0.22 Mm3), well 1-87 (0.33 Mm3) 

and well 7-00 (1.4 Mm3). Capture zones were delineated for these wells using backward 

particle tracking (Figure 5.6). The combined 20 year capture zones for the three wells 

stretches approximately 1.3 km upgradient (westward) from the Lynden Avenue well 

field (wells 3-93 and 7-00) and is nearly 700 m wide at its greatest width. The land use 

within the capture zone is predominantly residential (including schools) and commercial 

(City of Abbotsford 2011). Notable potential hazard sources include industry, service 

stations and an automotive garage (Figure 5.6).  

It should be noted that the CWD production wells are some distance away from 

the primary study area (Township of Langley) and limited aquifer characterization in this 

area was completed. Therefore, the resulting capture zones may be of limited accuracy 

and should be utilized accordingly.  
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Figure 5.6. Capture zones for the major production wells of the Clearbrook 
Waterworks District (CWD). Potential hazard sources within the 
capture zones, based on land use, include industrial, service station 
and automotive garages. 

5.2.3.2. Bevan Avenue Wells (City of Abbotsford) 

In order to meet the peak demand of their water system, the Abbotsford/Mission 

Water & Sewer Commission (AMWSC) commissioned the installation of four new 

production wells. These wells, referred to as the Bevan Avenue wells, are designed to 

supply up to 290 L/s for up to 100 days (Piteau 2010). To gain some understanding of 

the impact of this project, 100 day travel time capture zones were delineated for this well 

field (Figure 5.7).  

Two sets of backwards tracking particles were added around the wells for this 

analysis. The first set of particles, placed at the well screen elevation (Slice 17 of the 
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model: 35 to 40m below ground), revealed a capture zone that draws water from great 

depth (Figure 5.8). It appears that drawdown at the well field may create an upward 

vertical gradient beneath the wells. A second set of particles was placed above the well 

screen (Slice 16: 31 to 35m below ground); this set of particles shows a more typical 

flow path, ending at the local ground surface towards Mill Lake. The paths followed by 

each set of particles are shown in Figure 5.8.   

Similar to the analysis of the CWD wells, the local hydrogeology at this site was 

not well defined. Therefore, the analysis described above is prone to error. In particular, 

a continuous clay confining layer has been delineated from southwest of the Bevan well 

field to north and east of Mill Lake (Piteau 2010). This clay layer is present in the current 

model, but is not mapped continuously over the same extent as that defined by Piteau 

(2010). The layer is absent from the Abbotsford model (Scibek and Allen 2005) and does 

not appear in all of the well logs around Mill Lake. The flow field around the Bevan wells 

is highly dependent on the extent of this layer and the above analysis would benefit from 

a more thorough delineation of this unit. In particular, the shallow set of particles would 

likely define a more horizontal flow path in the presence of a continuous confined layer.  
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Figure 5.7. 100 day capture zones for the Bevan Avenue well field. Two sets of 
particles were used for the delineation of the capture zones 
including one at the well screen (Slice 17) and another just above 
the well screen (Slice 16). The flow paths followed by each are 
shown in Figure 5.8. The cross-section A-A’ is also shown in Figure 
5.8. 
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Figure 5.8. A 3-dimensional view of the model derived flow paths of backward 
traveling particles, sourced from two ring-shaped origins around the 
Bevan Avenue well field (green circles). The upper ring of particles 
is placed above the well screen (Slice 16 of the model) and the lower 
ring is placed within the well screen (Slice 17). The orientation of the 
view is from the south, looking north; the cross-section A-A’ is 
shown in Figure 5.7. 

5.2.4. Reverse Transport Capture Zones 

The capture zones discussed above are defined by the advective travel time from 

a potential contaminant source to a well. This analysis ignores the impacts of factors 

such as dispersion, diffusion, chemical attenuation and dilution. An alternative means of 

defining capture zones is using backward transport modeling. The advantage of this 

method is the inclusion of the effects of dispersion and diffusion; dispersion represents 

the random uncertainties in travel paths due to heterogeneity. By including this 

heterogeneity, much more realistic capture zones can be delineated (Frind et al. 2002). 

With typical contaminant transport modeling, a contaminant source is defined and then 

solute transport is undertaken to solve for spatially variable solute concentration at 

various future times. With backward in time advective-dispersive transport, the probable 

initial position of a contaminant can be determined (Frind et al. 2006). 
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To assess the impact of including dispersion in capture zone delineation, capture 

zones for three Township of Langley production wells were assessed using backward in 

time advective-dispersive transport modeling. A conservative contaminant was injected 

at the well screen of each well at an arbitrary constant concentration of 1000 mg/L. The 

transport problems were then applied to a reverse flow field. Longitudinal and transverse 

dispersivities were set to 10 m and 1 m, respectively. The solute was conservative, with 

no sorption or decay, thereby resulting in conservative capture zone delineation. The 

contaminant concentrations at 1 and 5 years were exported into ArcGIS, and areas 

containing nodes where concentrations exceeded 1 mg/L were outlined manually (to 

represent the first appearance of the contaminant).  

Comparisons of the capture zones delineated using this reverse transport 

technique with those using particles are shown in Figure 5.9, Figure 5.10 and Figure 

5.11 (Brookswood #9, Murrayville #2, Ft. Langley #2, respectively). A significant 

increase in total capture zone size is observed, for both the 1 and 5 year time of travel 

capture zones, using the backward transport modeling approach. The size increase in 

the 1 year time of travel varies between 204 and 243%, while the increase in the 5 year 

time of travel is 160 to 210%. The largest increase in both capture zones is seen at the 

Fort Langley well. Given that dispersion is greatest in areas of high linear groundwater 

velocity, this result is to be expected. The hydraulic conductivity of the Fort Langley 

aquifer is one order of magnitude higher than at the other two wells. Further, the 

pumping rates are approximately five and seven times higher compared to Murrayville 

and Brookswood, respectively, leading to a larger hydraulic gradient. Another interesting 

result of this analysis is the extension of capture zones upgradient of the well when 

using backward in time advective-dispersive transport; this behavior likely reflects the 

effects of diffusion.  
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Figure 5.9. One and five year time of travel capture zones for the Brookswood 
#9 well defined using advective particle tracking (solid) and 
backward in time advective-dispersive transport (outline).  
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Figure 5.10. One and five year time of travel capture zones for the Murrayville #2 
well defined using advective particle tracking (solid) and backward 
in time advective-dispersive transport (outline). 
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Figure 5.11 One and five year time of travel capture zones for the Fort Langley 
#2 well defined using advective particle tracking (solid) and 
backward in time advective-dispersive transport (outline). 

The backward in time advective-dispersive transport simulations assumed values 

of longitudinal and transverse dispersivities of 10 m and 1 m, respectively. Dispersivity 

estimation is highly uncertain and normally requires calibration of a transport model 

using observed concentrations. Thus, the approach of assigning a concentration to the 

well and running the transport simulation cannot constrain the dispersivity values. 

Uncertainty in these parameters could be more rigorously evaluated through a sensitivity 

analysis if the approach is used for capture zone delineation in a WHPA. 
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5.3. Assessing Vulnerability to Nitrate-Nitrogen 

The vulnerability of groundwater is defined as aquifer susceptibility multiplied by 

hazard threat (Chapter 3). This assessment assumes vertical movement of a 

contaminant, down to the nearest aquifer. Where there is no threat directly above an 

aquifer, there is assumed to be no vulnerability. Therefore, aquifer vulnerability is a 

simplification that ignores horizontal groundwater flow. With the addition of a capture 

zone for a well, the movement of a contaminant within the flow system can be 

considered. However, in areas of high hydraulic gradients, the commonly used capture 

zone methods may underestimate the upgradient extent of a well’s vulnerability (Figure 

5.1). To assess the impact of horizontal flow on the vulnerability of an aquifer, the 

numerical flow model (Chapter 4) was used to simulate three-dimensional transport of 

nitrate-nitrogen. This contaminant is sourced from those hazards identified in Section 

3.4.1.2 (septic systems and agricultural properties). It was assumed that the nitrogen 

sources were mineralized as nitrate and were leached down to the water table. By 

adding this contaminant to the saturated zone, the vulnerability of the saturated system 

can be assessed by directly combining hazards and aquifer susceptibility (based on 

travel time) within the model.  

