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Abstract 

The isotopic patterns of δ18O and δ2H in tap water were investigated across a 

single regional district of Metro Vancouver (MV).  Isotopic analysis of human tissues can 

reveal the individual’s geographical history with the isotopic signatures reflecting those of 

water consumed during the time of tissue formation.  MV tap water samples were 

collected and analyzed for its isotopic compositions through the use of Triple Liquid 

Water Isotope Analyzer (TLWIA).   This study found that isotopic compositions of MV tap 

water were unique to its water source and varied across the regional district, depending 

on the water distribution system supplied by multiple water sources.  This allows for MV 

tap water to be sourced solely by its isotopic signatures.  This finding has significant 

forensic importance as it suggests the possibility of ultimately sourcing human values to 

specific areas within MV, which could aid in forensic investigations. 

  

Keywords:  Stable Isotope; Oxygen; Hydrogen; Tap water; Forensic Human 
Identification; Geolocation 
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1. Introduction 

The application of stable isotope analysis to historical human remains for the 

reconstruction of human origin and mobility patterns has been ongoing in the field of 

archaeology and anthropology over the past few decades and more recently to forensic 

investigations (Budd, Millard, Chenery, Lucy, & Roberts, 2004; Gulson, Jameson, & 

Gillings, 1997; Schoeninger & Moore, 1992).  Isotopic compositions of human tissues 

are mainly analyzed for the purpose of human identification, through the determination of 

an individual’s life history, and ranges from the analyses of light (hydrogen (H), carbon 

(C), nitrogen (N), oxygen (O), and sulphur (S)) (Bell, Lee-Thorp, & Dobney, 2006; Bell, 

Lee Thorp, & Elkerton, 2009; Budd, Chenery, Montgomery, Evans, & Powlesland, 2003; 

Mays & Beavan, 2012; Reitsema, Crews, & Polcyn, 2010) to heavy stable isotopes 

(strontium (Sr), iron (Fe), copper (Cu), and lead (Pb)) (Beard & Johnson, 2000; Budd, 

Montgomery, Evans, & Chenery, 2001; Jaouen et al., 2012).  Since human tissues are 

developed from materials consumed by the individual, isotopic signatures of tissues are 

reflective of the environment in which consumption of food and water took place.  Thus, 

stable isotopic signatures of human tissues can provide information related to the 

individual’s type of diet, mobility, and place of origin. 

Isotopic signatures of hydrogen (δ2H) and oxygen (δ18O) in human tissues 

generally reflect that of direct and indirect water intake during tissue formation (Bowen, 

Ehleringer, Chesson, Thompson, Podlesak, & Cerling, 2009; Longinelli, 1984; Luz, 

Kolodny, & Horowitz, 1984).  Drinking water is mainly composed of local precipitation 

water, which is known to vary in its isotopic compositions depending on local 

physiographic factors (Dansgaard, 1964).  A major influential factor affecting the isotopic 

compositions of precipitation is temperature, and this affect can be noticed with 

hydrogen (δ2Hppt) and oxygen (δ18Oppt) values of global precipitation following a general 

decreasing pattern with increasing latitude.  Isotopic values of human tissues are also 

observed to follow a similar trend, showing a link with isotopic compositions of 

precipitation (Levinson, Luz, & Kolodny, 1987; Longinelli, 1984; Luz et al., 1984).  
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More recently, stable isotope analysis has been applied to studies in the field of 

forensics, dealing with modern human tissues for victim identification (Ehleringer et al., 

2010; Meier-Augenstein, 2010; Meier-Augenstein & Fraser, 2008).  For example, in 

2005, an unidentified, decapitated murder victim was discovered in Dublin, Ireland 

(Meier-Augenstein & Fraser, 2008).  To determine the victim’s identity, investigators 

turned to the use of stable isotope profiling.  The victim’s hair, nail and bone were 

analyzed for their isotopic compositions, which revealed information on the victim’s 

geographical movement.  δ18O in bioapatite of its bone reflected those of precipitation 

water from coastal, low latitude areas, suggesting that the victim had a foreign origin.  

δ2H and δ18O in the hair were also analyzed and produced values consistent with a 

control person from Dublin.  Therefore, it was concluded that the victim had resided in 

Dublin prior to his death but had originated in a country located closer to the equator.  

These findings contributed to the success of determining the identification of the victim.  

This case study demonstrates the importance of stable isotope analysis of human 

tissues to forensic investigations. 

To accurately geolocate human remains from the isotopic values of their tissues, 

the relationship between the isotopic compositions of human tissues and the 

corresponding drinking water must be determined.  This relationship can vary between 

different types of tissues, and thus the biology of the human body must be fully 

understood.  Furthermore, although equations for converting δ18O in human values to 

δ18O values of drinking water have been derived in several studies, they are not without 

problems. 

The isotopic compositions of drinking water are often estimated from available 

precipitation data.  There remains a question as to whether precipitation values are, in 

fact, truly representative of human drinking water values, especially for those individuals 

relying on piped tap water distribution systems.  Tap water can be drawn from 

physiographically distinct areas to that of which it supplies.  In such a case, local 

precipitation data are not accurate measures of drinking water.  Moreover, isotopic 

differences may exist across a single geographical area, if the city or district is supplied 

by multiple water sources.  Thus a single isotopic value may not be representative of the 

entire geographical area.  For example, the tap water system in Metro Vancouver (MV), 
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British Columbia, Canada is quite complex, with multiple water sources supplying tap 

water to the regional district, and as a result, isotopic differences in tap water values may 

be observed across the area.  If isotopic differences do exist across a single 

geographical area, then it will be beneficial for forensic investigations, as it would 

consequently create variations in the isotopic compositions of human values amongst 

residents from the same city or district.   

This study will investigate the isotopic compositions of MV tap water to determine 

whether differences can be observed across the regional district.  The next chapter will 

discuss the different tissues that are most commonly analyzed for stable isotope 

profiling.  Background information pertaining to stable isotopes of water, problems 

associated with equations for converting δ18O in human tissues to drinking water, as well 

as MV’s tap water source and distribution system will be discussed in the following 

chapters, before delving into the details of this present study on the isotopic analysis of 

MV tap waters across the regional district.  
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2. Background on Human Tissues 

This chapter will provide background information on the anatomy of hair, nail, 

bone and tooth enamel, which are most commonly analyzed for human provenancing 

purposes.  These tissues are ideal as they are resistant to post-mortem degeneration 

(Fraser & Meier-Augenstein, 2007; Kennedy, Bowen, & Ehleringer, 2011), and thus are 

often the last to remain intact after soft tissue decay has ceased.  The processes of 

tissue formation and regeneration vary depending on the type of tissue.  Human tissues 

can contain information from various times throughout the individual’s life, as the isotopic 

values are reflective of the environment at the time of tissue formation.  It is thus 

important to have an understanding of the basic biology behind the human body to allow 

selective analysis of tissues, according to the type of information that is required for each 

case. 

2.1.1. Hair 

Human hair is composed of up to 95% protein with the remaining weight 

consisting of water, lipids and mineral contents (Harkey, 1993).  The main types of 

proteins in hair are keratin-associated proteins, which give hair its rigidity and resistance 

to degeneration (Buffoli et al., 2014).  Hair can be separated into two main structures: 

the follicle and the shaft.  Hair grows incrementally, cycling through growth, transitional 

and resting periods of anagen, catagen and telogen phases, which are monitored by 

hormones.  While the rate of human hair growth varies depending on anatomical area 

and age, and more specifically on sex and race, hair generally grows at a rate of 1cm 

per month (Harkey, 1993).  It is important to note that approximately 85% of scalp hair is 

in the growth or anagen phase, while the remaining 15% is in the resting stage.  Thus, 

when obtaining hair samples for analysis, differences in growth phases must be taken 

into account. 
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2.1.2. Nails 

Similar to hair, human nail is composed mainly of keratin-associated proteins 

(Dawber, 1980).  Fingernails grow at an average rate of approximately 3 to 3.5mm per 

month, whereas the toenails grow at a slower pace at about a half to a third of the 

growth rate of fingernails, or approximately 1.6mm per month (Fleckman & Allan, 2001; 

Yaemsiri, Hou, Slining, & He, 2010).  Nail growth can vary depending on the age of the 

individual, with children having a higher growth rate compared to adults (Dawber, 1980).  

Furthermore, nail growth rates may increase when exposed to trauma through nail biting 

or manual labour, or as a result of certain diseases. 

2.1.3. Bone  

Bone and tooth enamel are highly mineralized tissues, formed from crystalline 

calcium phosphate bioapatite and more specially by an impure form of hydroxylapatite, 

Ca10(PO4)6(OH)2, containing carbonate (Aoba, 1996; Blumenthal et al., 2014; Elliott, 

2002; Nanci, 2012).  Human bone undergoes remodelling throughout an individual’s 

lifetime for the replacement of old bone with newer, stronger bone in order to withstand 

mechanical forces (Clarke, 2008). 

Bone can be classified into two main types—cortical and trabecular—differing by 

its density, elasticity and remodelling rates.  Cortical bones are dense, compact and 

highly calcified and surround the bone marrow, whereas trabecular bones are less 

dense are more elastic, and are often found in the bone marrow compartment.  

Approximately 80% of the human skeleton is cortical while the remaining 20% is 

trabecular.  About 2 to 5% of cortical bones undergo remodelling every year (Clarke, 

2008; Hadjidakis & Androulakis, 2006) with the collaborative work of osteoblast, which 

are cells responsible for bone formation, and osteoclasts that are responsible for bone 

resorption.  Trabecular bones are remodelled more frequently. 

2.1.4. Tooth enamel 

Human tooth enamel is the most highly mineralized body tissue with more than 

96% of its weight being inorganic and approximately 4% being organic and water (Glick, 

1979; Nanci, 2012).  Enamel is extremely durable to degradation and does not undergo 
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tissue remodelling after formation.  The ameloblasts, the cells responsible for the 

formation of the enamel, are lost after tooth eruption.  Thus, it has been an ideal tissue 

for analysis of its isotopic compositions, particularly δ18O, for human provenancing 

purposes with enamel containing information related to dietary water intake during its 

tissue formation. 

Holobinko et al. (2011) investigated the potential application of δ2H stable isotope 

analysis of human tooth enamel in tracking human origin.  They concluded that, although 

it is possible to measure δ2H from enamel, its use in human geolocation is minimal as a 

1‰ change in δ2H value of enamel corresponded to a significant change in the δ2H value 

of drinking water.  This conclusion is questionable, as δ2H has been shown to have a 

relationship with drinking water in human hair (Ehleringer et al, 2008).  However, there 

has been no other study that has attempted to analyze δ2H in human tooth enamel for 

provenancing purposes. 

δ18O signatures of bio-apatite, whether phosphate (δ18Op) or carbonate (δ18Oc), 

are believed to be reflective of δ18Oppt, with drinking water being the major contributor of 

oxygen to human tissues.  While incisors and canines show isotopic values that are 

influenced by breastfeeding and weaning, molars are developed in late childhood and 

are not influenced by such factors.  Mean crown formation times for molars are generally 

around 3.0 to 3.4 years with the initiation of formation at around the age of 8 (Reid & 

Dean, 2006).  Thus, the isotopic compositions of molars should be influenced only by the 

consumption of water that took place during the years of formation.  The crown develops 

in incremental steps by forming 10% of the entire crown length every 100 to 200 days. 

Although obtaining human hair and nail samples may be less invasive and can 

be collected from both living and the dead (Fraser, Meier-Augenstein, & Kalin, 2006) 

growth rates of these tissues vary significantly between individuals with continuous 

growth throughout one’s lifetime.  On the contrary, tooth enamel does not remodel after 

eruption into the mouth and thus stores childhood information within its tissue.  Human 

tissues can contain information from different times throughout an individual’s life, 

depending on the type of tissue.  Therefore, tissues should be selectively analyzed to fill 

in missing information that may aid in the identification of unknown victims.  δ18O in 
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human tissues has been analyzed for provenancing purposes by converting these 

values to oxygen in drinking water (δ18Odw), which is generally reflective of local 

precipitation values that vary across the globe. 



 

8 

3. Water 

The isotopic compositions of human tissues, regardless of the type of tissue, are 

reflective of the isotopic compositions of drinking water.  Drinking water values, in turn, 

are influenced by precipitation water values that differ across the globe.  This difference 

is due to local physiographic factors influencing the isotopic fractionation processes of 

water in the hydrological cycle.  This chapter will provide details to the isotopes of water, 

isotope fractionation processes, and the influence of environment on the isotopic 

compositions of precipitation water. 

3.1. Stable Isotopes of Water 

A water molecule is composed of an oxygen atom and two hydrogen atoms with 

a chemical formula H2O.  These elements are held together by polar covalent bonds with 

oxygen sharing two of its outer electrons with the two hydrogen atoms.  The number of 

protons in an atom determines the chemical properties of an element.  Isotopes of an 

element differ only by the number of neutrons and as a result, have identical chemical 

properties, with the exception of their atomic weight.  Two forms of stable isotopes exist 

for hydrogen—1H and 2H or D—with 1H being significantly more abundant than 2H, and 

three forms for oxygen—16O, 17O and 18O—with 16O being the most naturally abundant 

isotope (Sharp, 2007).  Stable isotopes differ from radioactive isotopes, which are 

isotopes that undergo spontaneous radioactive decay. 

3.2. Isotopic Ratios 

The abundance of isotopes of an element is generally expressed as a ratio 

where the more abundant isotope is placed in the denominator and the less abundant 

isotope in the numerator (e.g. 18O/16O) (Sharp, 2007; Singh & Kumar, 2005).  Isotopic 

ratios are most commonly measured with mass spectrometers, which are quite sensitive 
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to environmental changes, posing limitations to the degree of accuracy in measurements 

of absolute ratios.  What is reported instead is the relative isotopic ratio. 

Isotopic ratios of water molecules are measured relative to a standard.  The 

accepted standard generally applied to isotopes of water molecules is VSMOW (Vienna 

Standard Mean Ocean Water).  Relative differences of isotopic ratios are reported using 

the delta notation (δ) and is calculated as follows: 

 

where R = ratio of the abundance of the isotopes, x = sample and std = standard.  Delta 

values are reported in per mil with the symbol ‘‰’.  A negative delta value signifies the 

enrichment of the lighter isotope, whereas a positive delta value indicates the 

enrichment of the heavier isotope relative to the standard. 

3.3. Isotope Fractionation 

Isotopologues are molecules that differ only in their isotopic compositions.  

Isotopologues of water molecules exist with different combinations of hydrogen and 

oxygen isotopes such as 1H2
16O, 1HD16O, 1H2

18O, 1HD18O, etc (Singh & Kumar, 2005).  

The abundance of these isotopologues depends on the abundance of each atom making 

up that molecule.  99.7% of all water found on Earth is 1H2
16O (Sharp, 2007). 

The variation in the abundance of isotopes is a result of isotopic segregation or 

isotope fractionation (Gat, 2010; Libes, 1992).  Stable isotopes fractionate under two 

main mechanisms—mass dependent and mass-independent fractionation.  Mass 

dependent fractionation is strictly dependent on the mass difference between atoms or 

molecules and mass-independent fractionation involves a secondary energy source, 

such as radiation, that may excite the isotopic species.  Mass dependent effects can 

further be classified into two main processes—equilibrium and kinetic fractionation (Gat, 

2010). 

! =
Rx ! Rstd
Rstd

"1000
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3.3.1. Equilibrium Fractionation 

Following the general thermodynamic principle, molecular bonds will 

spontaneously favour the state of least energy (Clark & Fritz, 1997; Gat, 1996).  A 

molecule at its most stable state is said to be at its zero-point energy state.  Any 

deviation from the most ideal distance between atoms of a single molecule requires 

extra energy.  The amount of extra energy required differs between molecules and is 

strictly dependent on its mass.  The strength of chemical bonds involved in lighter 

isotopes are weaker than that of heavier isotopes and thus require less energy, and are 

more easily broken. 