The most common sources of groundwater nitrate in the Fraser Valley are 

agricultural fertilizers (synthetic or manure) and onsite sewage disposal systems 

(Wassenaar 1995; Liebscher et al. 1992; Cox and Kahle 1999). Although nitrate in 

drinking water is a health concern, the major potential for health impact from these 

sources are pathogens related to animal waste (manure storage/applications and septic 

systems). Because of its association with pathogens and its high mobility and relatively 

conservative nature, nitrate can be used as a tracer for animal waste. In general, the 

persistence of pathogens in groundwater is less than one year (Goss and Richards 

2008). Therefore, where nitrate reaches a well in less than one year of travel time, there 

is also a pathogen-related vulnerability for the well.  

5.3.1. Model Refinement 

The large size of the model domain required refinement in order to undertake 

transport modeling. The Peclet number (defined as Pe = Δl/α where Δl = nodal spacing 
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and α = dispersivity) should be less than or equal to 1 (Anderson and Woessner 1992). 

Mesh refinement across the Township was unrealistic in terms of computational effort 

and unreasonable model run times. Therefore, the mesh was refined only in small areas 

in order to demonstrate the nitrate-nitrogen transport concept at a more reasonable 

scale. The small case study area was chosen in the Brookswood area (Figure 5.12). 

This particular area is largely rural residential with some agricultural activity occurring to 

the south and east. Most of the area is serviced by private sewage systems. The major 

sources of nitrogen (and pathogens), septic systems and agriculture, are shown in 

Figure 5.13. These sources were added to the model slice containing the water table, 

following the procedures discussed below.  
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Figure 5.12. The location of the sub-study area in the Brookswood area of 
Langley. 
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Figure 5.13. Nitrogen sources within the Brookswood area. The area coincides 
with that shown in Figure 5.12. 

5.3.2. Agricultural Properties 

Agricultural properties believed to be sources of nitrate-nitrogen were previously 

identified as part of a contaminant inventory (Section 3.4.1.2). These properties include 

those believed to either produce and store manure onsite (poultry, dairy farms) or those 

that spread manure either directly (e.g. berry farms) or indirectly (e.g. cattle pasture). 

Based on a literature search, agricultural nitrate loading varies widely (Zebarth et al. 

1998; Gillham et al. 1978). Therefore, it is not possible to simulate highly accurate 

nitrogen loading based on agriculture type. An Ontario study of nitrate influx from 

agricultural sources found that nitrate concentrations at the water table beneath various 

crop types ranges from less than 0.5 mg N/L to 56 mg N/L (Gillham et al. 1978). 

Chesnaux et al. (2007) estimated a mean annual concentration of 25 mg N/L for loading 
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to the water table in Abbotsford from a synthetic fertilize source. Thus, for this study, 25 

mg N/L was chosen as a reasonable concentration of nitrate-nitrogen originating from 

agricultural properties believed to be heavy users of fertilizer (e.g. berry farms), whether 

manure or synthetic fertilizer is used. Other agricultural activities were then assigned 

nitrate concentrations relative to the heavy users (Table 5.1). Although a very coarse 

estimate, these values are consistent with certain shallow monitoring wells in the study 

area (BC MoE water quality data 2012) and are reasonable for this purpose.  

Table 5.1. Estimated nitrate-nitrogen concentrations at the water table beneath 
various agricultural activities. 

Nitrate-Nitrogen 
Concentration (mg/L) 

Agricultural Activity 

25 Berry, vineyard, other field crops 

15 Horse, poultry, dairy, other indoor livestock 

10 Grain, forage, turf 

5 Pasture, sheep, goat, alpaca 

3 Orchard, nursery, small fruits, tree 

 

Agricultural properties were imported into FEFLOW and the property extents 

used to select nodes within the model slice containing the water table. The nodes were 

assigned mass-transfer boundary conditions, using values from Table 5.1 (Figure 5.14). 

Mass transfer boundaries apply a mass inflow across the face of all elements the 

boundary conditions has been assigned to. Therefore, this boundary condition is well 

suited for mass inflow across an area, such as agricultural fertilizer applications.  

5.3.3. Septic Systems 

On-site sewage disposal systems are another source of nitrate-nitrogen in Fraser 

Valley groundwater (Wassenaar 1995; Wernick et al. 1998). Unfortunately, small septic 

systems are not regulated in BC and there are limited data on nitrogen influx to local 

groundwater. In order to model nitrate transport within the system, it was assumed that 

nitrogen inputs from septic systems were in the mobile form (i.e. nitrate). The nitrate was 

then added to the top of the water table beneath each septic tank source. The total 

volumetric discharge from a septic system serving a single home was assumed to be 
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465 L/day (141 L/day/person (Gillham et al. 1978) x 3.3 people (Golder 2005)). The 

nitrogen outflow of a septic field is estimated as 34 mg N/L (Gillham et al. 1978). Given 

the large volumetric discharge from the septic system (465 L/day) it is assumed that 

vadose zone dilution of septic nitrate is minimal and that the concentration of nitrate-

nitrogen at the water table beneath septic systems is 34 mg N/L. The larger systems that 

exist in the Township (see Section 3.4.1.2.2) were assigned a total septic system 

volumetric discharge based on the inferred relative size of the system compared to that 

of a single family residential home (see Table 3.5), using Equation 5.1:  

  Relative Discharge = Quantity Rank / 3 (5.1) 

where the Quantity Rank is taken from Table 3.5. The total nitrogen added (in mg N/day) 

for each system was then estimated using Equation 5.2: 

  Total N (mg/day) = Relative discharge x 465 L/day x 34 mg N/L (5.2) 

Each septic system was added to the model as a node of fixed solute 

concentration (i.e. a mass-concentration boundary condition) of 34 mg N/L; each system 

was constrained to a daily nitrogen input based on Equation 5.2. The locations of septic 

systems were assigned to the nearest model node at the water table (Figure 5.14); 

where more than one septic system share a node, the maximum nitrogen concentrations 

were summed.   
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Figure 5.14. Mass transport boundary conditions include septic fields (mass 
concentration, blue circles) and agricultural properties (mass 
transfer, green circles). 

5.3.4. Results 

The contaminant transport model was run for five years; concentration values at 

1, 2 and 5 years are shown in Figure 5.15 through Figure 5.17. Transport generally 

trends towards the west, following the local groundwater gradient. The impact of both 

agricultural operations and septic systems is clearly shown. Although septic density is 

relatively low in reality, the cumulative impact of these hazards sources is quite evident.  

Negative nitrate concentrations in the results are likely due to numerical 

oscillations causing undershooting of the solute values (Konikow 2011). These 

oscillations were improved dramatically through mesh refinement, but complete 

elimination proved impossible due to limitations in computational capabilities.  
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Figure 5.15. Modeled one year transport of nitrate-nitrogen in the Brookswood 
area of Langley.  

 

Figure 5.16. Modeled two year transport of nitrate-nitrogen in the Brookswood 
area of Langley.  
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Figure 5.17. Modeled five year transport of nitrate-nitrogen in the Brookswood 
area of Langley.  