Water in the hydrological cycle will fractionate through a series of processes 

involving evaporation and condensation into one of three phases—solid, liquid and 

vapour (Gat, 2010; Singh & Kumar, 2005).  In a thermodynamic reaction involving 

molecules at two different phases, the relation between the reactants and products at 

equilibrium can be defined by the fractionation factor, α: 

 

where R = isotopic ratio (e.g. 2H/1H), A = reactants and B = products.  α is dependent on 

temperature and will decrease with increasing temperature:  

ln ! =   !! !! +
!!

! + !!  

where T = temperature in units of Kelvin and C = constants. 

A summary of fractionation factors of water is shown in Table 3.1.  Fractionation 

factors of both 18O and 2H for solid—vapour phase transitions are higher than that of 

liquid—vapour and solid—liquid transitions, and thus solid precipitation such as snow 

and hail derived from cloud masses would show isotopic values that are slightly more 

enriched in the heavy isotopes when compared with liquid precipitation.  The ΔA-B 

notation may also be used to report isotope separation between two compounds where 

ΔA-B = δA – δB, and Δ = 103 lnα (Clark & Fritz, 1997). 

!A!B =
RA

RB
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Table 3.1. Fractionation factors of water. 

 α18O α2H 

Solid – Vapour at 0°C 1.10152 1.132 

Liquid – Vapour at 0°C 1.0117 1.111 

Solid – Liquid at 0°C 1.0035 1.0208 

Adapted from Gat (2010) and Singh & Kumar (2005) 

3.3.2. Kinetic Fractionation - Rayleigh distillation 

The hydrological cycle is an open system where water molecules are 

continuously being removed from the system, first through evaporation and further as 

precipitation.  The initial evaporation process of ocean water results in vapour being 

depleted with the heavier isotopes (e.g. 18O) (Gat, 1996; Libes, 1992).  As the vapour 

moves through the hydrological cycle, it condenses and precipitates, further removing 

the heavier isotopes from the system.  This results in the delta value of the remaining 

condensate to increasingly become more negative.  This process where the isotopic 

composition of the remaining condensate is a result of vapour being removed from the 

system is referred to as the Rayleigh fractionation, and is expressed as: 

!
!!

= !(!!!) 

where R = isotopic ratio, f = fraction of the remaining vapour and α = equilibrium 

fractionation factor. 

3.4. Meteoric Water Line 

The relationship between δ2H and δ18O in global meteoric water was first 

observed by Craig (1961) to be: 

δ2Hppt = 8 δ18Oppt + 10  

This line is known as the Global Meteoric Water Line (GMWL).  A slightly different 

relationship between δ2H and δ18O in local precipitation exists, as it is influenced by local 
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physiographic factors, and is referred to as the Local Meteroic Water Line (LMWL).  

Meteroic water includes all forms of water involved in the hydrological cycle, including 

rain, snow, fog, etc. 

Isotopic compositions of meteoric waters are influenced by four main local 

physiographic factors—altitude, latitude, amount effect and the distance from the coast 

(Dansgaard, 1964).  Altitude, latitude, and the distance from the coast are related to the 

removal of moisture from the atmosphere as a result of temperature change and also 

vary seasonally; however, amount effect is related to the humidity of the environment.  

As precipitation falls through a dry air column, some of the water will evaporate, leaving 

heavier isotopes to stay as liquid and reach the ground.  As the air-column becomes 

more humid, less evaporation will take place during precipitation.  Due to these factors, 

LMWL varies around the globe.  Isotopic compositions of meteoric water differ 

geographically across the globe and can be mapped out.  This geospatial pattern is also 

observed in isotopic signatures of human tissues.  Several equations showing the 

relationship between δ18Op and δ18Odw have been derived and applied for human 

geolocation purposes. 
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4. Linking Human Tissue To Drinking Water 

Both δ2H and δ18O have been analyzed for their isotopic compositions in modern 

human hair and nails for human provenancing purposes (Ehleringer et al., 2008; Fraser 

et al., 2006; Fraser & Meier-Augenstein, 2007; Lehn, Mutzel, & Rossman, 2011; Mutzel, 

Lehn, Peschel, Holzl, & Rossman, 2009; O'Brien & Wooller, 2007; Z. D. Sharp, Atudorei, 

Panarello, Fernández, & Douthitt, 2003).  Fraser and Meier-Augenstein (2007) 

compared δ2H isotopic signatures of hair and nails with precipitation values and found 

that δ2H in both hair and nails are well correlated with local precipitation values.  δ18Oppt 

differ geographically across the globe and a similar trend has also been observed with 

bone or tooth δ18Op values (Levinson et al., 1987; Longinelli, 1984; Luz et al., 1984).  

δ18Oppt are greatly influenced by temperature, which in turn is affected by several 

physiographic factors.  δ18O in bioapatite can be linked back to the environment, from 

which the tissue formed, by the use of a simple linear equation showing the relationship 

between δ18Op and δ18Odw. 

4.1. Relationship Between δ18Op and δ18Odw 

A number of linear relationships between δ18Op and δ18Odw have been derived by 

previous studies (Levinson et al., 1987; Longinelli, 1984; Luz et al., 1984) and were 

originally designed for studies related to paleoclimatology and/or paleohydrology.  

Archaeologists more recently began to adopt the use of these equations for the purpose 

of determining origins of historical human remains.  With humans being obligate 

drinkers, the isotopic composition of human bioapatite is influenced by drinking water.  

Local precipitation water is generally the major source of drinking water and thus human 

values can be linked to its environment.  Although drinking water has the most influence 

on the isotopic composition of human tissues, dietary intake also has a small effect on 

δ18Op.  δ18Op can slightly vary depending on the type of diet (Daux et al., 2008). 
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The most commonly cited equations for the conversion of δ18Op to δ18Odw are that 

of Longinelli (1984), Luz et al. (1984), Levinson et al. (1987) and most recently, Daux et 

al. (2008).  Daux et al. looked at both tap water and precipitation water to produce two 

different equations for each drinking water source, and further made an attempt to 

combine data from previous studies in order to produce a new overall equation.  

Chenery, Muldner, Evans, Eckardt and Lewis (2010) put forth the corrected Levinson et 

al.’s (1987) equation with the argument for the need to standardize analytical techniques 

that are used for isotopic analysis of oxygen in biophosphate.  The corrected Levinson et 

al.’s (1987) equation has also been applied to a few studies (Leach, Lewis, Chenery, 

Müldner, & Eckardt, 2009; Leach, Eckardt, Chenery, Muldner, & Lewis, 2010).  The 

correction was based on adjusting the differences observed in δ18Op values due to 

analytical methodologies that differed across laboratories.  A summary of the equations 

is given in Table 4.1. 

Table 4.1. Summary of equations showing the relationship between δ18Op and 
δ18Odw.  

Study Equation N R2 

Longinelli (1984)	   δ18Op = 0.64‰ δ18Odw + 22.37‰ 10 0.98	  
Luz et al. (1984) δ18Op = 0.78‰ δ18Odw + 22.7‰ 6 0.97 

Levinson et al. (1987) δ18Op = 0.46‰ δ18Odw + 19.4‰ 14 0.93 

Daux et al. (2008) (Eq. 4) 

(Tap water) 
δ18Otap = 1.73‰ (±0.21) δ18Op – 37.25‰ (±3.55)  12 0.87 

Daux et al. (2008) (Eq. 5) 

(Precipitation water) 
δ18Oppt = 1.70‰ (±0.22) δ18Op – 39.28‰ (±3.68) 12 0.88 

Daux et al. (2008) (Eq. 6) 
(Combined equation)  

δ18Odw = 1.54‰ (±0.09) δ18Op – 33.72‰ (±1.51) 42 0.87 

Chenery et al. (2010) 

(Corrected Levinson et al.’s) 
δ18Op = 0.46‰ δ18Odw + 20.8‰ 

	  
  

Whilst these equations have been widely applied to research, the reliability of the 

equations has been questioned and are not without problems (Bell et al., 2009; Bell, 

Lee-Thorp, & Elkerton, 2010; C. A. Chenery, Pashley, Lamb, Sloane, & Evans, 2012; 

Laffoon, Rojas, & Hofman, 2013; Millard & Schroeder, 2010; Pollard, Pellegrini, & Lee-

Thorp, 2011).  The equations differ slightly in their slopes and intercepts, and “depending 
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on the geographical area and associated δ18Odw, calculation of environmental water from 

bone or tooth δ18Op may vary by several per mil depending on which equation is applied” 

(Bell et al., 2010, p. 683). 

Pollard et al. (2011) compared the four widely applied equations derived by 

Longinelli (1984), Luz et al.(1984), Levinson et al.(1987) and Daux et al.(2008) as well 

as a combined equation from the four, and found that errors in calculated δ18Odw values 

could be as high as ±3.5‰.  As Pollard et al. noted, the range of δ18Oppt across the 

United Kingdom is at approximately 4‰ (Darling, Bath, & Talbot, 2003) and thus a high 

error rate could cause inaccuracies in locating human tissues.  The equations were 

derived from various methods with differences in sampled materials, number of collected 

samples, definition of drinking water, as well as the degree of correspondence between 

drinking water collection sites and place of tissue formation.  

4.2. Problems with δ18Op to δ18Odw Conversion Equations 

In order to determine the true δ18Op versus δ18Odw relationship, several factors 

should be considered: 

1. Human tissue samples should be narrowed down to one type, and in 

cases where tooth or bone tissues are samples, down further to the 

specific type of bone or tooth (e.g. femur, incisors, molars, etc.).  

Remodelling of bones and mineralization of tooth enamel varies 

across different types (See section 2.1.3). 

2. An adequate number of both human tissue and drinking water 

samples should be collected from each site, enough to represent the 

area being analyzed. 

3. Drinking water must be sampled from the site that corresponds to the 

individual’s place of residence during the time of tissue formation.  

This may become difficult when analyzing historical human remains 

with limited availability of information from historical periods.  
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Furthermore, climate variations must be considered when determining 

drinking water values for analysis of historical human remains. 

4. The definition of drinking water must be clear.  The term ‘drinking 

water’ was used interchangeably with precipitation or meteoric water 

in some studies, whereas it referred to tap water in others. 

A summary of the methodologies that were followed by Longinelli (1984), Luz et 

al.(1984), Levinson et al.(1987) and Daux et al.(2008) is shown in Table 4.2 to allow 

direct comparison of the studies. 

Table 4.2. Summary of sample collection methods for each study. 

Study 
Sampled 
Material Time Period 

Definition of 
drinking 

water 
Retrieval of drinking 

water data 

Drinking water 
data 

corresponds 
to site of 

tissue 
formation 

Number of collected 
samples/data 

Human 
tissue 

Drinking 
Water 

Longinelli 
(1984) 

Human 
bone (no 
selection 
of specific 
type of 
bone) 

End of 19th 
century to 
1950 

Precipitation 

"measured directly, 
taken from previous 
papers, from data 
reported by IAEA, 
extrapolated from 
values obtained for 
nearby areas" 
(p.386) 

Location of 
tissue 
formation not 
given. 

2 – 10 
samples
/location 

Not given 

Luz et al. 
(1984) 

Human 
tooth (type 
not 
specified) 

Not given Precipitation 
and Tap 

"estimated from 
published data on 
precipitation except 
for samples from 
Israel and Finland 
where tap water was 
analyzed" (p.1689) 

Location of 
tissue 
formation not 
given. 

Not 
given 

Not given 
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Study 
Sampled 
Material Time Period 

Definition of 
drinking 

water 
Retrieval of drinking 

water data 

Drinking water 
data 

corresponds 
to site of 

tissue 
formation 

Number of collected 
samples/data 

Human 
tissue 

Drinking 
Water 

Levinson 
et al. 
(1987) 

Human 
tooth (type 
not 
specified) 

Modern Not given 

"drinking water 
samples were 
collected specifically 
for this study from all 
the localities 
mentioned…[with 
the exception of] 
δ18O for water from 
Point Hope, Alaska, 
in which case we 
used an interpolated 
value” (p.369) 

"great care 
was taken to 
ensure that all 
teeth 
obtained for 
this study are 
from 
individuals 
who lived at 
least the first 
20 years of 
their lives in 
the locality 
stated" 
(p.368) 

1 – 7 
samples
/location 

1 value 
per site 
(some 
had one 
value for 
the entire 
country) 

Daux et al.  
(2008)  

Human 
tooth (2nd 
and 3rd 
molars) 

Modern and 
historical 
(Greenland) 

Tap water 
(Eq. 4) 

"At 11 of the 
geographic locations 
from which enamel 
sampling was 
undertaken, samples 
of tap water were 
collected for oxygen 
isotope analysis." 
(p.1139) 

"the person, 
according to 
their own 
statement, 
had lived all 
their 
childhood in 
the same 
place and had 
drunk local 
water during 
this time" 
(p.1139) 

 1 – 9 
samples
/location 

1 value 
per site; 
no sample 
collected 
for 
Greenland 

Precipitation 
(Eq. 5) 

Estimated using 
OIPC. 

1 value 
per site 

Longinelli’s (1984) equation was derived from analysis of δ18Op in human bone 

samples that were regressed against δ18Odw in precipitation.  Sampling sites covered a 

wide range of latitudes from Finland to Tierra del Fuego in South America.  His study 

successfully showed that δ18Op in human bone tissues varies across different latitudinal 

areas and reflects δ18Oppt.  While this relationship may be true, only a single δ18Oppt value 

was assigned to each location, with some being only listed by their country name.  An 

assumption seems to have been made where a single isotopic value of δ18Oppt could 

represent an entire country!  Furthermore, bone samples were not specified to one type.  

The complex physiology and remodelling of bones must be taken into account when 
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analyzing human bone samples and thus it is essential to specify the type of bone being 

analyzed.  Cortical to trabecular bone ratio vary across different bones and skeletal sites 

(Clarke, 2008) and results in varying remodelling rates amongst different types of bones.  

It is also important to note that δ18O in bones has shown to be influenced by bone 

changes due to aging (Stepanczak, Szostek, & Pawlyta, 2014). 

Following Longinelli’s (1984) study, Luz et al. (1984) attempted to explain the 

observed relationship between δ18Op and δ18Odw.  In order to gain a better understanding 

of the relationship, they analyzed δ18Op in human tooth samples with their respective 

δ18Odw.  These drinking water values were “estimated from published data on 

precipitation except for samples from Israel and Finland where tap water was analyzed" 

(Luz et al., 1984, p.1689).  However, as was the case with Longinelli’s study, they do not 

give specific details as to the location of tissue formation.  This is problematic, as there is 

a possibility of individuals migrating from areas where the tissue in question was 

originally formed.  Levinson et al. (1987), on the other hand, took “great care …to ensure 

that all teeth obtained for this study [were] from individuals who lived at least the first 20 

years of their lives in the locality stated.” (p.368). 

Levinson et al.(1987) investigated the relationship between human tooth samples 

and its corresponding drinking water values.  While great care was taken to ensure that 

the drinking water was taken from the location of tissue formation, they did not 

specifically define the term ‘drinking water’.  It is not clear as to whether they collected 

precipitation water or tap water from each locale.  Recognizing the difference between 

these two terms is extremely important, with the increase in the population relying on 

piped tap water as a drinking water source.  Tap water can be drawn from reservoirs that 

are geographically unrelated to its area. 

Daux et al. (2008) also ensured that they specified the type of tooth they were to 

analyze and that "the person, according to their own statement, had lived all their 

childhood in the same place and had drunk local water during this time" (p.1139).  