Aquifer susceptibility methods (e.g. AVI) assess the susceptibility of the system 

from the land surface down to the top of the shallowest aquifer; the Brookswood aquifer 

is a highly susceptible aquifer to contamination (BC MoE 2012). However, when 

vulnerability (susceptibility x hazard) is defined in terms of biohazard (i.e. nitrate-nitrogen 

and pathogens) alone, a lack of intensive agriculture in the western portion of the study 

area yields a relatively low vulnerability across much of this area (see Figure 3-7b and 

Figure 5.18). By visually comparing the vulnerability of the area (Figure 5.18), with the 

modeling results shown in Figure 5.17, the consequence of assessing vulnerability down 

to the water table (without consideration of groundwater flow) is clear. Groundwater flow 

towards the west transports hazards sourced from agricultural areas some distance 

away. Further, the cumulative impact of septic systems is affecting areas previously 

thought to be of low vulnerability. It seems from this example that the inclusion of 

horizontal groundwater flow is extremely important in assessing the overall vulnerability 

of the groundwater resource as a whole, or of any wells that might draw from this 

system. 
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Figure 5.18. Biohazard Vulnerability within the Brookswood sub-study area, as 
defined in Section 3.4.1.3. 

5.3.5. Discussion 

Aquifer vulnerability (Chapter 3) assesses the likelihood of a contaminant moving 

vertically from surface, and reaching an aquifer. With the addition of well capture zones, 

this analysis can be extended to the saturated groundwater system with a specific focus 

on the likelihood of the contaminant reaching a well. Source protection is therefore a 

vulnerability method, from surface to well screen that focuses solely on drinking water 

supply. While capture zones are a necessary component of groundwater source 

protection and risk assessment strategies, the method used to delineate them can have 

significant impact on their size and shape. Fixed radius capture zones are a reasonable 

approach in the absence of a numerical model. However, in areas of high groundwater 

flow, these methods may underestimate vulnerability and may potentially leave 



 

166 

populations at risk. In areas of low hydraulic gradient, the method is often conservative; 

as it relates to drinking water protection, a conservative approach is always preferred. 

However, depending on the costs of the risk management options required within the 

confines of these capture zones, it may be preferable to consider other methods. The 

use of backward particle tracking within a numerical model, may better define a realistic 

capture zone because of the inclusion of groundwater flow direction and magnitude. 

Although this is an improvement over more simple methods, capture zones defined in 

this way are subject to the limitations of the flow model from which they are derived. For 

example, there were noticeable differences in the capture zones delineated using the 

Golder model and the model for this study. Ideally, a sensitivity analysis specific to the 

capture zones should be completed to ensure a conservative result, especially where 

aquifer heterogeneity is high. In some cases it may actually be preferable to define 

capture zones using a probabilistic approach (Toews 2007). Even with numerical model 

based approaches, most of the common methods for capture zone delineation are 

based on the simplification of advective particle transport.  

Using backward in time advective-dispersive transport (Frind et al. 2002), or 

forward transport modeling as done in this study, a capture zone can be defined with the 

random uncertainties of contaminant travel paths explicitly included. Complex capture 

zone methods (involving transport simulations) consider more of the processes that are 

significant for contaminant transport (e.g. hydraulic gradient, dispersion, diffusion). By 

increasing the complexity, a more realistic capture zone can be defined. However, with 

this complexity comes the need for a greater level of knowledge about the system. 

Where the level of knowledge does not increase proportionally to that of the complexity, 

a greater number of assumptions must be made. With each assumption, the uncertainty 

of a model increases, and so too does the uncertainty in the resulting capture zones.  
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6. Conclusions and Recommendations 

6.1. Conclusions 

Risk to groundwater quality was assessed across the Township of Langley using 

an integrated framework that defines risk as a function of susceptibility, hazard and 

consequence. Each of these components of risk is assessed across the study area and 

can subsequently be used to guide risk management efforts by prioritizing where efforts 

should be focused.    

Aquifer susceptibility is a measure of the relative ease with which a contaminant 

released at surface can travel down to an aquifer. The Aquifer Vulnerability Index (AVI) 

was used to define the intrinsic susceptibility of aquifers across the Township (Golder 

2005). Intrinsic susceptibility is based on the physical properties of the natural system. 

However, aquifer susceptibility is also influenced by man-made features that may act as 

preferential pathways for contaminant transport. Abandoned and poorly constructed 

wells were assessed, based on the characteristics of their construction, and were used 

to assign an increase in aquifer susceptibility on the small scale. Several areas with a 

high density of poorly constructed and/or abandoned wells were identified as part of this 

assessment (Figure 3.5). The areas with the greatest increase in susceptibility should be 

the focus of efforts to reduce the likelihood of a well acting as a preferential pathway. For 

example, wells drilled prior to 2005 are less likely to have been installed with an effective 

surface seal and there are no requirements for the retroactive installation of a seal. Well 

owner education efforts in areas with high densities of older wells could be used to 

encourage enhancements to the grading around the well or to create a contaminant 

buffer zone to reduce the chances of a contaminant reaching the wellhead. The 

Township could also consider subsidies for well closure in these areas. 

Contamination hazards were identified based on land use (USEPA 2004); the 

threats were qualified based on the probability of release, contaminant quantity and 
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extent, and the chemical intensity (toxicity and environmental fate). Aquifer susceptibility 

and hazard threats were combined across the Township to create a map of aquifer 

vulnerability (Figure 3.7). This assessment clearly defines the areas where risk 

management efforts are most needed. Given that the hazard inventory was based on 

assumptions related to land use, it is advisable to confirm the presence of contaminants 

at these locations. This could initially be done using aerial photographs and, 

subsequently, with site visits. The Township has already begun a more thorough 

contaminant inventory across the municipality. Following the completion of this 

inventory, hazard potential should be re-assessed using this new information. The threat 

assessment in this study was based on uncertain estimates of quantity, extent and 

probability; a reevaluation of these parameters by a group of local experts would serve 

to significantly reduce uncertainty and improve the accuracy of hazard potential 

assessment.  

There are many possible avenues for the Township to reduce the likelihood of a 

contaminant being released to the environment: mandating secondary containment of 

chemicals, banning the use of certain pesticides, requiring nutrient management plans 

for agricultural operations, educating septic system owners about proper maintenance, 

just to name a few. Some of these risk management options (e.g. those related to 

education) can be systematically applied to the most vulnerable areas. However, those 

risk management efforts that involve regulation often require adoption/enforcement 

equally across a municipality to maintain administrative fairness (and spatially variable 

bylaws are often politically unpalatable). The prioritization of these regulatory efforts 

should therefore be based on those that provide the greatest overall reduction in 

vulnerability. The assessment of vulnerability can also be used to identify areas that are 

in need of increased monitoring efforts. It would be advisable to use the hazard inventory 

in combination with the groundwater flow model to ensure monitoring wells are installed 

downgradient of vulnerable areas. 

The final factor of the risk assessment is the consequence of groundwater 

contamination; consequence was assessed based on several measures of financial 

impact where contamination was assumed to result in the complete loss of use of the 

resource. Private well owners were assigned loss values based on the cost of using an 

alternative source: connecting to municipal supply, drilling a deeper well or importing 
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water. The municipal water utility was assigned a loss based on the cost of increased 

water purchases from the Greater Vancouver Water District. Agricultural properties were 

assigned loss based on the value of their products, under the assumption that without 

water they would not be able to operate. The composite assessment of loss (Figure 

3.10) identifies several areas of high consequence, predominantly within municipal well 

capture zones and where wells serve high value agriculture. However, most of these 

parcels are scattered across the Township, making it difficult to strategically manage the 

risk. Two notable areas of concentrated consequence are in and around Fort Langley 

and Aldergrove, largely due to the high extraction rates of the municipals wells located 

here. The high reliance on these wells could pose a future problem for the water utilities 

if contamination is identified. An increase in redundancy through increased extraction 

capability is therefore recommended. Additional wells should be installed in areas 

identified previously as being of low vulnerability. Monitoring wells installed upgradient of 

production wells could prove cost effective if contamination is identified early enough to 

allow for the installation of new wells, rather than a costly shift to purchasing more water 

from the GVWD. Another means for the Township to reduce potential consequence is to 

extend municipal water into unserviced areas. In order to do so strategically, an 

assessment of agriculture should be completed to map out dense areas of indoor 

livestock operations. It is believed that some of these operations could be supported by 

municipal water, especially if combined with onsite storage. Several water main-

extension scenarios could then be run to determine where best to extend municipal 

water such that the greatest reduction in cumulative loss (private well owner 

replacement cost, indoor agriculture economic loss and healthcare costs) could be 

realized.  