However, they included a sample from Disko Bay, Greenland, which was a historical 

sample and is essentially an ‘unknown’.  Furthermore, they clearly distinguished the 

difference between precipitation and tap water.  They noted that tap water could be 

drawn from groundwater aquifers that may reflect annual mean isotopic values of 
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precipitation in the area or in lakes situated in high altitudes, resulting in values that differ 

from precipitation values.  However, only a single δ18Oppt value was assigned to each 

locale and the possibility of differences that may be observed with tap water within a 

single area was not taken into account. 

Great emphasis needs to be placed on the last point of defining the term ‘drinking 

water’.  Isotopic values of human tissue reflect those of water consumed during the time 

of tissue formation.  While it is true that drinking water is highly related to precipitation 

water, it is not appropriate to assume that raw precipitation water is in fact what is being 

consumed by residents from the area, especially in modern humans relying on water 

piping systems.  Thus, in order to understand the true relationship between human 

tissues and drinking water, we must first determine what and where ‘drinking water’ is 

coming from for the location in which tissue formation took place and to understand its 

isotopic compositions. 
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5. Defining ‘Drinking Water’ 

Ambiguities exist when defining the term ‘drinking water’.  Two terms that are 

most commonly used interchangeably with ‘drinking water’ are ‘precipitation water’ and 

‘tap water’.  Water sources of tap water are generally composed of precipitation and thus 

a relationship exists between the two; however, it is not appropriate to assume that the 

two are identical.  Depending on the sources of tap water, δ18Otap and δ2Htap can differ 

from local precipitation values and therefore, the term ‘drinking water’ must be clearly 

defined. 

5.1. Precipitation 

Isotopic compositions of human tissues can be reflective of precipitation values if 

individuals were consuming raw precipitation water during the time of tissue formation.  

Precipitation data can be obtained through several means, including the publicly 

accessible Global Network of Isotopes in Precipitation (GNIP) database, extrapolation 

from values obtained for areas nearby, direct analysis of collected precipitation water, or 

from the use of Online Isotopes in Precipitation Calculator (OIPC) for estimated values. 

5.1.1. GNIP 

Isotopic data on monthly precipitation across the globe have been collected and 

analyzed through a monitoring programme, GNIP, which was put into operation by 

International Atomic Energy Agency (IAEA)’s Water Resources Progarmme and the 

World Meterological Organization (WMO) in 1961 (IAEA/WMO, 2013).  The GNIP 

database is widely available and can be obtained from Water Isotope System for Data 

Analysis, Visualization and Electronic Retrieval (WISER).  δ18Oppt and δ2Hppt data 

reported by GNIP have been analyzed by isotope-ratio mass spectrometry and/or by 
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laser absorption spectroscopy with a precision of approximately ± 0.1‰ for δ18Oppt and ± 

0.8‰ for δ2Hppt (IAEA, 1992). 

While isotopic data on global precipitation can be obtained from GNIP, water 

collection stations are sparsely located around the world.  For areas in which no GNIP 

data exist, researchers must rely on papers that have measured isotopic values of 

precipitation from the area of interest, or by the extrapolation of available data from other 

locales.  Global GNIP data have been extrapolated in an attempt to understand the 

general distribution of mean global δ18Oppt and δ2Hppt (Bowen, Wassenaar, & Hobson, 

2005; Bowen & Wilkinson, 2002; Bowen & Revenaugh, 2003; Clark & Fritz, 1997; 

Rozanski, Araguás-Araguás, & Gonfiantini, 1993).  Isoscapes, or maps that show the 

spatial pattern of isotopes across geographical regions, were developed through the 

application of predictive models that estimate isotopic compositions of local precipitation 

by taking into account the influential physiographical factors (Bowen, 2010; West, 

Bowen, Dawson, & Tu, 2010).  The OIPC has also been used as a tool for estimating 

local precipitation values of δ18O and δ2H. 

5.1.2. OIPC 

The OIPC was developed as a tool for estimating mean monthly and annual 

isotopic compositions of δ18Oppt and δ2Hppt in areas where no such data exist (Bowen, 

2013).  The algorithm behind the calculations that are performed by the OIPC is based 

on studies conducted by Bowen and Wilkinson (2002), Bowen and Revenaugh (2003) 

and Bowen et al.(2005), and allow users to simply input the latitude, longitude and 

elevation data of a geographical location to generate the estimates of δ18Oppt and δ2Hppt. 

While it is possible to obtain reliable data on precipitation, it can only be used for 

human provenancing purposes if precipitation values do reflect true drinking water 

values.  Drinking water can also be defined as ‘tap water’ referring to water supplied 

through a piped water distribution system. 
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5.2. Tap water 

As of 2008, over half of the global human population were receiving drinking 

water from tap water systems (WHO, 2010).  When applying stable isotopic analysis for 

forensic human identification purposes, it is important to keep up to date with the rapidly 

changing distribution systems for drinking water, in order to understand and correctly 

identify the isotopic compositions of water that has been consumed by individuals in 

question.  Multiple sources can supply tap water to residents, including surface water 

runoffs, ground waters, glacier ice melts that can potentially show isotopic values 

reflecting those of ancient precipitation water, or a mixture of the above.  Tap water can 

also be piped from water sources that are located in geographically distant areas from 

which it serves, carrying water composed of precipitation that had fallen in 

physiographically different areas. 

Isotopic compositions of tap water have not been studied extensively across the 

globe and no such GNIP database equivalent is available, with the exception of an 

interpolated tap water data for the contiguous United States (Bowen, Ehleringer, 

Chesson, Stange, & Cerling, 2007).  Bowen et al. collected tap water samples from 48 

states within the contiguous United States and were sampled no farther than 100km 

from each other.  They measured the isotopic ratios of both hydrogen (δ2Htap) and 

oxygen (δ18Otap) of tap waters and found that tap waters are strongly related to mean 

annual local precipitation values.  They generated a prediction map of δ18Otap and δ2Htap 

across the United States by interpolating differences between tap water and precipitation 

values obtained from GNIP.  Bowen et al.’s study became the groundwork for 

subsequent studies investigating the relationships between hydrogen and oxygen 

isotope ratios of tap water and human tissues. 
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6. Geographical Resolution 

Ehleringer et al. (2008) collected human hair and tap water samples from 65 

cities in 18 states across the contiguous United States.  The relationships between both 

δ2H and δ18O values of hair and tap water were determined, and they further applied 

Bowen et al.’s (2007) tap water model to develop a prediction map of δ2H and δ18O in 

human hair across the country. 

Ehleringer et al.’s (2008) study holds significant forensic value, being the first to 

directly map isotopic compositions of human tissue.  The development of such a map 

will eventually eliminate the need to determine drinking water values through the use of 

conversion equations, which are not without problems.  However, in order to develop 

such a reliable map, the isotopic pattern of drinking waters across the globe must be 

fully understood.  The study could further be improved by increasing the geographical 

resolution of data by examining the isotopic patterns for both of tap water and human 

tissues on a smaller geographical scale.  There is a possibility that tap water values 

differ within a single city or district and therefore, capturing this very difference would 

significantly increase the accuracy and reliability of the model. 

When Darling et al. (2003) investigated the isotopic pattern of mean annual 

precipitation for the British Isles, they found that δ18Oppt and δ2Hppt showed a general 

depletion effect in the southwest to northeast direction.  The global spatial distribution 

map of isotopes in precipitation, which have been extrapolated from data acquired 

through the GNIP, estimates the precipitation of the British Isles to show a latitudinal 

effect across the region with depleted values in the northern areas.  Physiographical 

factors influence isotopic compositions of local precipitation and thus GNIP data alone 

cannot give accurate estimates to the true isotopic values of each location. 

Bowen et al.’s (2007) tap water study investigating isotopic values of tap water 

for an entire country generated their model through the analysis of only a few samples 
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that were collected from each selected city.  There seem to have been an assumption 

that no major differences in isotopic values are present across a single city.  However, 

tap waters can be piped from several different water sources and thus, could result in 

isotopic differences being observed within a single city or district.  Tap water for MV, for 

example, is supplied by multiple water sources including watersheds located on 

mountains at high altitudes and several groundwater aquifers.  It could be speculated 

that isotopic differences exist between the water sources.  Isotopic variations in tap 

water across a single district or city will allow human remains to be geolocated at a 

higher geographical resolution, which is ideal for forensic investigations.  What is vital 

then for the application of stable isotope analysis to forensic victim identification is to 

have an extensive understanding of the geospatial distribution of δ18Odw and δ2Hdw at a 

higher geographical resolution than that undertaken by Bowen et al.  This present study 

will investigate the isotopic patterns of tap water across a single regional district of MV. 
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7. MV Tap Water System 

MV, previously known as the Greater Vancouver Regional District or GVRD, is a 

regional district that is comprised of 22 municipalities, one electoral area and one treaty 

of First Nations (Metro Vancouver, 2014a).  Tap water for MV is supplied by multiple 

water sources including reservoirs and groundwater aquifers.   Three watersheds—

Capilano, Seymour and Coquitlam—that are maintained and operated by the Greater 

Vancouver Water District (GVWD) supply the majority of MV’s drinking water to 

businesses and residential areas.  These watersheds are composed of a mixture of 

rainwater, snowmelt, and surface runoffs from creeks and streams from mountains 

surrounding the watersheds (Metro Vancouver, 2014c).  Each of the reservoirs supplies 

approximately 33% of the geographical area of MV, with the remaining areas being 

supplied by groundwater aquifers.  This chapter will provide background information on 

MV’s tap water sources, treatment, and distribution system, as well as an OIPC 

estimated 18Oppt and δ2Hppt values for MV to see whether isotopic differences can be 

expected for tap water across the regional district. 

7.1. GVWD Watersheds 

Capilano watershed is located at latitude 49°22’47” and longitude 123°07’29” 

(GeoBC, 2013) and is situated closest to the coast.  As the weather system generally 

hits MV from the south-westernly direction (Environment Canada, 2014), Capilano 

receives the first phase of precipitation, followed by Seymour watershed at latitude 

49°27’12” and longitude 122°57’33” and Coquitlam watershed at latitude 49°24’15” and 

longitude 122°47’05”. 

The Capilano watershed was the first of the three watersheds to begin supplying 

water into MV and has been in operation since 1889 (Davis, 2011; Metro Vancouver, 

2014c).  In 1891, a water pipeline connecting Coquitlam Lake to New Westminster was 
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built, marking the beginning of the Coquitlam watershed.  The Seymour watershed was 

the last to begin its operation in 1908.  The residents of MV have been relying on tap 

water supplied by these watersheds for a little over a century. 

7.1.1. Water Treatment  

Tap water being supplied by the GVWD watersheds goes through a two-stage 

treatment process—primary and secondary disinfection.  Primary treatment occurs prior 

to water entering the distribution system. 

The Seymour-Capilano Filtration Plant was recently developed in December 

2009 and currently treats water from the Seymour reservoir (Metro Vancouver, 2014c).  

The filtration plant reduces water turbidity and removes unwanted microorganisms 

through filtration, ultraviolet disinfection and chlorination (Metro Vancouver, 2013).  A 

twin tunnel connecting Capilano and Seymour water is expected to be completed in 

2016 and will draw Capilano water into the Seymour-Capilano Filtration Plant to be 

treated along with Seymour water.  Currently, water from the Capilano reservoir is 

treated for bacterial and viral infections through the chlorination system.  The Coquitlam 

water treatment facility treats water through the combination of ozone and ultraviolet 

disinfection systems.  During the travel through the distribution system, tap water is 

prone to bacterial infection, and thus is treated at re-chlorination stations for secondary 

disinfection. 

7.1.2. Elevation of Surrounding Mountain Ranges 

The three watersheds store precipitation water that has fallen on mountain 

ranges surrounding these reservoirs.  According to data obtained from Google Earth 

(Google Inc., 2013) the peaks of these mountain ranges are similar for all reservoirs 

(Figure 7.1).  The exact error of elevation provided by Google Earth was not given, and 

thus the elevation data are only shown for comparison purposes. 
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Figure 7.1. Map of GVWD watersheds marked with approximate elevation (m) of 
surrounding mountains.  Elevation data were taken from Google Earth (Google Inc., 
2013).  It is evident here that the elevations of mountain ranges surrounding the three 
GVWD watersheds are all similar to each other. 
Note. Adapted from “Metro Vancouver Watershed” by Metro Vancouver, 2014, Retrieved from 

http://www.metrovancouver.org/region/teachers/fieldtrips/FieldTripPic/WatershedMap.png
.  Copyright 2014 by Metro Vancouver.  Adapted with permission. 

7.2. Groundwater  

While the majority of Vancouver’s drinking water is supplied by surface water 

runoffs, some areas rely on groundwater aquifer sources.  City of Whiterock, Corporation 

of Delta, City of Surrey and the Township of Langley draw drinking water from well water 

sources (Table 7.1).  City of Whiterock tap water is supplied 100% by EPCOR White 

Rock Water Inc., a water utility that has been supplying well water to residents of White 

Rock since 1913 (EPCOR, 2012).  The major groundwater source for White Rock water 

is the Sunnyside Uplands aquifer. 
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Figure 7.2. Map outlining the different aquifers for the Township of Langley.  This 
map demonstrates the complexity of groundwater reservoirs that are supplying well 
water to a single city. 
Note. Adapted from “Township of Langley Water Management Plan Final Report” by Township 

of Langley Inter-Agency Planning Team, 2009, p. 16.  Used with permission of the 
Township of Langley. 

7.2.1. Township of Langley 

Township of Langley is defined by the borders east of 276st, south of 0 Avenue 

and west of 196 St. and receives water from both surface water and groundwater 

(Township of Langley, 2014b).  The Township draws tap water from GVWD but is mainly 

supplied by the aquifers underlying the community (Figure 7.2).  Approximately 80% of 

tap water is supplied by groundwater through a number of municipal and community 

wells and more than 5000 private wells (Township of Langley, 2009).  In general, 

communities situated in the western part of the township are supplied by GVWD and 

eastern communities (i.e. Aldergrove) supplied by well waters.  Eighteen aquifers supply 

the Township of Langley with varying depths (Golder Associates Ltd., 2005), adding to 
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the already complex system (Figure 7.3).  Some communities in Township of Langley 

are supplied by groundwater that has been treated through sand filtration systems, while 

others rely on untreated wells (Township of Langley, 2014a). 

 
Figure 7.3. 3-Dimensional map of Township of Langley aquifers showing the 
differential depths of each aquifer, which adds to the already complex groundwater 
system when considering well water source. 
Note. Adapted from “Comprehensive Groundwater Modeling Assignment: Township of Langley” 

by Golder Associates Ltd., 2005.  Used with permission of the Township of Langley. 

7.3. Distribution of MV Tap Water 

The GVWD watersheds supply much of the regional district through a network of 

major water mains that run through the municipalities (Appendix B.).  A summary of 

water sources supplying tap water to each of the MV municipalities is shown in (Table 

7.1).  Information was obtained from Water Quality Reports submitted by each 

municipality. 
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Table 7.1. Summary of water sources supplying each MV municipality. 

Municipality Water Source Notes 

Village of Anmore Coquitlam   

Village of Belcarra Capilano, Seymour   

Bowen Island 
Municipality 

Other Owns and operates seven water systems.  
Remainder supplied by private communal 
water systems and wells. 