To better understand the movement of contaminants through the groundwater 

system, a three-dimensional numerical, steady-state regional groundwater flow model 

was constructed using FEFLOW. The model was subsequently used to delineate 

capture zones using backward traveling particles for several major production wells, 

including most of the Townships wells. Capture zones were also defined for wells used 

in the analysis of pathogen risk, and were compared to those delineated using a fixed 

radius capture zone. Several private wells and water supply system wells were chosen 

to determine the impact of capture zone methodology on the overall risk assessment. 
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The fixed radius capture zone was generally conservative in areas of unconfined 

aquifers; rarely did the boundaries of the capture zones defined using particle tracking in 

these aquifers exceed those of the fixed radius capture zones. In contrast, the capture 

zones defined using particles in confined aquifers extended some distance upgradient, 

beyond the boundaries of the fixed radius capture zones. Therefore, fixed radius capture 

zones in confined aquifers may not adequately define the upgradient contamination 

threats. However, given the low intrinsic susceptibility of these areas, the risk is likely to 

remain low, except in areas with a high density of potential conduits. It is still advisable 

to define capture zones using backward traveling particles for as many wells as possible.   

To assess the limitations of using particle tracking, backward in time advective-

dispersive transport was used to define the capture zones for several of the Township 

production wells; on average these zones are two to three times larger than those based 

on backward traveling particles. This analysis indicates that the risk to the municipal 

extraction wells may be much greater than previously thought. However, the backward in 

time transport modeling includes a relatively high degree of uncertainty. Numerical 

dispersion was an issue during the model runs and the resulting concentrations are 

uncertain. Future efforts should include a high degree of mesh refinement in the areas 

around these wells. Further, dispersivity values that were used for this modeling were 

based on values from the literature. A sensitivity analysis that focuses on dispersivity 

should be completed to determine the impact of the uncertainty in this parameter. 

The groundwater flow model was also used to simulate nitrate (and by inference, 

pathogens) transport from agriculture and onsite sewage disposal systems (septic 

fields), in the Brookswood area. The results of this analysis reveal how areas, previously 

defined as being of low vulnerability, are in fact at risk due to horizontal contaminant flow 

from adjacent areas. This horizontal movement of contaminants is accounted for in well 

capture zone delineation using analytical or numerical models. However, simple 

methods, such as fixed radius capture zones, may misrepresent the degree of horizontal 

movement.  
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6.2. Recommendations for Future Work 

Throughout the course of the work described above, several potential avenues of 

new work and improvements, both in terms of the risk assessment and the numerical 

model, were identified. The following is a summary of some of the major 

recommendations for future work. 

6.2.1. Risk Assessment Methodology Refinement 

In Chapter 3, loss was assessed based on the financial impacts of groundwater 

contamination. Future applications of this risk model should include the extension of 

consequence to other, non-financial measures (e.g. environmental loss), which may 

better represent the values of other communities. An increased breadth of analysis in 

this regard may improve the likelihood of uptake by other jurisdictions.  

Although the risk assessment was based on previous work by the GSC, the risk 

methodology in its current form has only been applied to the Township of Langley. There 

are several procedures contained within the methodology (e.g. assigning conduit scores 

to wells) that were developed based on what was reasonable for the study area but may 

not be applicable elsewhere. Only by applying this assessment to other areas, can the 

robustness of the method be tested and improved.   

The risk assessment for the Township (Chapter 3) was completed before the 

construction of the numerical flow model (Chapter 4). The modeling showed how the 

fixed radius capture zones, used to define exposure to a health-related threat, can both 

over- and under-estimate the vulnerability of a well. The model provides the capability of 

defining more realistic capture zones, thus it is possible to re-assess the risk. This is 

extremely important for the “base-case” analysis of loss (Section 3.4.2), where private 

well replacement costs were assigned based on the assumption that contamination on a 

particular parcel will contaminate any and all wells located on that parcel. Subsequent 

re-analysis using capture zones can better establish this link between contamination and 

loss. 

By using the USEPA (2004) method of linking land use with typical contaminants, 

the hazard inventory that was completed has the potential to be erroneous. A project is 
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currently underway by a consulting firm retained by the Township to accurately inventory 

potential contaminants within the municipality. This analysis should be compared with 

that used in Section 3.4.1 to assess the use of the USEPA method and the potential 

errors in the final risk analysis.  

 It was demonstrated in Chapter 5 that it is important to consider contaminant 

transport both vertically from the surface, as well as horizontally (and vertically) within 

the groundwater flow system. Ideally, vulnerability maps (Chapter 3) that combine 

hazards with time of travel (i.e. susceptibility) can be created for both the unsaturated 

and saturated zones, and be combined to form a three-dimensional representation of 

vulnerability. Frind et al. (2006) suggested this type of analysis could be completed for 

susceptibility, but it could also be designed to include hazards. 

6.2.2. Risk Analysis Uncertainty 

Ultimately, the goal of risk analysis is to inform risk management. Besides the 

need to consider tradeoffs when making decisions, water managers need to consider the 

inherent uncertainty in the assessment of risk. Decision analysis assesses management 

options explicitly with uncertainty, increasing the probability of a desirable outcome 

(Peterman and Anderson 1999). However, it is necessary to define the uncertainty in 

each aspect of risk (hazard, susceptibility and loss) before this analysis can be applied. 

Therefore, to ensure risk analysis enables good risk management, the uncertainty 

should be explicitly included and described in the analysis. 

6.2.3. Risk to Surface Water Quality 

Although surface water often relies on groundwater to provide baseflow, the 

quality of surface water can be negatively impacted by contaminated groundwater 

(Naugler 2007; Cox et al. 2005). For example, excess nutrients, commonly found in 

groundwater (Rivett et al. 2007, Wassenaar et al. 2006), can create excessive biomass 

production in streams, creating issues of oxygen availability for fish and other aquatic 

organisms. Where surface water is a source of drinking water, discharging contaminated 

groundwater has the potential to create negative impacts to humans directly. Therefore, 

where surface water quality is closely tied to the quality of groundwater, it may prove 

useful to assess surface water quality risk due to groundwater.  
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The assessment of surface water quality risk could closely mimic the 

methodology used for groundwater quality. The vulnerability assessment (susceptibility 

and hazard inventory) completed for groundwater could be combined with the three-

dimensional flow system defined by the numerical model to estimate the vulnerability of 

surface water quality. This definition of the “surface water capture zone” could be 

simulated using backward traveling particles (Section 5.2) or using contaminant 

transport (Section 5.3). This analysis would assess vulnerability from the contaminant 

source, through the groundwater system, to surface water. To complete the risk 

assessment, an analysis of consequence would need to be completed. This could be in 

the form of economic loss (e.g. due to loss of fisheries) or be based on environmental 

consequences (e.g. loss of invertebrate life, % reduction in aquatic habitat, etc.).  

6.2.4. Risk to Groundwater Quantity 

Another possible extension of the risk work completed to date is the assessment 

of risk to groundwater quantity. Risk includes the components of hazard, vulnerability 

and consequence. The hazard that relates to water quantity is the overexploitation of the 

resource, be it from increased extraction or a reduction in inputs to the system (e.g. 

reduced recharge due to land use change). Like quality, the vulnerability of water 

quantity is dependent on the system’s susceptibility to the hazard, or inversely to the 

system’s resilience. In terms of groundwater quantity, the resilience can be thought of as 

the level of current extraction relative to sustainable extraction. Where resilience is high, 

the impact of changes to the water balance, are less likely to lead to negative 

consequences, and the system is therefore less at risk. The major challenge with this 

avenue of potential research is in determining the sustainable extraction of the system. 

The assessment of groundwater quantity risk also requires an analysis of the potential 

consequences. Certain aspects of the loss assessments in Chapter 3 could be used for 

this, such as the economic loss assigned to agriculture when a well can no longer be 

used. A major consequence of groundwater quantity impact is the resulting impact to 

surface water. An assessment of loss in this regard could be shared with an assessment 

of the risk to surface water quality (Section 6.2.3). 
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6.2.5. Refinement of the Numerical Model 

The numerical flow model constructed for this research encompasses an 

extremely complex geological and hydrological setting. An accurate simplification of this 

system, over the regional scale that was defined, was far beyond the scope of work for 

the current project. Therefore, it is hoped that the modeling efforts presented herein are 

an initial step that could be followed with model refinement by future researchers looking 

at other regional issues, such as the impact of climate change or determining 

sustainable extraction. The geology within the model domain is highly heterogeneous 

(see Section 2.3) and is often poorly understood. Several areas within the domain were 

highlighted as being in need of further conceptual geological model refinement (e.g. near 

the Bevan Avenue wells, beneath the Brookswood aquifer, etc.; see Section 4.10.1). 

Further, there are several pumping wells that were added to the model in areas without a 

defined permeable unit. It was not possible to delineate all of the minor units within the 

domain; the delineation of some of these smaller permeable units would benefit the 

model further, especially if more contaminant transport work is to be completed. Future 

legislative changes in BC will require the licensing of wells; the licensing system will 

likely result in an accurate inventory of well locations and pumping rates that can be 

used to better define the water balance of the model domain.  

Given the known interactions between shallow groundwater and surface water in 

certain areas, further work to better define relevant model characteristics would be 

useful. For example, realistic streambed conductance values based on field 

measurements would be of great benefit. Further, the acquisition of accurate (within 1 m) 

stream surface elevations could greatly improve model accuracy, especially where 

values were obtained in this study from the coarse regional DEM. The locations of 

springs (Figure 2.6) should also be added to the model, possibly reducing the positive 

residuals in some areas (e.g. Brookswood aquifer). 

The completed model is highly complex, but was calibrated to steady state 

conditions. Therefore, the calibration reached during this project is likely to be non-

unique. To adequately define the behavior of the entire model domain in enough detail to 

aid in regional sustainability studies, it is suggested that the model be calibrated using 

transient data. To further increase the chance of obtaining a unique calibration, it is 
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advisable to use groundwater fluxes as calibration targets (Anderson and Woessner 

1992). Recent work to assess baseflow to local streams and rivers could be used for this 

purpose (Piteau 2010; Berg and Allen 2007).  
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Appendix A.  
 
Water Security Risk Assessment Manual 

Background: Key Issues and Context 

The assessment of water security requires both the evaluation of current status of water quality 
and quantity through the use of indicators (refer to Part II, Section 4 Water Security Status 
Indicators), and an assessment of risk to water owing to uncertainty in foreseeable future events 
that may negatively impact water quality or quantity. Although risk principles and methodologies 
are well documented for natural disasters such landslides and earthquakes (Birkmann 2006), 
comprehensive risk assessments are seldom applied to water-related issues. Methodologies to 
assess one component of risk, namely vulnerability, are in use for both surface water and 
groundwater (Ontario Ministry of Environment (MoE), 2004) and others are currently under 
development (e.g. Banting and McBean, 2011; Part II, Section 3 Water Security Vulnerability 
Scoring Method). However, risk assessment must also consider both the likelihood of 
consequence (i.e. vulnerability) and the magnitude of the consequences (i.e. loss). Thus, Risk is 
defined as a function of vulnerability and loss.  

RISK (RH) = Vulnerability (VH) x Loss (L) [1] 

The Water Security Risk Assessment (WSRA) framework is based on the principles of risk 
assessment methodology. The risk assessment framework considers the hydrologic components 
of the watershed (surface water and groundwater), together or separately, depending on the 
driving issues and practicalities (data availability, knowledge). The risk assessment framework 
also considers water quality and quantity, together or separately, for similar reasons (Figure A.1). 
It may be impractical or unnecessary to assess risks to each of hydrologic component and their 
respective attributes (quality and quantity), although integrated management of these two water 
sources is ultimately necessary.  

 

Figure A.1: Hydrologic components of the watershed (surface water and 
groundwater) and their attributes (quality and quantity). 

 

The risk assessment framework itself provides spatial indicators of risk by mapping attributes of 
the built and natural environments, ideally, at a watershed scale. These include: 

(1) the intrinsic susceptibility of the source, the natural water supply;  
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(2) natural and anthropogenic pathways for water movement (e.g. low topography 
leading directly to streams, wells as conduits); 

(3) the hazard threat (either in terms of natural or anthropogenic contamination or 
threat from over use of water);  

The framework incorporates some measure of probability or likelihood of occurrence, such as a 
spill, entry of agricultural contaminants into an aquifer or surface water course, or reduction in 
water quantity due to climate change. The uncertainty of these events must be taken into 
consideration. In addition, the framework incorporates some measure of loss: 

(4) socio-economic hardship related to having to seek a replacement water source, 
human health, or aquatic ecosystem health.  

The risk assessment may be used in a general way (encompassing a range of contaminants) or 
tailored to a specific contaminant of concern. For example, in terms of water quality, the 
assessment can be focused on a particular contaminant (e.g. pathogen); the susceptibility of the 
system, presence of pathways, hazard threat and loss/consequence would all be assessed 
relative to that contaminant alone.  

Purpose of the Framework 

This Water Security Risk Assessment (WSRA) framework is an indicator method of current risk 
level, based on the attributes of the natural and built environments. It can be adapted to consider 
either or both groundwater and surface water, and either or both water quality or quantity, 
depending on the driving issues and practicalities (data availability, knowledge).  

This document focuses specifically the Groundwater Quality Risk Assessment methodology – 
one component of the complete Water Security Risk Assessment (WSRA) framework. 
Approaches can be adapted to assess risk to surface water quality, surface water quantity, and 
groundwater quantity by following the basic steps, but altering the representation of the spatial 
indicators of risk. 

Intended Users 

This tool is primarily aimed at community watershed groups, citizen environmental committees, 
water managers, and municipal water policy and decision makers. The approach can be adapted 
to the available data and the level of expertise in the use of Geographical Information Systems 
(GIS). 

A Step-by-Step Guide to Applying the Framework 

Table A.1: Summary table outlining the fundamental steps to apply the Water 
Security Risk Assessment Framework (WSRA). 

Step  

1 Define the Scope and Scale of Assessment 

2 Assemble an Assessment Team 

3 Prepare Information Required to Assess Risk 

4 Assess Water Source Susceptibility 

5 Complete a Hazard Inventory 

6 Assess the Potential Consequences 

7 Assess Current Risk Status 

8 Develop Mitigation Strategy 
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Step 1 – Define the Scope and Scale of Assessment 

Depending on data and resources available, the geographic extent of the assessment area may 
differ from the area of interest. Areas lacking the most basic data may need to be removed from 
the assessment area. For data-rich areas, it may be possible to assess risk at a higher level of 
resolution (e.g. parcel by parcel) compared to data-poor areas. 

The scope of the assessment will be based on the aspects of water that are important to the 
specific community. For example, the primary concern may be the preservation of drinking water 
supply or the protection of aquatic habitat. Depending on the primary concern, the scope of risk 
assessment may change. 

Step 2 – Assemble an Assessment Team 

Identify the team members from within the assessment area. These should include parties 
involved in monitoring water-related issues and land-use planning; decision-makers (for example 
watershed groups, municipal sectors, provincial representatives, as well as private and public 
sectors); and stakeholders (industry, agriculture, medical, commercial, residential, First Nations, 
etc.). It is important that all decision-makers be identified and included at the outset of the 
process, in order to successfully identify information needs and facilitate well-informed decisions. 
A breadth of stakeholder involvement will increase the accuracy at which the risk assessment 
inputs (e.g. hazards) can be quantified. 

Step 3 – Prepare Information Required to Assess Risk 

There are three major indicators (or components) of risk, each with its own unique data 
requirements (see steps 4, 5 and 6).  