City of Burnaby Capilano, Seymour, 
Coquitlam 

  

City of Coquitlam Seymour, Coquitlam   

Corporation of Delta (North 
Delta, Ladner, Tsawwassen) 

Capilano, Seymour, 
Coquitlam, Well 

95% from GVWD; 5% from 3 artesian wells 
(Watershed Park) 

City of Langley Coquitlam   

Township of Langley Coquitlam, Well 18 aquifers 

Village of Lions Bay Other Sourced from two local creeks 

District of Maple Ridge Coquitlam   

City of New Westminster Seymour, Coquitlam   

City of North Vancouver Capilano, Seymour, 
Coquitlam 

 

District of North Vancouver Capilano, Seymour   

City of Pitt Meadows Coquitlam   

City of Port Coquitlam Coquitlam   

City of Port Moody Seymour, Coquitlam   

City of Richmond Capilano, Seymour   

City of Surrey Capilano, Seymour, 
Coquitlam, Well, EPCOR 

98% from GVWD; 86 properties from EPCOR 

City of Vancouver Capilano, Seymour, 
Coquitlam 

  

District of West Vancouver Capilano, Seymour, Other 50% supplied by Eagle Lake and 
Montizambert Creek 

City of Whiterock EPCOR   

University Endownmenta 
Lands 

Capilano, Seymour, 
Coquitlam  

  

Point Robertsa Seymour  

a Non-MV municipality but is also supplied by GVWD  
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7.3.1. A Flexible System 

The source of tap water that are distributed across MV may vary due to three 

main reasons—turbidity, water main construction, and municipality adjustments.  

Turbidity levels, or cloudiness of water, are monitored by GVWD to ensure water quality 

(Metro Vancouver, 2014c).  Turbidity levels can increase due to heavy rainfalls resulting 

in an introduction of large amounts of sediments or particles into the watersheds.  

Turbidity is more problematic at the Capilano and Seymour watersheds than at the 

Coquitlam watershed. When tap water coming from these watersheds is deemed 

unsafe, GVWD will adjust its distribution system by diverting Coquitlam water to those 

areas normally supplied by Capilano and Seymour. 

During construction of GVWD water mains, affected areas draw tap water from a 

different water main.  Each municipality is responsible for drawing its own water from the 

major GVWD water pipes.  According to Metro Vancouver, tap water is distributed by 

gravity through the main pipes that run down to municipalities within MV, where water 

distribution is then controlled and operated through individual municipality’s local water 

pipes (Metro Vancouver, personal communication, November 20, 2013).  Thus, although 

certain areas tend to receive water from one watershed as a primary source, the source 

of tap water supplying an area can vary daily and, at times, can change by the hour. 

7.4. δ18Oppt and δ2Hppt in MV Tap Water 

Isotopic data on MV precipitation is unavailable through the GNIP network.  To 

gain a general understanding of expected water values for MV, the OIPC was utilized.  

Annual OIPC precipitation data for each of the three GVWD watersheds are given in 

Table 7.2.  The geographical location and elevation of the three reservoirs produced 

similar isotopic values with Seymour being 0.1‰ more negative than Capilano and 

Coquitlam.  OIPC precipitation data were also generated for Vancouver, Langley and 

Point Roberts, and all three locations produced similar isotopic values. 



 

32 

Table 7.2. Latitude, longitude, elevation and calculated OIPC precipitation data for 
the three GVWD watersheds as well as for selected MV municipalities located at the 
extreme ends of the regional district for comparison purposes. 

    
Annual OIPC data (VSMOW) 

Location Latitudea  Longitudea Elevation (m) δ18Opptc  δ2Hpptc  

Seymour Lake 49.2712 122.5733 218b -11.3 -84 

Coquitlam Lake 49.2415 122.4705 152b -11.1 -83 

Capilano Lake 49.2247 123.0729 145b -11.2 -83 

Vancouver 49.1540 123.0650 1 -10.9 -81 

Langley 49.1044 122.5827 11e -10.8 -81 

Point Roberts 48.5907d 123.0441d 10d -10.7 -80 

a Data from GeoBC (2013); b Google Inc. (2013); c Bowen(2013); d (2014); e Interactive Broadcasting 
Corporation(2013) 

Yonge et al.’s (1989) precipitation data from the study on isotopes of precipitation 

in Southwestern Canada showed that isotopic values for Coquitlam Creek were -10.6‰ 

for δ18Oppt and -82‰ for δ2Hppt.  These values were slightly more positive than those for 

Cypress Creek that is geographically similar to the Capilano watershed, with -11.6‰ for 

δ18Oppt and -90‰ for δ2Hppt, as well as for Lynn Creek, situated below the Seymour 

watershed, with -11.8‰ for δ18Oppt and -90‰ for δ2Hppt.  The trend observed for δ18Oppt in 

Yonge et al.’s (1989) study is consistent with estimated OIPC values.  However, the 

pattern for δ2Hppt was inconsistent between the two with Cypress Creek and Lynn Creek 

showing equivalent values in Yonge et al.’s study whereas the OIPC produced equal 

values for Coquitlam Lake and Capilano Lake.  Thus a distinct isotopic pattern does not 

seem to exist for precipitation water at the three GVWD watersheds.  
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8. Research Question 

The main aim of this study is to determine the distribution of both δ18O and δ2H 

values of tap waters across a single regional district of MV that is supplied by multiple 

watersheds and aquifers.  According to precipitation values generated through OIPC, 

municipalities within MV seem to show isotopic values that are indistinguishable from 

each other.  However, slight differences were observed for the Coquitlam reservoir and 

the two other GVWD watersheds.  Furthermore, groundwater aquifers supply parts of 

MV and thus may influence the isotopic patterns of tap waters across the area.  The 

question then is whether tap water values can vary across a single city or district.  A 

higher geographical resolution to that of Bowen et al.’s (2007) study is necessary in 

order to answer this question.  If in fact tap water values are found to vary across a small 

geographical area, then assigning a single isotopic value to an area is inappropriate. 

Differences in isotopic values of tap water observed over a single district 

becomes useful for forensic victim identification as it could enable individuals from 

different parts of the area to show values in their tissues that are unique to the location in 

which consumption of water took place during the development of the particular tissue 

being analyzed.  MV was chosen as the site of analysis for the investigation into the 

isotopic patterns of tap water values as tap water is supplied by multiple sources.  This 

study will focus on answering the main research question: 

Research Question: What are the isotopic patterns of δ18O and δ2H in MV tap 

water and do the values differ enough to be useful for forensic investigations? 
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9. Materials and Methods 

9.1. Materials 

A total of 141 samples of tap water were collected for analysis of their δ18O 

and δ2H values.  Sampling sites were selected to evenly cover the geographical area of 

MV (Figure 9.1).  Of the total number of samples, six were collected from outside MV: 

Abbotsford (British Columbia), Whistler (British Columbia), Beaver Creek (Yukon), 

Whitehorse (Yukon), Point Roberts (Washington), and Fairbanks (Alaska), and were 

collected for comparison purposes. 

9.2. Ethics Permission 

Ethics approval was requested from the SFU Office of Research Ethics (ORE) 

prior to contact with volunteers for sample collection.  In review of the research proposal 

outlining the details of the sample collection process and the interaction with 

participants, SFU ORE has granted an exemption from the requirements of Research 

Ethics Review for this study. 

9.3. Sample Collection 

9.3.1. Tap water 

Tap water samples from different areas of MV were collected with the help of 

volunteers who were personally known to the principal investigator.  Volunteers were 

given a sample collection kit consisting of a single 30mL glass vial (Figure 9.2) and an 

instructions sheet (Figure A 1).  Volunteers were instructed to run the tap on cold water 

for approximately 20 seconds before filling and capping the glass vial to avoid mixing of 

water from hot water tanks.  Vials were filled completely to the top.  Volunteers were 
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then asked to store their samples in a refrigerator until retrieved by the principal 

investigator.  Information requested from the volunteers included the block address with 

postal code and date of collection. 

Volunteers across MV were asked to collect the tap water samples during the 

summer week of June 23 to June 29, 2013.  A total of 114 vials were given out to 

volunteers and 94 were retrieved for analyses.  The remaining 47 samples were 

collected by the principal investigator and 19 samples were collected outside of the 

collection week. 

9.3.2. Samples from Treatment Facilities 

In an effort to determine whether treatment of water has any effect on the 

isotopic compositions of treated tap water, two 30mL samples were taken for both raw 

and treated water at Seymour and Coquitlam watersheds.  Water treatment samples 

were collected in March 2014, several months after the collection of tap water samples.  

Although the water at the watersheds was not collected during the same time period as 

the rest of the tap water samples, reliability of the results is not of concern here since the 

offset between raw and treated should be consistent regardless of the time of year.  The 

Seymour treatment facility is expected to treat Capilano water once the Seymour-

Capilano Twin Tunnel is complete and thus the results obtained for Seymour treatment 

facility can also be applied to Capilano water in the future. 
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Figure 9.1. Map of sample collection sites. 
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9.4. Sample Storage 

All samples were collected in an airtight 8-dram short form style VWR 

borosilicate glass vial with phenolic screw on cap and polyvinyl-faced pulp liner to 

ensure no leakage of water during storage.  Samples were stored in a refrigerator at a 

lab in the Centre for Forensic Research at Simon Fraser University, immediately after 

retrieval.  The vials were checked for any signs of leakage or evaporation and presence 

of large air bubbles prior to storage. 

 
Figure 9.2. 30mL glass vial with sample number (#116) and uwEILAB label (314837). 

9.5. Sample Analysis 

Water samples were measured for their δ2Htap and δ18Otap values by off-axis 

integrated cavity output spectroscopy, a laser absorption technology, through the use of 

Los Gatos Triple Liquid Water Isotope Analyzer (LG-TLWIA-45-EP) connected to CTC 

Analytics PAL System PAL LC-xt Autosampler (Figure 9.3) at University of Waterloo 

Environmental Isotopes Laboratory (uwEILAB).  The advantage of utilizing the Triple 
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Liquid Water Isotope Analyzer (TLWIA) was that both δ2H and δ18O values could be 

obtained simultaneously.  The working standards used for δ2H and δ18O were that of Los 

Gatos Standards (LG STD) 1A, 2A, 3A, 4A and 5A.  All values are reported in the δ-

notation and normalized to VSMOW- SLAP and GISP standard.  The quoted precisions 

for δ2H and δ18O are ± 0.8‰ and ± 0.2‰, respectively. 

 
Figure 9.3. LG-TLWIA-45-EP and PAL LC-xt Autosampler. 

9.5.1. Instrument Check 

Prior to running the analysis, the instrument was calibrated to ensure that the 

laser was centered to the absorption graph (Figure 9.4).  A new septum was installed 

into the injection port before running every batch to ensure no leakage of atmospheric air 

into the equipment.  The injection port was set to a temperature of 100°C (Figure 9.5). 
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Figure 9.4 Laser absorption graph to check for alignment prior to analysis. 

 
Figure 9.5. Injection port set at 100°C. 
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9.5.2. Sample Preparation 

The samples were prepared by pipetting 400μL of each standard and sample into 

a 1.4mL vial and capped with a Mini-UniPrep syringeless nylon filter media with 

polypropylene housing and pore size of 0.45μm to ensure removal of any foreign 

particulates.  The vials were loaded onto a tray with a replicate of every fifth sample for 

the purpose of checking the reproducibility of samples.  Each tray held a batch 

consisting of 54 vials (Figure 9.6).  Each of the five standards was similarly prepared 

onto a separate tray. 

 
Figure 9.6. A tray of samples that was loaded on to the autosampler. 

9.5.3. LG-TLWIA  

The tray of samples was placed onto the autosampler in preparation for running 

the analysis.  LG-TLWIA program was manually set up to run 2 preparation injections 

and 6 analysis injections per sample, analyzing 3 tap water samples in between analysis 
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of standards.  1μL of sample was injected into the machine through the injection port by 

a 1.2μL syringe on the autosampler.  Once data were collected, TLWIA Post Analysis 

Software was utilized for the data correction process. 

9.6. Source Water Information 

The three major watersheds—Capilano, Seymour, and Coquitlam— supply the 

majority of MV’s drinking water.  The water source information was obtained from 

GVWD, with data on the “most likely source that could have supplied water to the postal 

code area of the collection sites” (J. Rich, Metro Vancouver, personal communication, 

November 20, 2013).  While GVWD supplies drinking water to municipalities across MV 

via their main pipes, each municipality has the flexibility of drawing water from the mains 

to their local pipes by simply adjusting the valves.  It is an active system with the main 

pipes emptying and refreshing their water source up to three times a day.  The water 

source provided to a certain locale may differ from time to time, even changing by the 

hour, depending on demand and water quality that is often affected by elevated levels of 

turbidity.  Thus, the transit time from the main pipes to its final destination can vary 

periodically. 

9.7. Data Analysis 

9.7.1. Statistical Analysis 

In order to determine whether significant isotopic differences were observed for 

tap water samples provided by different water sources, independent t-tests were 

performed using SPSS Statistics 2, at the 99% level of confidence.  All calculations and 

generation of graphs were carried out in Microsoft Excel for Mac 2011. 

9.7.2. Air Temperature at GVWD Watershed Monitoring Stations 

Temperature is known to have an influence on isotopic fractionation of water 

molecules, and thus it is important to have an understanding of the atmospheric 

temperatures surrounding GVWD’s three major watersheds.  Air temperature data for 
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monitoring stations at GVWD’s watersheds were retrieved from MV through its secure 

file-transferring network (SSH File Transfer Protocol) (Metro Vancouver, 2014b).  All 

data retrieved from the MV SFTP site are raw and unapproved and thus will only be 

used for comparison purposes. 

Data on atmospheric temperature for monitoring stations surrounding each 

reservoir were obtained for comparison purposes.  Data were retrieved from stations that 

are located at high elevations of over 800m, at low elevations less than 300m and at the 

reservoirs themselves.  Selected stations for the Capilano watershed were Palisade 

Lake Station (PALISADE) located at an elevation of 880m, Capilano River at Mid Valley 

Station (CAPMV) at an elevation of 305m and Capilano Raft (CAPRAFT), a reservoir 

station, with a fluctuation elevation of approximately 146m.  Those selected for the 

Seymour watershed were Orchid Lake Snow Study Station (ORCHID) at 1190m, 

Seymour River at the Crossing (SEYMC) at 320m and a reservoir station, Seymour Raft 

(SEYRAFT), with a fluctuating elevation of 213m.  Finally, stations selected for the 

Coquitlam reservoir were Coquitlam Snow Study Station (DISAPPOINTMENT) at 

1180m, Cedar Creek (CEDARCK) at 150m and Coq Raft 3 (COQRAFT3), a reservoir 

station with a fluctuating elevation of 154.6m. 

Mean atmospheric temperatures for each month during the period of September 

2012 to April 2013 were determined for all selected monitoring stations.  This time period 

was specifically chosen to reflect the compositions of water at these reservoirs that were 

most likely supplying tap water during the summer months of 2013 when the tap water 

samples were collected for this study.  The amount of precipitation is at its highest during 

the winter months in MV and thus GVWD reservoirs are primarily provided by a mixture 

of precipitation from these months.  Due to erroneous and missing values in the MV 

SFTP,  data from the SFTP database were used merely as a means for comparison of 

relative atmospheric temperature between the watersheds that may potentially have an 

influence on the outcome of isotopic values of tap waters collected across MV. 

9.7.3. GNIP Precipitation Data  

While there are numerous GNIP collecting stations located across Canada, no 

station exists for MV, and thus no precipitation data are available for direct comparison 
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with MV tap water values obtained from this study.  While isotopic values of tap water 

may not be identical to those of local precipitation values, tap water is composed of 

mixtures of meteoric water, whether it is from glacial runoffs, surface runoffs or 

groundwater.  In the interest of comparing tap water values to raw precipitation values, 

data from four GNIP collecting stations in Canada, that are geographically related to MV, 

were analyzed. 

GNIP data from collecting stations in Victoria (British Columbia), Calgary 

(Alberta), Whitehorse (Yukon), and Fort Smith (Yukon) were obtained from WISER.  

Data were available for the time periods between 1975 to 1982 for Victoria, 1992 to 2001 

for Calgary, 1960 to 1990 for Whitehorse and 1960 to 1990 for Forth Smith.  Amount-

weighted monthly mean precipitation values of δ18O and δ2H for the months of 

September to April were taken for each location and average values were calculated 

from these temperatures.  The months receiving the most amount of precipitation were 

once again specifically chosen in order to gain an understanding of the most likely 

isotopic compositions of reservoirs supplying tap waters to those areas during the 

summer months. 
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10. Results 

Raw data on δ18Otap and δ2Htap values for all analyzed tap water samples are 

presented in Table 10.1 along with information on sampling site, date of sample 

collection and water source information obtained from GVWD.  Tap water samples that 

were not supplied by the GVWD watersheds are labeled as “Indeterminate”. 

10.1. δ18Otap and δ2Htap 

δ18Otap in all MV tap water samples averaged -13.1‰ with a standard deviation of 

0.9‰, a variability that is greater than the analytical uncertainty of 0.2‰ (range = -14.6‰ 

to -9.3‰).  Non-MV tap water samples gave a more negative value with δ18Otap of -

16.1‰ for Whistler, -19.1‰ for Whitehorse, -20.9‰ for Fairbanks, and -22.6‰ for 

Beaver Creek, as expected for locations of higher latitude. 

δ2Htap in all MV tap water samples spanned a wide range of -98.9‰ to -69.6‰ 

with a mean value of -93.6‰ and a standard deviation of 5.4‰ that is also greater than 

the instrumental error of 0.8‰.  Similar to δ18Otap, δ2Htap of non-MV samples gave more 

negative values with δ2Htap of -119.3‰ for Whistler, -149.6‰ for Whitehorse, -164.5‰ 

for Fairbanks, and -177.0‰ for Beaver Creek. 

δ18Otap and δ2Htap in Abbotsford tap water (δ18Otap = -11.1‰; δ2Htap = -82.4‰) and 

Point Roberts (δ18Otap = -12.9‰; δ2Htap = -95.6‰) fell within the range of MV values.  The 

tap water sample from Abbotsford was taken from a regional park that is located 

geographically adjacent to the Township of Langley.  Therefore, as is suggested by its 

isotopic values, it is highly probable that the source of tap water may be from one of the 

Township of Langley aquifers.  
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Isotopic patterns of δ18Otap and δ2Htap can be observed across MV and can be 

linked to the water distribution system.  The Jenk’s natural break method was applied to 

generate the gradient maps (Figure 10.1. and Figure 10.2) where data are clustered by 

maximizing the differences between classes and minimizing the variation within each 

class.  The number of classes was set at four to reflect the number of major water 

sources that are supplying MV.  The group with the lightest isotopic values can be linked 

to the Seymour reservoir, followed by the Capilano reservoir, Coquitlam reservoir and 

the well water group having the most positive isotopic values.  The source of water at 

each sampling site can be predicted from the groups.  

Isotopic values of tap water samples that were retrieved within MV are distinctly 

clustered away from the remaining samples, with the exception of Abbotsford tap water, 

which is within the isotopic range for MV samples (Figure 10.3).  

According to the water source data given by GVWD (Appendix C.), the tap water 

sample from Point Roberts was supplied by Seymour, and thus explains the similarity in 

its value to MV values regardless of the city being a part of the United States.  Since 

Point Roberts receives tap water from GVWD, isotopic values of their tap water will be 

treated as being a part of MV for all subsequent analysis.  

Table 10.1. δ18Otap and δ2Htap data for all analyzed samples with information on 
location, collection date and water source. 

Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 
1 Vancouver 23-Jun-13 Seymour -13.9 -98.3 

2 Vancouver 26-Jun-13 Seymour -13.9 -98.5 

3 Richmond 25-Jun-13 Capilano/Seymour mix -13.7 -96.9 

4 Burnaby 23-Jun-13 Seymour -13.9 -98.6 

5 Langley 24-Jun-13 Coquitlam -12.9 -90.2 

6 Burnaby 26-Jun-13 Indeterminate -13.5 -96.0 

7 Vancouver 26-Jun-13 Seymour -13.7 -98.5 

8 Surrey 27-Jun-13 Indeterminate -12.7 -90.1 

9 Vancouver 27-Jun-13 Capilano -13.2 -94.8 

10 Richmond 23-Jun-13 Seymour -13.6 -97.6 
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Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 

11 Surrey 27-Jun-13 Seymour -13.0 -93.5 

12 Vancouver 27-Jun-13 Capilano -13.4 -96.7 

13 Vancouver 27-Jun-13 Capilano -13.1 -95.4 

14 Vancouver 27-Jun-13 Capilano -13.5 -96.2 

15 Surrey 28-Jun-13 Seymour -13.8 -98.0 

17 Port Moody 27-Jun-13 Indeterminate -12.9 -90.3 

18 Burnaby 24-Jun-13 Seymour -13.6 -95.8 

19 Vancouver 24-Jun-13 Seymour -13.5 -97.5 

20 Richmond 24-Jun-13 Seymour -13.2 -94.8 

21 Coquitlam 23-Jun-13 Indeterminate -13.7 -98.3 

22 Coquitlam 27-Jun-13 Coquitlam -12.7 -89.9 

23 Coquitlam 26-Jun-13 Coquitlam -12.5 -90.2 

25 Langley 25-Jun-13 Coquitlam -12.7 -90.4 

26 North Vancouver 24-Jun-13 Capilano -13.4 -95.4 

27 Burnaby 24-Jun-13 Capilano/Seymour mix -13.5 -95.9 

28 Burnaby 26-Jun-13 Seymour -13.6 -96.8 

32 North Vancouver 26-Jun-13 Capilano -13.7 -96.1 

33 North Vancouver 26-Jun-13 Indeterminate -14.1 -98.9 

34 North Vancouver 23-Jun-13 Seymour -13.8 -98.4 

37 Vancouver 25-Jun-13 Seymour -13.2 -95.4 

38 Surrey 23-Jun-13 Coquitlam -13.1 -90.6 

39 Maple Ridge 24-Jun-13 Coquitlam -12.2 -88.5 

40 Vancouver 25-Jun-13 Capilano -13.5 -95.8 

41 Vancouver 28-Jun-13 Capilano -13.3 -95.2 

42 Vancouver 26-Jun-13 Capilano -13.2 -95.2 

43 Richmond 25-Jun-13 Capilano/Seymour mix -13.6 -97.4 

44 Richmond 28-Jun-13 Capilano/Seymour mix -13.3 -97.1 

45 Vancouver 29-Jun-13 Capilano -13.4 -98.1 

46 Vancouver 27-Jun-13 Capilano -13.2 -96.8 

47 White Rock 25-Jun-13 Indeterminate -11.0 -77.9 

48 Vancouver 26-Jun-13 Capilano -12.5 -95.3 
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Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 

49 Surrey 28-Jun-13 Indeterminate -13.2 -98.2 

50 Port Moody 23-Jun-13 Coquitlam -12.2 -90.0 

51 Richmond 27-Jun-13 Capilano/Seymour mix -13.5 -97.6 

52 Richmond 28-Jun-13 Capilano/Seymour mix -14.1 -97.3 

53 Delta 24-Jun-13 Well -13.4 -95.2 

54 Delta 24-Jun-13 Seymour -14.2 -98.9 

55 Delta 24-Jun-13 Well -13.6 -95.1 

56 Delta 28-Jun-13 Capilano/Seymour mix -13.6 -95.4 

57 West Vancouver 24-Jun-13 Capilano -13.3 -93.4 

58 Burnaby 25-Jun-13 Seymour -14.0 -98.7 

59 Vancouver 27-Jun-13 Indeterminate -13.8 -98.8 

60 Vancouver 25-Jun-13 Capilano -13.4 -96.1 

61 Maple Ridge 25-Jun-13 Coquitlam -12.7 -90.3 

62 Maple Ridge 24-Jun-13 Well -12.5 -89.8 

64 Coquitlam 26-Jun-13 Coquitlam -12.6 -90.7 

65 Ladner 26-Jun-13 Indeterminate -12.9 -97.9 

66 North Vancouver 24-Jun-13 Indeterminate -13.9 -98.1 

67 Surrey 26-Jun-13 Seymour/ Coquitlam mix -12.0 -93.4 

68 White Rock 27-Jun-13 Indeterminate -13.1 -90.0 

69 New Westminster 27-Jun-13 Coquitlam -13.2 -89.8 

70 Port Moody 25-Jun-13 Coquitlam -13.0 -89.8 

71 Vancouver 28-Jun-13 Indeterminate -13.8 -98.3 

72 Richmond 28-Jun-13 Capilano/Seymour mix -13.7 -97.4 

73 Vancouver 24-Jun-13 Capilano -12.9 -95.0 

74 Langley 23-Jun-13 Coquitlam -12.4 -90.3 

75 Langley 23-Jun-13 Well -11.0 -83.4 

76 Langley 23-Jun-13 Well -10.8 -81.6 

77 Aldergrove 23-Jun-13 Well -10.7 -80.5 

78 Aldergrove 23-Jun-13 Well -10.9 -80.5 

79 Abbotsford 23-Jun-13 Source info unavailable -11.1 -82.4 

80 Langley 23-Jun-13 Indeterminate -10.6 -81.2 
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Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 

81 Surrey 23-Jun-13 Coquitlam -12.1 -89.2 

82 Langley 23-Jun-13 Well -9.3 -69.6 

83 Langley 23-Jun-13 Coquitlam -11.3 -83.4 

84 Surrey 23-Jun-13 Coquitlam -13.1 -90.2 

85 Maple Ridge 23-Jun-13 Coquitlam -12.9 -89.3 

86 Langley 23-Jun-13 Coquitlam -13.1 -89.8 

87 Delta 25-Jun-13 Well -14.3 -98.4 

88 Port Coquitlam 23-Jun-13 Coquitlam -12.9 -89.5 

89 Surrey 25-Jun-13 Coquitlam -12.7 -89.1 

90 Surrey 25-Jun-13 Seymour -13.6 -98.0 
91 Richmond 25-Jun-13 Capilano/Seymour mix -13.0 -96.8 

92 Richmond 25-Jun-13 Capilano/Seymour mix -13.3 -97.6 

93 New Westminster 25-Jun-13 Coquitlam -11.7 -89.8 

94 Surrey 25-Jun-13 Seymour -13.0 -97.7 

95 Surrey 25-Jun-13 Coquitlam -12.6 -90.3 

96 Surrey 25-Jun-13 Seymour -13.8 -98.4 

97 Vancouver 26-Jun-13 Seymour -13.5 -96.3 

98 Richmond 25-Jun-13 Capilano/Seymour mix -14.1 -97.8 

99 Surrey 25-Jun-13 Indeterminate -14.2 -98.6 

100 Vancouver 28-Jun-13 Seymour -13.9 -98.1 

101 Vancouver 28-Jun-13 Seymour -14.1 -98.2 

103 Vancouver 23-Jun-13 Capilano -13.7 -95.4 

104 New Westminster 28-Jun-13 Coquitlam -13.2 -90.8 

105 New Westminster 28-Jun-13 Coquitlam -14.0 -98.4 

106 Surrey 27-Jun-13 Coquitlam -13.5 -97.0 

107 Coquitlam 29-Jun-13 Indeterminate -13.3 -97.8 

108 Surrey 27-Jun-13 Seymour -13.5 -98.2 

109 Point Roberts 31-Jul-13 Seymour -12.9 -95.6 

111 Burnaby 29-Jun-13 Seymour -13.2 -98.7 

112 Richmond 01-Aug-13 Capilano -12.2 -94.6 

113 Coquitlam 28-Jun-13 Coquitlam -11.7 -90.4 
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Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 

114 Langley 24-Jun-13 Well -11.5 -81.3 

115 Burnaby 26-Jun-13 Seymour -13.8 -98.7 

116 Pitt Meadows 29-Jun-13 Coquitlam -12.8 -91.2 

117 Burnaby 24-Jun-13 Seymour -13.4 -97.9 

118 North Vancouver 27-Jun-13 Seymour -13.3 -97.8 

119 Vancouver 27-Jun-13 Indeterminate -12.9 -94.8 

120 West Vancouver 27-Jun-13 Indeterminate -13.3 -95.4 

121 North Vancouver 27-Jun-13 Capilano -13.0 -94.7 

122 Port Coquitlam 29-Jun-13 Coquitlam -12.2 -88.8 

123 North Vancouver 07-Aug-13 Seymour -13.3 -94.9 

124 Surrey 25-Jun-13 Coquitlam -12.5 -88.4 

125 Vancouver 26-Jun-13 Seymour -14.6 -97.9 

126 Surrey 25-Jun-13 Seymour -14.1 -97.2 

127 Burnaby 26-Jun-13 Seymour -13.8 -98.6 

130 Delta 25-Jun-13 Seymour -13.7 -97.9 

131 Vancouver 25-Jun-13 Capilano/Seymour mix -13.4 -95.7 

132 North Vancouver 27-Jun-13 Capilano -13.5 -95.8 

133 Burnaby 26-Jun-13 Seymour -13.7 -98.1 

134 Vancouver 26-Jun-13 Capilano -13.7 -96.5 

135 New Westminster 26-Jun-13 Seymour -13.8 -98.2 
136 Vancouver 26-Jun-13 Capilano -13.6 -95.3 

137 West Vancouver 27-Jun-13 Indeterminate -12.5 -87.7 

138 North Vancouver  29-Jul-13 Seymour -13.6 -96.4 

143 Whitehorse 04-Aug-13 Source info unavailable -19.1 -149.6 

144 Port Coquitlam 31-Jul-13 Coquitlam -12.5 -90.4 

145 Surrey 28-Jul-13 Coquitlam -10.6 -78.0 

146 Burnaby 28-Jul-13 Seymour -13.6 -96.5 

147 Maple Ridge 31-Jul-13 Coquitlam -12.7 -90.1 

148 Surrey 28-Jul-13 Coquitlam -12.9 -91.3 

149 Langley 28-Jul-13 Coquitlam -12.5 -89.6 

150 Langley 28-Jul-13 Well -11.3 -81.8 
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Sample 
# 

Municipality Collection 
Date 

Water Source as Given 
by GVWD 

δ18Otap 
(‰) 

VSMOW 

δ2Htap 
(‰) 

VSMOW 

151 Surrey 28-Jul-13 Coquitlam -13.1 -93.8 

152 Richmond 28-Jul-13 Capilano -13.1 -95.1 

153 Langley 28-Jul-13 Coquitlam -12.7 -90.0 

154 Langley 28-Jul-13 Well -11.3 -82.2 

155 Whistler 18-Aug-13 Source info unavailable -16.1 -119.3 

160 Fairbanks, Alaska 19-Aug-13 Source info unavailable -20.9 -164.5 

161 Beaver Creek Yukon Aug-13 Source info unavailable -22.6 -177.0 
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Figure 10.1. Gradient map of δ18O (‰) VSMOW values of MV tap water samples.   
Note: Values were grouped according to the Jenk’s natural breaks method.  The groups can 

suggest the possible sources of each tap water sample where the lightest isotopic values 
can be linked to the Seymour reservoir, followed by the Capilano reservoir, Coquitlam 
reservoir and the well water group having the most positive isotopic values. 