(1) Susceptibility 

(2) Hazard Potential 

(3) Consequences 

The level of detail possible will be largely determined by the data that are available. Depending 
on the resources allotted to the project, it may be possible to collect data specifically for one 
portion of the risk assessment. For example, a chemical hazard inventory can be completed 
using data that are readily available, or a parcel by parcel survey can be completed in order to 
compile an accurate chemical hazard assessment.  

The complexity of the analysis will depend not only on the available data, but also on the 
expertise and skills of the assessment team. For the approach described here, GIS was used to 
spatially map indicators of risk. Spatial coverages of indicators or risk are converted to raster for 
calculations. Use of a GIS is ideal; however, simple hard copy maps with annotations or overlays 
could also be used. 

Step 4 – Assess Susceptibility 

Intrinsic susceptibility provides a relative measure the natural susceptibility of a water source 
(surface water body or aquifer) to contamination or over use. For a surface water body, this may 
include physical attributes of the land surface and subsurface (e.g. natural drainage pathways 
both on the ground surface and groundwater discharge areas), the climate of the area, which 
determines the water supply, etc.  
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Intrinsic Aquifer Susceptibility:  

For a groundwater quality risk assessment, the intrinsic aquifer susceptibility provides a relative 
measure of the ease with which a contaminant, introduced at surface, will move from surface 
down to an aquifer. Many aquifer susceptibility methodologies are in use (Vrba and Zaporozec 
1994). Common methods include DRASTIC (Aller et al. 1987) and AVI (Van Stempvoort 1992). 
The methodology chosen should ideally be based on the characteristics of the assessment area; 
however, data availability may limit the choice of assessment method. Some common 
susceptibility methods are included in Table 2.  

 

Table A.2: Common Intrinsic Susceptibility and Vulnerability methods. 

Method Assessment Reference 

Aquifer Vulnerability Index (AVI) Intrinsic Susceptibility Van Stempvoort et al. (1993) 

DRASTIC Intrinsic Susceptibility Aller et al. (1987) 

GOD Intrinsic Susceptibility Foster (1987) 

DRASTIC-Fm Intrinsic Susceptibility Denny et al. (2007) 

Ontario MoE Source Water 
Protection 

Vulnerability Ontario MoE (2004) 

Water Security Vulnerability 
Scoring Tool  

Vulnerability Banting and McBean (2011) 

BC Wellhead Protection Toolkit Vulnerability BC Ministry of Environment, 
Lands and Parks (2000) 

 

To assess intrinsic susceptibility, possible input parameters should be compiled, including soil 
properties, surficial and bedrock geology, aquifer recharge rate, aquifer hydraulic conductivity, 
depth to water, and topography. For many regions of Canada, soils maps, surficial geology maps, 
and topographic maps (digital elevation models or DEMs) are readily available as spatial datasets 
that can be downloaded from data providers free of charge (e.g. Land and Resource Data 
Warehouse BC; Province of British Columbia, 2011). Aquifer-related properties, such as aquifer 
hydraulic conductivity, aquifer recharge rate, and depth to water are often only available through 
targeted studies conducted at the local scale (e.g. consulting reports, government or university 
studies). In British Columbia, a map-based aquifer classification system was developed by the BC 
Ministry of Environment, Lands and Parks (now BC Ministry of Environment) to identify, map and 
categorize aquifers using data from the provincial water well database (Kreye and Wei 1994). To 
date, over 800 aquifers in BC have been classified (BC Ministry of Environment 2011). Aquifer 
polygons, aquifer classification, and various aquifer properties are available for certain aquifers in 
the province. 

Simplified Aquifer Susceptibility Assessment 

Where data are limited, to the extent that a commonly used intrinsic aquifer susceptibility method 
cannot be completed (as presented here), a more basic assessment can be completed, ideally by 
someone with knowledge of hydrogeology and/or soil science. For example, a soil map in 
combination with a map of topography can be used to roughly outline areas of high intrinsic 
aquifer susceptibility (permeable soils, low slope) and low (impermeable soils, high slope) intrinsic 
aquifer susceptibility. Conversely, where advanced methods are possible (e.g. time of travel 
derived from numerical models), the results can be similarly utilized. Whether using a defined 
methodology (e.g. Table A.2) or mapping susceptibility in a general way, the assessment needs 
only be reclassified using a scale of 1-10 (low to high intrinsic susceptibility). 
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Conduits 

Mines, open pits, or boreholes into the subsurface, including geotechnical and water wells 
provide pathways through which a contaminant from the surface can move directly into a deep 
aquifer. By acting as a bypass, these features, referred to as Conduits, increase the natural 
intrinsic susceptibility of an aquifer at the small scale. An inventory of potential conduits within the 
study area must be completed. The level of threat provided by the conduit is then established. For 
example, Simpson et al. (submitted) use well construction properties (e.g. presence of a well cap) 
to determine the probability that a particular well could act as a conduit. A conduit’s level of threat 
is classified using a scale of 1-10; where no conduits exist, a score of 0 is given. 

Aquifer Susceptibility 

Conduits increase the susceptibility of an aquifer. Therefore, the combined aquifer susceptibility is 
the intrinsic susceptibility plus the conduit score (maximum of 20):  

Aquifer Susceptibility (SA) = Intrinsic Aquifer Susceptibility (SI) + Conduit (C) [2] 

Step 5 – Complete a Hazard Inventory 

Areas of high susceptibility are seldom at real risk without a source of contamination. Therefore, it 
is necessary to include an inventory of potential hazards. Hazards may be quality-related (such 
as contaminants) or quantity-related (such as large water extraction volumes). 

The threat represented by each hazard source is qualified based on factors specific to the 
chemical(s) (toxicity and environmental fate), its potential magnitude (onsite quantity and spatial 
extent), and the probability that each will be released to the environment:  

Chemical Hazard Threat (TH) = ∑ (Chemical Intensity (CI) x Quantity (Q) x Extent (E) x 
Probability (P))   [3] 

where,  

Chemical Intensity = (Toxicity + Environmental Fate) / 2  [4] 

Quantity = Relative volume of point or non-point source contaminant;  

Extent = Spatial footprint of area exposed to threat of contamination; and  

Probability = Likelihood of hazard threat occurrence 

A detailed and thorough hazard inventory would involve detailed onsite investigations throughout 
the study area. However, this task would be extremely time consuming. A hazard inventory can 
be most readily completed using data that are already available: 

(1) Records (e.g. permits, licenses, etc.) for operations of interest, such as landfills, gas stations 
or hazardous waste storage facilities.  

(2) Utility pipelines, such as sewer, oil and gas are often mapped accurately and readily available.  

(3) Land use data are also often available and can be used to map potential hazards, based on 
the typical hazards found on a particular land use type.  

 

Assumptions made while compiling the hazard inventory can be confirmed through site 
investigations or aerial photographs.  

Once a hazard is identified, it is analysed further to determine the relative hazard threat (Eq. 3).  
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• Chemical Intensity: Using data compiled by the Ontario Ministry of Environment (2004), each 
contaminant is first assigned a toxicity and environmental fate (each on a scale of 1-10). The 
chemical intensity of each contaminant is then calculated using Equation 4.  

• Quantity: The quantity stored or used on each parcel must be estimated (scale of 1-10) by 
persons with local knowledge of common practices or using other available data.  

• Probability: The likelihood/probability of release to the environment must be ranked (1-10). 
This probability is based on several factors, such as the level of spill response in the area, 
legislative requirements of storage and use of contaminants, as well as local or industry best 
management practices (BMPs).  

• Extent: The extent is the spatial footprint of contamination. The extent of potential release is 
expressed as a percentage of the land base being analyzed (e.g. manure spreading over 80% 
of a parcel of land is assigned a level of 8). Where a point source is mapped over the entire 
expected extent of contamination, an extent rating of 10 is assigned.  

Evaluating the factors of quantity, extent and probability heavily relies on accurate data or a high 
level of local knowledge. Depending on the level of available information, the contaminants can 
be assessed by group (e.g. agricultural waste) or by individual contaminant (e.g. nitrate, 
pathogens, etc.) and/or generalized by operation type (e.g. dairy farms) or by individual 
operations.  

Step 6 – Assess the Potential Consequences 

Loss is the consequence of the resource becoming deteriorated either in terms of its quality or 
quantity. This factor has environmental, human health and economic consequences; one or more 
indicators can be used for this assessment. The choice of indicator should be based on the 
values of the community, but may be limited by data availability and resources. From a human 
health perspective, for example, an analysis of the number of people affected by contamination 
could be used. Where ecosystem health is of primary concern to a community, aquifers with high 
degrees of connectivity to surface water, where that surface water is deemed important, may be 
assigned a higher level of contamination consequence. From a financial perspective, the 
replacement costs or economic impacts due to contamination or water supply loss can also be 
used to assess consequence. Once a community decides the loss factor that is important, it must 
be assessed spatially using a standard methodology. Some examples are included in the 
example application, below. Once the loss is assessed, the consequences are reclassified by 
importance using a 1-10 scale. 

Step 7 – Assess Current Risk 

The determination of risk in this step is described within the context of contamination of a 
groundwater system. Using the results of Steps 4 and 5, the vulnerability of the groundwater 
system is first calculated using Equation 5. 

Vulnerability (VH) = Aquifer Susceptibility (SA) x Hazard Threat (TH) [5] 

These results should highlight areas where potential contaminants exist and areas where the 
physical system is prone to contamination. These areas are therefore the most vulnerable to 
groundwater contamination. The results of this step need to once again be reclassified using a 1-
10 scale. 

Although groundwater may become contaminated, where there is no consequence (as defined by 
the values of the community), there is no risk. Therefore, the vulnerability above must be 
combined with the loss analysis using Equation 1. 

Following the calculation of risk, the final results are reclassified with a 1-10 scale.  

The overall Groundwater Quality Risk Assessment calculation is shown in Figure A.2. 



 

194 

 

Figure A.2: Groundwater quality risk assessment methodology. 

Step 8 – Develop Mitigation Strategy 

 

Although this risk assessment is an indicator method of current risk level, it can also be used as a 
planning tool. Apart from chemical intensity and intrinsic aquifer susceptibility, the input variables 
of this methodology are not static. One of the strengths of this method is the ability to analyse the 
components individually in order to reduce the overall exposure to risk by increasing resistance 
and capacity. In order to efficiently make changes towards a reduced risk exposure, it is common 
to use back-casting. This involves working backwards from a ‘desired future state’ to determine 
the changes in laws, policies, behavior and management practices needed today to achieve the 
goal of water security.  

The vulnerability assessment highlights areas where a high hazard value is located over a 
susceptible aquifer or, in the case of a surface water body, in a contributing area for surface 
runoff, drainage, or groundwater discharge. Each contaminant can then be matched with a 
management strategy, either regulatory (greater enforcement of existing environmental law, new 
laws) or non-regulatory (e.g. adopting best management practices or BMPs), in order to reduce 
contaminant quantities, extents or probability of release in certain areas. Regulatory examples 
may include mandating secondary containment of storage facilities, nutrient management plans, 
septic system maintenance or spill response plans, to name a few. Non-regulatory efforts, such 
as increased education towards the public and industry, may also reduce the likelihood of 
contamination. Higher standards for the construction, management and closure of potential 
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conduits, such as wells or mines would reduce aquifer susceptibility. Each of the above is an 
example of means to increase resistance, thereby reducing vulnerability. 

The loss analysis is also a planning tool to reduce risk by efficiently increasing capacity. Areas 
prone to a high loss potential should be considered for increased monitoring efforts. 
Contingencies may also be developed in the event of contamination. For example, municipal 
water lines could be extended into vulnerable areas as a backup supply or filtration systems 
might be developed and used on an as needed basis. 

Through changes to resistance and capacity, a community’s vulnerability, loss and, subsequently, 
overall exposure to risk, can be strategically reduced over time.  

Example Application of the Tool 

The Township of Langley (the Township), is located 45 kilometers east of the City of Vancouver, 
in the Lower Fraser Valley, southwestern British Columbia (Figure A.3). Historically, a highly 
productive agricultural community, the Township is struggling with urban growth; currently the 
population is approximately 100,000, but is estimated to grow to 165,000 over the next 15 years. 
Currently, much of the rural area is serviced by approximately 7,600 private wells with the more 
urbanized areas served by the municipal system. Nearly all agricultural activity is sustained 
through private wells and accounts for over $200 Million in annual farm sales (Statistics Canada, 
2007). The municipal system relies on 18 production wells as well as surface water from the 
Greater Vancouver Water District (GVWD). Overall, approximately 80% of residents use 
groundwater for their water needs (Inter-Agency Planning Team, 2009); therefore, the overall 
social and economic health of the Township is highly linked to groundwater. Nitrates sourced 
from agricultural fertilizer and septic systems are known to negatively impact groundwater quality 
throughout the Township (Carmichael et al. 1995).  
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Figure A.3: Case study area. Township of Langley shown in the Lower Fraser 
Valley, British Columbia. 

Step 1: Define the Scope and Scale of Assessment 

To adequately test the risk framework, the scale of application was set as the entire municipality, 
thereby capturing a wider breadth of physical and social characteristics. This scale was thought 
feasible as the resolution of the available data did not vary spatially. 

The resources devoted to this project were not sufficient to complete a parcel by parcel hazard 
inventory. Therefore, land use data were used to infer the likely location of potential contaminant 
threats. In doing so, the resolution of the assessment was set at the scale of individual parcels. 

The majority (~80%) of water used for both agriculture and potable use are sourced from local 
groundwater. Therefore, there is a significant potential financial consequence if the resource is 
contaminated. As such, financial loss was included as part of the loss assessment. The Township 
contains critically important fish habitat, including approximately 700 kilometers of fish bearing 
streams and numerous wetlands. Groundwater contamination, negatively impacting freshwater 
ecosystems, is a concern to the community. However, given a lack of information on the 
interconnectedness of groundwater and surface water, this aspect of risk was removed from the 
scope.  

Step 2: Assemble an Assessment Team 

As a groundwater-dependent water purveyor, as well as a local government that makes decisions 
related to land use, the Township itself was viewed as a necessary partner for this assessment. 
Township staff was needed to provide input on values and issues as well as data. With 
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agriculture being a large part of the Township’s economy and community, the Ministry of 
Agriculture and Lands (MAL) was also identified as a key partner. Both MAL staff and industry 
representatives from various agricultural sectors (e.g. poultry producers, berry, etc.) were 
identified as stakeholders and sources of information (e.g. potential losses, typical hazard 
quantities and extents, etc.). The Ministry of Environment also plays several roles within the 
Township, including monitoring water quality, regulating wells construction and closure, and 
providing data and expertise related to the hydrogeology of the study area.  

Step 3: Prepare Information Required to Assess Risk 

The risk framework was best completed within a GIS, and compiling necessary, GIS-ready, data 
was crucial. Intrinsic aquifer susceptibility had been previously assessed (Golder & Associates, 
2005) and these spatial maps were supplied by the Township. Data for potential conduits (i.e. 
wells) are collected and archived by the BC Ministry of Environment; these data are available 
freely from the provincial geographic information warehouse, GeoBC. The land use data, 
necessary for the inventory of potential hazards, were provided by BC Assessment authority, with 
more detailed land use data for within the Agricultural Land Reserve (ALR) provided by MAL. 
Other GIS data provided by the Township (e.g. municipal water and sewer service areas) were 
necessary to infer other possible hazards (e.g. onsite sewage disposal) and losses (e.g. areas on 
wells vs. water utility). Municipal capture zones were also provided by the Township (Golder & 
Associates, 2004).  