²
0 5 102.5 Kilometers

-14.6 - -13.6

-13.5 - -13.0

-12.9 - -12.1

-12.0 - -9.3

18O Samples

Surrey
Delta

Township of
Langley

Maple Ridge

District of
North Vancouver

Coquitlam

Vancouver Burnaby

Richmond

West Vancouver

Pitt
Meadows

Abbotsford

Port Moody

Port
Coquitlam

City of
North Vancouver

Anmore

City of
Langley

New Westminster

White Rock

Belcarra

Lions
Bay



 

52 

 
Figure 10.2. Gradient map of δ2H (‰) VSMOW values of MV tap water samples.   
Note: Values were grouped according to the Jenk’s natural breaks method.  The groups can 

suggest the possible sources of each tap water sample where the lightest isotopic values 
can be linked to the Seymour reservoir, followed by the Capilano reservoir, Coquitlam 
reservoir and the well water group having the most positive isotopic values. 
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Figure 10.3. δ18O versus δ2H plot of all 141 collected tap water samples categorized 
by water source.  MV tap water with an unknown source is categorized as 
"indeterminate".  Water source information for samples outside of MV - Abbotsford, 
Whistler, Whitehorse, Beaver Creek and Fairbanks - were not obtained.  Inset: MV 
samples are depicted as a linear trend line and show a clear separation from the rest of 
the samples. 

10.2. Isotopic Values by MV Municipalities 

Enrichment of δ18O and δ2H in MV tap water is observed with the distance from 

coast, in the west to east direction.  Table 10.2 shows the mean values of δ18Otap and 

δ2Htap for each municipality within MV.  Tap water collected from the Corporation of Delta 

had the most negative mean δ18Otap value of -13.8‰ ± 0.4, and Aldergrove showed the 

most positive mean value at -10.8‰ ± 0.2.  Ladner showed the most negative δ2Htap 

value at -97.9‰, although only a single sample was collected from that community.  12 

samples from the City of Burnaby gave the most depleted average at -97.5‰ ± 1.2 for 

δ2Htap, and Aldergrove had the most positive mean δ2Htap value with -80.5‰. 
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Table 10.2. Mean and standard deviation of δ18Otap and δ2Htap for each MV 
municipality. 

Municipality N 
δ18Otap (‰) VSMOW 
Mean ± SD 

δ2Htap (‰) VSMOW 
Mean ± SD 

Aldergrove 2 -10.8 ± 0.2 -80.5 

Langley 14 -11.7 ± 1.1 -84.6 ± 5.9 

White Rock 2 -12.0 ± 1.5 -84.0 ± 8.6 

Port Coquitlam 3 -12.5 ± 0.3 -89.6 ± 0.8 

Maple Ridge 5 -12.6 ± 0.3 -89.6 ± 0.7 

Port Moody 3 -12.7 ± 0.4 -90.0 ± 0.3 

Coquitlam 6 -12.8 ± 0.7 -92.9 ± 4.0 

Pitt Meadows 1 -12.8 -91.2 

Point Roberts 1 -12.9 -95.6 

Ladner 1 -12.9 -97.9 

Surrey 21 -13.0 ± 0.8 -93.3 ± 5.1 

West Vancouver 3 -13.0 ± 0.5 -92.1 ± 4.0 

New Westminster 5 -13.2 ± 0.9 -93.4 ± 4.5 

Richmond 13 -13.4 ± 0.5 -96.8 ± 1.1 

Vancouver 28 -13.5 ± 0.4 -96.6 ± 1.4 

North Vancouver 10 -13.6 ± 0.3 -96.6 ± 1.5 

Burnaby 12 -13.6 ± 0.2 -97.5 ± 1.2 

Delta 6 -13.8 ± 0.4 -96.8 ± 1.8 

Metro Vancouver 136 -13.1 ± 0.9 -93.6 ± 5.4 
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10.3. Isotopic Values By Water Source 

The isotopic values of tap waters from each water source seem to cluster within 

an isotopic range that is specific to each water source (Figure 10.4).  Samples from the 

Seymour reservoir are clustered around more negative isotopic values compared to 

other sources, while well water samples are clustered around comparatively more 

positive values. 

Samples with indeterminate water sources are spread out evenly but are 

clustered along with samples from each GVWD water source.  A few samples from the 

Coquitlam reservoir and well water are deviated away from their group and thus seem to 

suggest the existence of outliers (Figure 10.5). 

 
Figure 10.4. δ18O versus δ2H plot of all tap water samples collected across MV 
categorized by water source including mixed water source and indeterminate water.  MV 
water with an unknown source is categorized as "indeterminate". 
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10.3.1. Outliers 

Samples with isotopic values that were not consistent or not clustered with other 

samples from the same reservoir were considered to be outliers.  Five samples identified 

to be from well water (Sample #53, 55, 62, 82 and 87) and five from Coquitlam (Sample 

# 83, 105, 106, 145 and 151) were marked as outliers (Figure 10.5). 

A map of MV marked with tap water collection sites and its most likely water 

source was obtained from GVWD for this study (Appendix C).  The collection sites were 

correctly marked on the map, with the exception of three sampling sites.  Well water 

outlier samples #53, 55 and 62 were not marked on the correct geographical location in 

which sampling took place.  The isotopic values of these samples showed 

inconsistencies with well water sources and thus have been identified to be outliers.  The 

samples were collected from an area in close proximity to GVWD water mains, and thus 

are more likely to have been supplied by a GVWD reservoir.  The two other well water 

outliers were correctly marked on the map.  All five Coquitlam outlier samples were 

collected from areas that were supplied by multiple water sources and thus are likely to 

have been supplied by a non-Coquitlam water source as shown in their isotopic 

compositions. 
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Figure 10.5. δ18O versus δ2H plot of tap water samples collected across MV 
categorized by water source, excluding those with mixed water sources and those with 
indeterminate sources.  Isotopic values are clustered together for each reservoir.  
Coquitlam and well water show a clear separation from those water samples supplied by 
Capilano and Seymour reservoirs.  An outlier is defined as a value that appears to lie 
outside of the isotopic range for its water source compared to others. 

Major Reservoirs 

Table 10.3 provides a summary of the range, mean and standard deviation of 

δ18O and δ2H values of MV tap water samples for each water source.  Water samples 

that were provided by the Seymour watershed showed the most negative value for both 

δ18Otap and δ2Htap with a mean of -13.6‰ ± 0.4 and -97.5‰ ± 1.3, respectively.  Capilano 

water gave mean isotopic values of -13.3‰ ± 0.4 for δ18Otap and -95.6‰ ± 1.0 for δ2Htap.  

Since Coquitlam and well water sources contained outliers, mean values were 

calculated for both with and without the inclusion of outliers.  The exclusion of outliers 

lowered the standard deviation from the mean for both Coquitlam and well water 
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sources, as well as the mean values for well water.  The mean isotopic values for 

Coquitlam water remained unchanged. 

 Table 10.3. Range and Mean ± standard deviation of δ18O and δ2H of tap water 
samples for each water source. 

Water Source N   δ18Otap (‰) VSMOW δ2Htap (‰) VSMOW 

    Range Mean ± SD  Range Mean ± SD 
Capilano 22 -13.7 to -12.2 -13.3 ± 0.4 -98.1 to -93.4 -95.6 ± 1.0 

Seymour 36 -14.6 to -12.9 -13.6 ± 0.4 -98.8 to -93.5 -97.5 ± 1.3 

Coquitlam 35 -14.0 to -10.6 -12.6 ± 0.6 -98.4 to -78.0 -90.0 ± 3.1 

Coquitlam *excluding 
outliers 30 -13.2 to -11.7 -12.6 ± 0.4 -91.3 to -88.4 -90.0 ± 0.7 

Well 12 -14.3 to -9.3 -11.7 ± 1.4 -98.4 to -69.5 -84.9 ± 8.2 

Well *excluding outliers 7 -11.5 to -10.7 -11.1 ± 0.3 -83.4 to -80.5 -81.6 ± 1.0 

Capilano/Seymour mix 12 -14.1 to -13.0 -13.6 ± 0.3 -97.8 to -95.4 -96.9 ± 0.8 

Seymour/Coquitlam mix 1 -12.0 -12.0 -93.4 -93.4 

All GVWD Watersheds 106 -14.6 to -10.6 -13.2 ± 0.6 -98.8 to -78.0 -94.5 ± 3.8 

All GVWD Watersheds 

*excluding two 
Coquitlam outliers  104 -14.6 to -11.7 -13.2 ± 0.6 -98.8 to -88.4 -94.8 ± 3.3 

All MV Water Sources 117 -14.6 to -9.3 -13.0 ± 0.9 -98.8 to -69.5 -93.5 ± 5.3 

 

A graphical representation of calculated values of mean and standard deviation 

of δ18Otap and δ2Htap for each water source (excluding Coquitlam and well water outliers) 

is shown in Figure 10.6.  Errors bars represent standard deviation from the mean.  It is 

evident that there is a clear separation between each tap water source. 

Certain areas within MV were supplied by a mixed water source, either a mixture 

of Capilano and Seymour water or Seymour and Coquitlam water.  The isotopic values 

lie in between those of the two main reservoirs, with the exception of δ18Otap in the 

Seymour and Coquitlam mixed water source.  It must be noted, however, that only one 

sample had a Seymour and Coquitlam mixed water source and thus the mean value was 

derived from a single sample.  
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Figure 10.6. Average δ18O and δ2H values of tap water samples collected across MV 
categorized by water source.  The error bars denote the standard deviation from the 
mean.  Five of the samples identified to be from the Coquitlam reservoir were marked as 
outliers (Sample #: 83, 105, 106, 145, 151) and were not included for the calculations of 
mean and standard deviation.  Additionally, five samples that were identified to be well 
water were also marked as outliers (Sample #: 53, 55, 62, 82, 87) and were not part of 
the calculations.  MV tap waters with unknown sources, or "indeterminates", have been 
excluded.  It is evident that there is a good separation between different water sources.  
Mixed water values from Capilano and Seymour reservoirs fall in between their two 
origins as expected; however, δ18Otap in mixed water from Seymour and Coquitlam 
reservoirs falls outside the expected range with a more enriched value. 
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10.4. GVWD Watersheds 

δ18O and δ2H values of tap water provided by the three GVWD reservoirs were 

distinctly different from that of groundwater (Figure 10.6) and the isotopic values of 

Coquitlam water were isolated from the remaining two reservoirs.  A graphical 

comparison of the three major GVWD watersheds is shown in Figure 10.7 with an 

exclusion of outliers for Coquitlam water.  Isotopic values of Capilano and Seymour 

water (Figure 10.7 a) overlap with one another, but are clearly distinguishable from 

Coquitlam water (Figure 10.7 b, c). 

To assess whether these reservoirs are statistically significantly different from 

each other, independent t-tests were performed on the mean values of δ18Otap and 

δ2Htap.  A comparison of isotopic values between the different reservoirs showed that 

there was a significant difference in mean δ18Otap value of Capilano water (M = -13.3‰, 

SD = 0.4‰) and Seymour water (M = -13.6‰, SD = 0.4‰); t (56) = 3.931, p < 0.01 as 

well as significant differences in mean δ2Htap values of Capilano (M = -95.6‰, SD = 

1.0‰) and Seymour (M = -97.5‰, SD = 1.3‰); t (56) = 5.766, p < 0.01.  Independent t-

tests for mean δ18Otap (M = -12.6‰, SD = 0.4‰) and δ2Htap (M = -90.0‰, SD = 0.7‰) in 

Coquiltam water showed that they were also significantly different from Capilano water 

at t (50) = 5.992, p < 0.01 and t (50) = 24.574, p < 0.01, respectively.  Furthermore, 

comparison with mean isotopic values of Seymour water produced t (64) = 11.064, p < 

0.01 for δ18Otap and t (64) = 27.972, p < 0.01 for δ2Htap, showing significant differences. 
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Tap Water Samples from GVWD Watersheds 

a b c 

Figure 10.7. Comparison of δ18O versus δ2H of water samples from the three GVWD 
watersheds.  Independent samples t-test showed that isotopic values of these 
watersheds were significantly different from each other: a) Capilano and Seymour 
(δ18Otap: independent t (56) = 3.931, p < 0.01; δ2Htap: independent t (56) = 5.766, p < 
0.01); b) Seymour and Coquitlam (δ18Otap: independent t (64) = 11.064, p < 0.01; δ2Htap: 
independent t (64) = 27.972, p < 0.01); and c) Capilano and Coquitlam (δ18Otap: 
independent t (50) = 5.992, p < 0.01; δ2Htap: independent t (50) = 24.574, p < 0.01).  
Some overlap of data can be observed for Capilano and Seymour reservoirs (a) but are 
distinguishable from Coquitlam samples (b,c).  Outliers have been excluded from this 
graph. 

10.5. Air Temperature at Watershed Monitoring Stations 

Monthly mean air temperatures at selected monitoring stations for each of the 

three GVWD watersheds during the time period of September 2012 to April 2013 were 

graphed for comparison (Figure 10.8).  All three watersheds showed a similar trend with 

a low point in either December or January, with an exception of Coq Raft 3 having a 

steady temperature throughout the time period.  None of the watersheds showed 

temperatures below -5°C and no significant differences in absolute temperatures were 

observed.  The highest mean temperature was that at Orchid Lake Snow Study Station 

for the Seymour watershed in the month of September 2012 at 19.8°C. 
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Monthly Mean Temperature at Select Monitoring Stations  

(September 2012 to April 2013) 

Capilano Seymour Coquitlam 

a b c 

Figure 10.8. Comparison of monthly mean atmospheric temperature for the months of 
September 2012 to April 2013 at selected GVWD Watersheds' monitoring stations at a) 
Capilano, b) Seymour and c) Coquitlam.  This time period was specifically chosen to 
reflect the compositions of tap water samples that were collected in June and July of 
2013.  The amount of precipitation is at its highest during the winter months and thus 
GVWD reservoirs are primarily provided by precipitation in these months.  Temperature 
for all stations, with the exception of Coq Raft 3, follows a similar trend as it dips down to 
near or below zero degrees during the months of December and January as expected, 
followed by a continued increase in temperature during the subsequent months.  Data 
were acquired from Metro Vancouver (2014b). 

10.6. Meteoric Water Line 

A comparison of relationships between δ18Otap and δ2Htap at different 

geographical resolutions are shown in Figure 10.9.  A simple linear regression was run 

through the isotopic data for all collected tap water samples, and yielded a relationship 

of δ2 Htap = 7.7‰ δ18Otap - 7.1‰, R2 = 0.93, n = 141 (Figure 10.9 a).  This relationship was 

fairly consistent with the GMWL, as is expected for samples retrieved at various 

latitudinal areas.  A relationship of δ2 Htap = 5.7‰ δ18Otap – 19.7‰, R2 = 0.86‰, n = 136 

was obtained for MV tap water samples (Figure 10.9 b), which showed a shift in the y-

intercept, as well as a less steeper slope when compared to Figure 10.9 a.  Finally, a 

regression through values obtained from each of the MV tap water sources, excluding all 

outliers, showed even more negative slopes (Figure 10.9 c). 
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The isotopic relationships for well water samples was δ2Htap = 0.8‰ δ18Otap – 

72.4‰, R2 = 0.06, δ2Htap = 0.5‰ δ18Otap – 83.4‰, R2 = 0.08 for Coquitlam water, δ2Htap = 

1.0‰ δ18Otap – 82.1‰, R2 = 0.14 for Capilano water and δ2Htap = 2.2‰ δ18Otap – 67.1‰, 

R2 = 0.35 for Seymour water.  The decrease in slope with increasing geographical 

resolution may be explained by the influence of local physiographic factors on isotopic 

values of water.  Although a relationship exists between δ2H and δ18O in tap waters from 

the different water sources, the R2 values are fairly low.  This means that the fraction of 

variance explained by each model is low and thus the use of the equations for 

calculation purposes should be limited. 