Step 4: Assess Aquifer Susceptibility 

Golder & Associates (2005) completed a Township-wide intrinsic aquifer susceptibility mapping 
project, using the Aquifer Vulnerability Index (AVI) method (Van Stempvoort et al. 1993). AVI is 
simple to use and requires only two parameters: the thickness and hydraulic conductivity of each 
layer above the aquifer. The Intrinsic Aquifer Susceptibility is calculated as the sum of the 
hydraulic resistance, c, for each layer: 

c = Σ (d/K)  [7]  

where d = layer thickness [Length], and K = hydraulic conductivity [Length]/[Time]. The hydraulic 
resistance is calculated on a well by well basis, and a map generated by contouring the results. 

The man-made conduits which represent the biggest threat to groundwater quality are the 
estimated 8,000 to 9,000 wells that have been drilled in the Township over the last century. The 
magnitude of the susceptibility increase these wells represents depends on the depth of the well; 
however, the probability that the well will act as a conduit depends on the well construction and 
location characteristics. Each well is assessed based on Table A.3 and the overall score for each 
well within a 50m x 50m grid cell is summed. The score for each cell is added to the AVI value to 
yield an overall Aquifer Susceptibility (Figure A.4).  
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Table A.3: Rating scheme for assessing the level of Conduit threat provided by a 
well. 

Construction Category Score Characteristic 

Presence of a well 
0 No well present on the property 

1 Well present on the property 

Effective surface seal 

0 Good seal installed 

1 Adequate seal installed 

2 
Seal installed but characteristics are unknown  

or are not ideal 

3 Seal not installed 

Well cap/cover 

0 Watertight cap installed 

1 Adequate cap installed 

2 Inadequate/no cap installed 

Likelihood of ponding 
around the wellhead 

0 Ponding is unlikely 

1 Ponding is probable 

2 Ponding is highly likely 

Abandoned 
0 Well in use or closed 

2 Well likely abandoned and in disrepair 
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Figure A.4: Aquifer Susceptibility Map. 

Step 5: Complete a Hazard Inventory 

Detailed chemical hazard information was not available for the study area; therefore, land use 
data, which are readily available, were used. Land use information was classified into the North 
American Industry Classification System (NAICS). These data are used to populate each parcel 
with the typical contaminants found on the land use type (U.S. Environmental Protection Agency, 
2004). Using these assumed hazards, the threats were assessed as per Step 5. Using a custom 
Microsoft Access database, the quantity and probability of release were assessed by chemical 
group for each land use type. These were combined with the chemical intensity and extent using 
Equation 3, to calculate a hazard threat score for each parcel, followed by a reclassification using 
a 1-10 scale (Figure A.5). 
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Figure A.5: Hazard Threat Assessment 

 Step 6: Assess the Potential Consequences  

There is a large potential financial consequence if the groundwater resource is contaminated. 
Two major areas of financial loss are included in this assessment: 1) losses related to the 
replacement of potable water (both private and municipal systems) and 2) economic losses 
incurred by the community following the closure of a water intensive business (e.g. agriculture).  

Private water systems using groundwater were assessed a dollar value consequence based on 
the cost of replacing their well with the least expensive option. This included drilling a new well 
(where the geology allows), hooking up to municipal water, or importing water. The municipal 
supply in the Township is also partially reliant on groundwater; loss of use of municipal production 
wells requires the utility to purchase more water from a regional purveyor (GVWD). This 
increased cost of purchasing water is assessed to properties within the municipal well capture 
zones (Golder & Associates, 2004).  
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Without a viable water source, agriculture, which represents over $200 Million in economic 
revenue (Statistics Canada, 2006) within the Township, would not be sustainable. The majority of 
water used for agriculture within the Township is sourced from groundwater. A new, deeper well 
would provide a relatively inexpensive alternative, where the geology allows. However, where this 
is not possible it is assumed that the farm would no longer be able to operate in the same 
manner. In order to assess the economic impact (to the surrounding community), the farms are 
assigned a loss based on the annual revenue generated by the business. Detailed farm-by-farm 
income was not available; average farm income (dollars/acre) for different crop types were used 
from readily available sources (US Census, 2007).  

The total potential loss was the combination of replacement cost and economic loss; the final loss 
assessment is reclassified using a 1-10 scale (Figure A.6). 

 

Figure A.6: Total Loss in $’s; Total Loss for the base case reclassified using a 1-10 
scale. 
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Step 7: Assess Current Risk 

With the susceptibility and hazard assessments complete, vulnerability was calculated using 
Equation 5 (Figure A.7). The final step is the calculation of overall Risk using Equation 6 (Figure 
A.8). 

The results show high risk scores in areas where moderate to high scores were achieved in all 
three major indicators of risk: susceptibility, hazard and loss. A notable area of high risk is south 
of Aldergrove, where high value agriculture is occurring far from municipal services over portions 
of the unconfined and susceptible Abbotsford-Sumas aquifer. Another high risk area is in and 
around Fort Langley, where a highly susceptible aquifer is tapped by a high density of wells; the 
highest producing Township production well is located in this aquifer. 

 

Figure A.7: Vulnerability Assessment results. 
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Figure A.8: Final Risk Results. 

Step 8: Develop Mitigation Strategy 

With areas of high risk identified, it is possible to look at the indicators (susceptibility, hazards and 
loss) individually to reduce risk exposure by increasing resistance or building capacity.  

 Intrinsic Aquifer Susceptibility is a static indicator; however, conduits may be 
dynamic (change over time). A high density of what are believed to be abandoned wells in and 
around Ft. Langley, has a high potential to augment susceptibility due to these wells acting as 
conduits. Management options to address this include focused education towards well owners in 
the area or increased compliance and enforcement of well closure requirements. Parcels of high 
vulnerability (i.e. high hazard threat in areas of high aquifer susceptibility) could also become the 
focus of management changes. For example, chemical storage in vulnerable areas could come 
under higher legislative requirements (e.g. secondary and tertiary containment). Areas of high 
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septic density (biological threat via pathogens – not assessed here through chemical intensity) 
could become a focus for educating homeowners about septic maintenance. Looking to the 
future, municipal planners could consider aquifer susceptibility when making land use changes.  

The potential consequence (i.e. Loss) assessment can be used to direct increases in capacity. 
Given the high level of loss near municipal production wells (notably Ft. Langley and south of 
Aldergrove) and irrigation wells of high value crops (e.g. poultry, berries), these areas should be 
subject to increased monitoring efforts. The municipal water utility may increase capacity by 
constructing backup wells to be used in the event of contamination. Further, the utility may 
increase its capacity by extending water into urban areas where deeper aquifers do not exist 
and/or sizing municipal water lines to handle agriculture use, if necessary.  

The framework is intended as a planning tool and a critical component of a comprehensive risk 
assessment is adaptation, i.e. having plans in place to link the findings back to behavior change. 
Through changes to resistance and capacity, a community’s vulnerability, loss, and subsequent 
overall exposure to risk, can be strategically reduced over time. 

Engagement of stakeholders is also an essential component of Water Security Risk Assessment. 
Continued buy-in from citizenry and policy-makers: civic engagement and general awareness of 
water-related issues are important considerations for linking assessment to change. Stakeholders 
also provide valuable local knowledge and access to data sources. Both of these are necessary 
in order to accurately locate and assess hazards within the study area. The loss assessment, 
besides requiring a certain level of information and expertise, also relies on stakeholder values in 
order to determine what components (e.g. ecosystem loss vs. financial loss) to use as indicators 
of loss. 

Recommendations and Further Areas for Research 

Ongoing research at Simon Fraser University aims to further develop the Water Security Risk 
Assessment (WSRA) framework through the incorporation of methodologies for assessing risk to 
groundwater quantity. The research also aims to validate the index-based risk approach 
presented here by comparison with a process-based groundwater flow and transport model. 

Research is needed to develop surface water quality and quantity risk assessment methods that 
build on the overall WSRA framework. Ideally, both hydrologic components (surface water and 
groundwater) and their respective attributes (quality and quantity) should be evaluated at a 
watershed scale to implement a WSRA. 

 


	EthicsStatement_2012_noPnumber.pdf
	Ethics Statement