Comparison of Regression Relationships between δ18O and δ2H in Tap Water 
Samples and GMWL  

a b c 

Figure 10.9 Regression relationship between δ18O and δ2H in a) all collected tap 
water samples, b) tap water samples from MV, and c) tap water samples that were 
provided by well water and each of the three major GVWD watersheds (excluding mixed 
water and outliers) are shown as a solid line.  The GMWL is also shown as a dashed line 
for comparison purposes.  It is evident that the slope of the regression lines become 
increasing more negative as you narrow into a specific geographic location showing the 
influence of local physiographic factors on water isotope values.  It is however important 
to note the low R2 values of the regression equations of each reservoir in c), showing 
weak correlations between δ18Otap and δ2Htap.  Thus the use of the equations in c) for 
calculation purposes should be limited. 

10.7. Comparison with GNIP Precipitation Data 

The calculated averages of δ18Oppt and δ2Hppt values in Victoria, Calgary, 

Whitehorse and Fort Smith, for the time period given by GNIP and during the months of 

September to April, are shown in (Table 10.4). 
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Average isotopic values of precipitation in Victoria (δ18Oppt = -9.7‰; δ2Hppt = -

71.9‰) were more positive than those of Calgary (δ18Oppt = -21.7‰; δ2Hppt = -169.1‰), 

Whitehorse (δ18Oppt = -23.2‰; δ2Hppt = -178.4‰) and Fort Smith (δ18Oppt = -21.9‰; δ2Hppt 

= -172.9‰), which can be explained by the geographical location of these cities.  

Victoria is located off the coast of Vancouver Island, while Calgary is situated farther 

inland to the east.  Whitehorse and Fort Smith are located higher in latitude compared to 

Calgary; however, show similar isotopic values with each other.  In fact, average δ18Oppt 

in Fort Smith and Calgary differ only by 0.2‰, and when instrumental measurement 

precision of ± 0.1‰ given by GNIP is taken into account, the difference may only be at 

0.1‰.  The similarity observed between these two locations, regardless of differences in 

latitude, may be due to the dry, cold climate experienced in Calgary as a result of the city 

being situated adjacent to a great mountain range, the Rocky Mountains. 

Table 10.4. A summary of the monthly mean GNIP precipitation values of δ18O 
(‰)VSMOW and δ2H (‰)VSMOW in Victoria (1975 to 1982), Calgary (1992 to 2001), 
Whitehorse (1960 to 1990) and Fort Smith (1960 to 1969) for the months of September 
to April.  Average values for the months with the most amount of precipitation were 
calculated in order to gain an understanding of the isotopic compositions of tap waters in 
those areas.	  

 
Victoria Calgary Whitehorse Fort Smith 

Month 1975 to 1982 1992 to 2001 1960 to 1990 1960 to 1969 
  δ18Oppt δ2Hppt δ18Oppt δ2Hppt δ18Oppt δ2Hppt δ18Oppt δ2Hppt 

Sept. -7.3 -53.4 -15.2 -115.2 -21.4 -162.8 -17.4 -132.2 

Oct. -8.1 -59.3 -17.4 -134.6 -23.6 -175.6 -18.7 -155.3 

Nov. -9.5 -68.0 -23.2 -180.0 -25.1 -191.2 -23.7 -187.5 

Dec. -10.4 -76.5 -24.9 -191.8 -26.3 -198.8 -26.0 -209.5 

Jan. -11.3 -80.2 -25.9 -203.8 -24.6 -188.3 -24.6 -188.3 

Feb. -11.0 -84.5 -24.4 -194.0 -22.0 -168.4 -22.0 -168.4 

Mar. -10.5 -78.8 -23.3 -182.8 -22.7 -176.8 -22.7 -176.8 

Apr. -9.7 -74.3 -19.3 -150.8 -20.3 -165.2 -20.3 -165.2 

Average -9.7 -71.9 -21.7 -169.1 -23.2 -178.4 -21.9 -172.9 

Note: Data acquired from the WISER database (IAEA, 2012). 
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10.8. Groundwater 

A wide spread of values is observed for MV tap waters with groundwater sources 

clustering around -10.5‰ and -11.5‰ for δ18Otap, and -80.0‰ and -85.0‰ for δ2Htap 

(Figure 10.10).  Five of the well water values lying outside of this cluster were labeled as 

outliers; although sample #82 is suspected to be from well water and may not be a true 

outlier.  Samples #53, 55, 62 and 87 were collected from outside the Township of 

Langley. 

As shown in Figure 10.11, sample #82 was collected from an area directly above 

the South of Hopington aquifer, and although its isotopic values were different from other 

well water samples, it may still have been supplied by an aquifer, which it geographically 

lies above.  Furthermore, it may be an indication of the existence of aquifers with 

significant differences in isotopic values.  The remaining well water samples covered just 

three of the 18 Township of Langley aquifers.  Sample #76 was from an area 

geographically located above the Brookswood aquifer, #78 and 150 above Aldergrove 

AB, and #75, 77, 114 and 154 above Hopington AB. 
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Figure 10.10. A plot of all tap water samples provided by well water.  Each data point is 
labeled with its sample number.  Values are clustered around an approximate range of -
10.5‰ to -11.5‰ for δ18Otap and -80.0‰ to -85.0‰ for δ2Htap.  Five values lie outside this 
range.  Sample #s 53, 55, 62 and 87 lie within the ranges of the GVWD watersheds and 
are suspected to have been identified as supplied by well water in error.  Sample #82 
has the most enriched δ18Otap and δ2Htap values and is significantly deviated away from 
the clustered data range, however, is most likely supplied by well water. 
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Figure 10.11. Geographical location of tap water collection sites are marked with a red 
circle along with sample number.  Sample #82 had the most enriched values of δ18Otap 
and δ2Htap among collected water samples that were provided by well water and lie 
geographically located above South of Hopington aquifer. 
Note. Adapted from “Township of Langley Water Management Plan Final Report” by Township 

of Langley Inter-Agency Planning Team, 2009, p. 16.  Used with permission of the 
Township of Langley. 
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10.9.  Water Treatment 

Average δ18O and δ2H values of raw and treated tap water samples from the 

Seymour watershed showed similar values that were within the instrumental precision of 

± 0.2‰ for δ18O and ± 0.8‰ for δ2H (Table 10.5).  Treated Coquitlam water showed 

slightly more negative average values at -12.8‰ for δ18Otap and -88.2‰ for δ2Htap, 

compared to its averages for raw water at -12.1‰ for δ18Otap and -88.2‰ for δ2Htap.  The 

difference in Coquitlam values cannot be accounted for by the instrumental errors, and 

although the difference is small, it suggests the possibility of water treatment processes 

having a slight effect on the isotopic values. 

Table 10.5. δ18O and δ2H values of raw and treated water samples from Seymour and 
Coquitlam watersheds. 

Sample 
# Watershed Raw/Treated 

Collection 
Date 

δ18O (‰) 
VSMOW 

Average δ2H (‰) 
VSMOW 

Average 

S1 Seymour Raw 26-Mar-14 -14.0  -99.0  

S2 Seymour Raw 26-Mar-14 -14.0 -14.0 -99.0 -99.0 

S3 Seymour Treated 26-Mar-14 -14.1  -99.1  

S4 Seymour Treated 26-Mar-14 -13.6 -13.9 -98.0 -98.6 

C1 Coquitlam Raw 26-Mar-14 -11.9  -87.0  

C2 Coquitlam Raw 26-Mar-14 -12.4 -12.1 -88.0 -87.5 

C3 Coquitlam Treated 26-Mar-14 -12.6  -88.1  

C4 Coquitlam Treated 26-Mar-14 -13.0 -12.8 -88.3 -88.2 
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11. Discussion 

Understanding the isotopic patterns of drinking water over a geographical area is 

extremely important for forensic victim identification.  Isotopic values of human tissues 

are reflective of water consumed during the time of tissue formation.  With isotopic 

values of drinking water being highly related to local precipitation values, isotopic 

analysis of human tissues can lead to the determination of the individual’s geographical 

origin.  As of 2008, over half of the global human population were consuming running 

water provided through major water distribution systems (WHO, 2010).  It is thus 

essential to understand the isotopic patterns of tap water for forensic investigations, as it 

mainly deals with modern human remains.  While the isotopic gradient of tap water has 

been investigated for a single country (Bowen et al., 2007), no previous studies have 

looked at a single city or district.  Thus, the purpose of this study was to investigate the 

isotopic patterns of tap water across a single regional district of MV.  It became evident 

in this study that isotopic differences exist for tap water across MV and even across 

single municipalities.  This difference is dependent on the water sources that are 

providing the regional district, as well as the water distribution systems. 

Tap water for MV is provided by multiple water sources, with the majority being 

sourced by the GVWD watersheds.  Isotopic differences were observed between the 

different reservoirs with an unexpected pattern of values.  Although the exact factor for 

the observed differences could not be determined, the isotopic values were significantly 

distinct from each other; enough to allow sourcing of MV tap water back to its original 

watersheds.  The possibility of determining the source of tap water merely from its 

isotopic values will be discussed in this chapter, as well as the importance of this finding 

for forensic investigations and forensic human identifications.  Furthermore, the 

ambiguity surrounding the definition of the term ‘drinking water’ will be discussed in 

detail, arguing for the need to distinguish the two general terms that are often used 

interchangeably with drinking water—precipitation and tap water. 
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11.1. Isotopic Patterns of Tap Water from GVWD Watersheds 

Regardless of the geographical similarities between the three GVWD 

watersheds, isotopic values of tap water from each watershed were distinctly different 

from each other (Figure 10.7).  Of the three watersheds, Seymour tap water showed the 

most negative isotopic values (mean δ18Otap = -13.6‰; δ2Htap = -97.5‰), followed by 

Capilano (mean δ18Otap = -13.3‰; δ2Htap = -95.6‰) and Coquitlam (mean δ18Otap = -

12.6‰; δ2Htap = -90.0‰) (Table 10.3).  According to OIPC, all three watersheds were 

expected to show similar isotopic values with the possibility of Seymour water showing 

slightly more depleted values compared to the other two reservoirs (Table 7.2).  OIPC 

data for the Coquitlam reservoir produced a slightly enriched δ18O value compared to 

Capilano, but δ2H values were the same. 

Some possible explanations for this unexpected pattern may be a result of 

differences in elevation and air temperature at the watersheds, direction of weather 

systems coming into the regional district, or potential influence on isotopic values due to 

processes involved in the water treatment facilities.  Each of these possible factors will 

be closely evaluated. 

11.1.1. Elevation 

Difference in Elevation of Reservoirs 

Seymour reservoir is located slightly higher in elevation at approximately 218m 

compared to that of Capilano (145m) and Coquitlam (152m) (Figure 7.1).  If elevation 

was to play an important role in influencing isotopic values of tap water, Capilano and 

Coquitlam water should have shown similar values.  However, mean isotopic values of 

Capilano and Coquitlam water were statistically different from each other. 

There is generally 0.1 to 0.5‰ depletion in δ18Otap for every 100m rise in altitude 

and a depletion of about 1 to 4‰ for δ2Hppt (Clark & Fritz, 1997; Gat, 2010).  If this were 

to also be true for MV, elevation differences between Seymour reservoir and the other 

two reservoirs would contribute to a maximum isotopic difference of 0.35‰ for δ18Otap 

and 3‰ for δ2Htap, with the elevation being approximately 70m higher for Seymour. 
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The differences between mean isotopic compositions of tap waters from 

Capilano and Seymour watersheds were 0.3‰ for δ18Otap and 2.1‰ for δ2Htap, which 

could be accounted for by the difference in elevation.  However, mean isotopic values of 

tap water samples from Coquitlam showed a greater difference from Seymour values, 

pointing to an existence of an influential factor other than merely the elevation of 

reservoirs.  Furthermore, data on elevation were included for the estimation of 

precipitation values through OIPC, which gave merely a 0.1‰ difference in δ18Oppt 

between the three GVWD with Capilano and Coquitlam having the same δ2Hppt value 

(Table 7.2).  Thus, elevation levels of these reservoirs alone cannot explain such 

isotopic differences. 

Elevation of Surrounding Mountain Ranges 

With the surrounding mountain ranges providing precipitation water for storage at 

these reservoirs, the elevation of these mountain ranges must be considered as well.  It 

is highly possible that precipitation falling at the highest and coldest points of these 

mountain ranges is composed of isotopic values that are depleted in both δ18Oppt and 

δ2Hppt.  However, approximate altitudes at the peaks of these mountain ranges were 

similar across all reservoirs (Figure 7.1). 

11.1.2. Air Temperature 

Air temperatures at the GVWD watersheds did not have significant differences 

(Figure 10.8) and thus are not considered to be a contributing factor to the varying 

isotopic values at each of the watersheds. 

11.1.3. Weather System 

The general direction of weather systems coming into MV is from the 

southwesterly direction, influenced by the maritime polar air mass entering from the 

Pacific Ocean (Clark & Fritz, 1997; Environment Canada, 2013).  Water vapour in air 

masses progressively loses its heavy isotopes while travelling inland from the coast 

(Dansgaard, 1964; Gat, 1996).  With the Coquitlam watershed being located farther 

inland compared to the other two reservoirs, it should be receiving precipitation with the 
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most negative isotopic values.  However, this does not seem to be the case for MV.  The 

exact direction of weather systems coming into MV should be investigated in future 

studies. 

11.1.4. Treatment 

Water at the Seymour watershed goes through a treatment process of filtration, 

ultraviolet disinfection and chlorination, while the Coquitlam water undergoes a 

combination of ultraviolet and ozone disinfection.  The influence of water treatment 

processes on isotopic values of water has not been previously investigated; however, 

Bowen (2005) mentions that ultraviolet treatment should have no significant influence on 

isotopic values of bottled water.  Yonge et al.’s (1989) study on raw precipitation water in 

Southwestern Canada showed a similar isotopic trend to that of MV tap water with 

samples from Coquitlam creek showing a more positive isotopic value compared to 

those of Cypress Creek and Lynn Creek.  δ18Oppt and δ2Hppt seem to show similar 

isotopic patterns to those of δ18Otap and δ2Htap for MV.  Thus, the GVWD water treatment 

plants may not have any influence on the isotopic values of tap water. 

Raw (pre-treated) and treated water samples from Seymour and Coquitlam 

watersheds were collected in an attempt to check for any major movement of isotopic 

values due to the treatment processes being employed at two of the three reservoirs. 

Comparison of raw and treated water from Seymour showed no significant differences in 

its isotopic values (Table 10.5).  A slight difference was observed for δ18O values of raw 

and treated water from the Coquitlam reservoir, with treated water having a slightly more 

negative value than that of raw water.  This demonstrates the possibility of ozone 

treatment having an influence on δ18Otap values, as ozone is only used at the Coquitlam 

treatment facility.  However, only two samples were collected at each site and thus may 

not represent the true isotopic values for the raw and treated water at each watershed. 

From investigating each possible explanation—elevation, air temperature, 

weather system and water treatment processes—it is evident that these factors alone 

cannot explain the isotopic pattern observed for the GVWD watersheds, at the very least 

from the information that were obtained in this study. 
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11.2. Sourcing Tap Water 

Although the exact cause of the observed isotopic pattern of MV tap water could 

not be determined, it is important to understand that this pattern is real and that isotopic 

differences do exist between the water sources.  Statistical differences were observed 

for mean values of both δ18Otap and δ2Htap from each of the water sources.  The distinct 

isotopic differences point to the possibility of sourcing tap water solely from its isotopic 

compositions.  In order to demonstrate that MV tap water can be sourced, the origin of 

those tap water samples collected with an unknown source or those categorized by 

GVWD as ‘indeterminate’ will be determined.  Furthermore, the isotopic values of 

Coquitlam and well water outlier samples will be assessed to determine whether the 

outliers were provided by different water sources. 

11.2.1. Indeterminates 

Eighteen of the MV tap water samples were identified to be from an 

‘indeterminate’ source by GVWD.  GVWD labeled certain samples as coming from an 

‘indeterminate’ source if the exact source could not be determined.  GVWD also 

provided suggestions to the sources that may have supplied these areas, depending on 

which water main the tap water was drawn from, as each municipality has control over 

their own local water pipes.  The isotopic compositions of the ‘indeterminate’ samples 

were analyzed to determine their water sources.  

Isotopic values of the ‘indeterminate’ samples were clustered amongst the values 

observed for each water source with no obvious deviations from any of the groups 

(Figure 10.4).  Figure 11.1 shows the isotopic values of ‘indeterminate’ samples, 

grouped with its likely water source, which was determined by referring to the calculated 

mean and standard deviation for each reservoir (Figure 10.6). 
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Figure 11.1. All MV tap water samples that could not be linked to a specific source by 
GVWD were categorized as ‘indeterminate’ and are shown in this graph.  Each point is 
labeled with its sample #.  Each cluster is circled according to source of reservoir 
suggested to have provided each tap water sample by its isotopic values.  The samples 
are nicely clustered with each other with an exception of Sample #6, which may be 
suggesting a mixed water source.  This graph demonstrates the potential use of isotopic 
values as a tool of sourcing water back to its original water source. 

Samples #47 and #80 showed isotopic values similar to those of well water.  

Samples #8, 17, 68 and 137 were consistent with tap water values provided by 

Coquitlam, #119 and 120 with Capilano, and the remaining samples with Seymour.  

Sample #6 was an exception showing a possible mixture of Capilano and Seymour 

water.  Table 11.1 gives a summary of all ‘indeterminate’ samples along with their 

isotopically suggested sources. 
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Table 11.1. Summary of information for all ‘indeterminate’ tap water samples along 
with the isotopically suggested water sources. 

Sample 
# Municipality 

δ18Otap 
(‰) 

δ2Htap 
(‰) 

Water Source as 
given by GVWD 

Water Source as 
suggested by GVWD 

Isotopically 
Suggested 

Source 
6 Burnaby -13.5 -96.0 Indeterminate Seymour/Capilano mix 

or Seymour 
Capilano/Seymour 

mix 

8 Surrey -12.7 -90.1 Indeterminate Coquitlam Coquitlam 

17 Port Moody -12.9 -90.3 Indeterminate Coquitlam Coquitlam 

21 Coquitlam -13.7 -98.3 Indeterminate Coquitlam Seymour 

33 North 
Vancouver 

-14.1 -98.9 Indeterminate Seymour or Coquitlam Seymour 

47 White Rock -11.0 -77.9 Indeterminate Seymour/Coquitlam mix 
or Well 

Well 

49 Surrey -13.2 -98.2 Indeterminate Coquitlam Seymour 

59 Vancouver -13.8 -98.8 Indeterminate Seymour Seymour 

65 Ladner -12.9 -97.9 Indeterminate Seymour or mix Seymour 

66 North 
Vancouver 

-13.9 -98.1 Indeterminate Seymour or Capilano Seymour 

68 White Rock -13.1 -90.0 Indeterminate Seymour/Coquitlam mix 
or Well 

Coquitlam 

71 Vancouver -13.8 -98.3 Indeterminate Seymour Seymour 

80 Langley -10.6 -81.2 Indeterminate Coquitlam or Well Well 

99 Surrey -14.2 -98.6 Indeterminate Coquitlam or Seymour Seymour 

107 Coquitlam -13.3 -97.8 Indeterminate Coquitlam or Seymour Seymour 

119 Vancouver -12.9 -94.8 Indeterminate Capilano/Seymour mix Capilano 

120 West Vancouver -13.3 -95.4 Indeterminate Capilano or Eagle Lake Capilano 

137 West Vancouver -12.5 -87.7 Indeterminate Eagle Lake Coquitlam 

According to the sampling sites of the ‘indeterminate’ samples, it seems plausible 

that the isotopically suggested sources were in fact supplying the samples.  That is, the 

‘indeterminate’ samples were collected from areas that were in close proximity to GVWD 

water mains that were carrying water from water sources suggested by their isotopic 

values (Appendix C).  The isotopic values were consistent with sources that were 

suggested by GVWD, with the exception of samples #21, 49, 68, 119 and137. 
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Sample #21 showed isotopic values that were consistent with a Seymour source, 

whereas GVWD suggested a Coquitlam source.  Sample #21 was collected in an area 

close to the sampling site of sample #107 (Figure 11.2), which also showed Seymour 

values.  Sample #107 was most likely supplied by water drawn from the Burnaby 

Mountain Main, which was carrying Seymour water at the time of collection.  Thus, with 

sample #21 being collected in close proximity to sample #107, it may also have been 

supplied by water fed from the Burnaby Mountain Main. 

Sample #49 was collected near the Kennedy Park Main, which switched to 

Coquitlam supply from Seymour supply at 8am on June 28, 2013, the same day the 

sample was collected.  With the isotopic values of sample #49 showing consistencies 

with Seymour waters, it is likely that the sampling took place prior to the switching of 

Kennedy Park Main water supply to the Coquitlam water source. 

Sample #68 was collected in White Rock and showed isotopic values consistent 

with Coquitlam waters.  While the entire city of White Rock is supplied by EPCOR 

groundwater, this particular sample was taken from a location situated right on the 

border of White Rock and Surrey.  It is thus possible that this location was supplied by 

water drawn from a GVWD water main, in particular from the Grandview Main, which 

appear to have been carrying water from the Coquitlam watershed. 

GVWD suggested that sample #119 came from a Capilano and Seymour mixed 

water source, whereas the isotopic values showed consistencies with Capilano water.  

Once again, there is a possibility of sample #119 being provided by water drawn from a 

water main carrying Capilano water, more specifically from either Capilano Main No. 4 or 

Capilano Main No. 5 (Appendix C.).   

Lastly, sample #137 showed isotopic values similar to Coquitlam water; however, 

GVWD suggested the water to be supplied by Eagle Lake, a non-GVWD reservoir.  The 

isotopic compositions of Eagle Lake are not known and thus a comparison could not be 

made. 
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Figure 11.2 A section taken from the source water map provided by GVWD showing 
the location of Sample #21 and 107 in the City of Coquitlam.  This shows that sample 
#21 was collected in close proximity to sample #107, which was most likely provided by 
the Seymour water source.  Thus, there is a high possibility that sample #21 was also 
provided by Seymour. 
Note:  Used with permission from Metro Vancouver. 

 

11.2.2. Outliers 

A few of the tap water samples that were identified to be from the Coquitlam reservoir 
(samples #83, 105, 106, 145 and 151) and well water (samples #53, 55, 62, 82 and 87) 
showed isotopic values that were consistent with a different water source (Figure 10.5) 
and were marked as outliers.  The only exception was sample #82 that showed isotopic 
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values that were distinctly different from all other samples.  This section will discuss 
whether it is possible for the outlier samples to have been supplied by water sources that 
were suggested by their isotopic values (Figure 11.3).    
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Table 11.2 gives a summary of data for all outliers with their suggested sources. 

 
Figure 11.3. Coquitlam and well water samples that were marked as outliers are 
shown in this graph.  Each point is labeled with its sample #.  Each cluster is circled 
according to source of reservoir suggested to have provided each tap water sample by 
its isotopic values.  This graph also supports the potential use of isotopic values as a tool 
of sourcing water back to its original water source. 
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Table 11.2. Summary of information for all samples that were marked as outliers from 
the water source as given by GVWD. 

Sample # Municipality 
δ18Otap  

(‰) 
δ2Htap  
(‰) 

Water Source as given by 
GVWD 

Isotopically Suggested 
Source 

53 Delta -13.4 -95.2 Well Capilano 

55 Delta -13.6 -95.1 Well Capilano 

62 Maple Ridge -12.5 -89.8 Well Coquitlam 

82 Langley -9.3 -69.6 Well Well 

83 Langley -11.3 -83.4 Coquitlam Well 

87 Delta -14.3 -98.4 Well Seymour 

105 New Westminster -14.0 -98.4 Coquitlam Seymour 

106 Surrey -13.5 -97.0 Coquitlam Capilano/Seymour mix 

145 Surrey -10.6 -78.0 Coquitlam Well 

151 Surrey -13.1 -93.8 Coquitlam Capilano 

 

Coquitlam Water Outliers 

Sample #83 was collected at a park in the Township of Langley and showed 

isotopic values that were consistent with well water samples.  Sample #145 was 

collected in Surrey and also had isotopic values that were suggesting a well water 

source.  The GVWD watersheds and groundwater were supplying the municipalities in 

which collection of both samples took place.  Therefore, there is a possibility that the 

samples were supplied by well water, as suggested by their isotopic values. 

Sample #105 was collected in New Westminster and samples #106 and 151 

were retrieved from Surrey.  Sample #105 was collected from an area directly above a 

GVWD water main, Sapperton Main No.1, carrying Coquitlam water, but was also close 

to Surrey Delta Main No.1, carrying Seymour water.  In fact, a complex network of 

multiple water mains surrounds this particular location.  This again suggests the 

possibility of sample #105 being supplied by Seymour instead of Coquitlam as 

suggested by its isotopic values.  Sample #106 was also sampled in an area near Surrey 

Delta Main No.1.  Sample #151 was an exception, with isotopic values suggesting a 

Capilano source but collected in an area supplied by Seymour water.  There is an 
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overlap in values for tap water samples supplied by Capilano and Seymour reservoirs 

(Figure 10.6), and thus the Seymour watershed most likely supplied this sample. 

Well Water Outliers 

As mentioned in section 10.3.1, samples #53, 55 and 62 were not correctly 

located on the source map given by GVWD (Appendix C.).  Samples #53 and 55 were 

collected from the Corporation of Delta, which draws tap water from both the GVWD 

watersheds and groundwater aquifers (Table 7.1).  Both samples #53 and 55 were 

collected from an area close to GVWD water mains (South Delta Main No.1 and South 

Delta Main No 2.) that were most likely carrying a mixture of Capilano and Seymour 

water.  Furthermore, isotopic values of an ‘indeterminate’ sample #65 showed 

consistencies with Seymour values and was also collected in an area close to these 

water mains.  With these samples showing isotopic values that were consistent with 

Capilano water, it seems plausible that Capilano and Seymour watersheds in fact 

supplied these tap water samples. 

The isotopic values for sample #62 suggested a Coquitlam water source.  This 

sample was collected in Maple Ridge, which is supplied mainly by the Coquitlam 

reservoir, and thus was most likely supplied by Coquitlam. 

Sample #82 was an exception in that its isotopic values were isolated from all 

other samples.  It showed the most positive values and was collected in the Township of 

Langley, which is mainly supplied by well water.  This could be a result of isotopic 

differences between the different aquifers underlying the Township of Langley.  This 

point will be discussed further in Section 11.3.2. 

Isotopic values of sample #87 suggested a Seymour water source.  Again, there 

is a high likelihood of this sample coming from Seymour as the sample was retrieved 

from an area close to yet another GVWD water pipe, 64th Avenue Main, carrying 

Seymour water.  However, the main seems to end east of 120th Street, and with sample 

#87 being collected from a neighbourhood west of 120th Street, the possibility of this 

sample being from well water cannot be ignored.  Here, it leads to a question as to 

whether any sizable leaks in the water mains were present, causing isotopically 

contaminated groundwater. 
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Water Main Leakage 

Another potential suggestion to the disagreement between the isotopic values 

and its stated water source is the possibility of water main leakage.  Breaks or cracks on 

the main water pipes may result in leakage of water, possibly isotopically contaminating 

groundwater aquifers that are contributing to the well water system.  With sample #87 

showing Seymour values, but being identified as well water, the possibility of leakage of 

water mains in close vicinity to the collection site was investigated.  According to Metro 

Vancouver, “there were no recorded leaks in [GVWD] mains in the area” (personal 

communication, May 8, 2014) during June of 2013, around the time of sample collection.  

Although water main leakage was not the cause of the disagreement between the 

isotopic values of sample #87 and the suggested water source, any possible water main 

breaks or water leakage must be noted and taken into account when attempting to 

source MV tap water.  

The exact sources of ‘indeterminate’ and outlier samples are not known, with 

only the data on the most likely water source being available for this study.  However, 

the investigation into the isotopic data obtained from these samples demonstrates the 

potential use of isotopic signatures to trace tap water samples back to their original 

source. 

The main purpose of this study was not only to investigate the isotopic patterns 

of tap water across MV, but also whether the isotopic differences are distinct enough to 

allow tap water to be sourced.  This is important forensically because if it is possible to 

source tap water, and with the understanding that there is a link between human tissue 

and drinking water, then theoretically, we are able to source human tissues back to 

areas that were provided by a particular water source at the time of tissue formation. 

11.3. Forensic Importance 

This study showed that there is a spread in isotopic values of tap water across a 

regional district of MV.  Isotopic values of tap water are unique to its source and with 

municipalities in MV being supplied by multiple water sources, it is possible to source tap 

water. 
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11.3.1. Understanding Tap Water Systems Across a Geographical 
Area 

Whether or not isotopic differences exist within a single city or district, 

understanding tap water systems becomes important for forensic investigations.  

Ehleringer et al. (2008) nicely demonstrated the potential use of isotopic signatures 

stored in human hair for victim identification purposes.  They investigated the 

relationship between human tissue and tap water by referring to isotopic data of tap 

water across the United States that were obtained by Bowen et al. (2007). 

Bowen et al. (2007) provided a geographical representation of data from the 

contiguous United States.  Ranges of tap water values were given for each area of 

interest as well as an overall interpolated smoothed data for the entire country.  No raw 

isotopic data of their tap water samples were given.  Bowen et al. identified each location 

to have an isotopic range of 1.9‰ for δ18Otap values and 15‰ for δ2Htap values.  MV had 

a range of 5.3‰ for δ18Otap, with the most positive well water value of -9.3‰ to the most 

negative Seymour value of -14.6‰, and a 29.3‰ difference for δ2Htap with -69.6‰ to -

98.9‰.  Thus a single regional district can have a range greater than that identified by 

Bowen et al.’s study and that isotopic values differ, not by the geographical location of 

each municipality, but by the tap water sources. 

 Tap water provided to cities can be provided by a single reservoir and thus could 

be composed of a single isotopic value.  However, as this study has demonstrated, 

isotopic differences of tap water can be observed across a regional district that is 

supplied by multiple water sources.  Tap water in cities that were investigated by Bowen 

et al. (2007) could also have been supplied by multiple water sources.  There can be a 

significant difference in isotopic values of tap water across a geographical area, and 

therefore, a good understanding of the water sources providing tap water to each city or 

district across the globe is required at a higher geographical resolution than that of the 

Bowen et al. study. 

11.3.2. Township of Langley Aquifers 

The Township of Langley’s tap water is supplied by a complex system of 

underlying aquifers.  Well water values obtained from Langley were mainly clustered 
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around -10.5‰ to -11.5‰ for δ18Otap, and -80.0‰ and -85.0‰ for δ2Htap, with an 

exception of sample #82 having a more positive value of -9.4‰ for δ18Otap and -69.6‰ 

for δ2Htap. 

Although sample #82 was marked as a well water outlier, it was collected in an 

area most likely to be supplied by well water.  It showed more enriched isotopic values 

than those of other well water samples.  If this sample was actually supplied by well 

water, then there must be differences in isotopic compositions across the different 

aquifers.  Possible explanations for the isotopic deviation from other well water samples 

may be due to seasonal recharge variation, differences in depth, or possible infiltration 

from rivers (Clark & Fritz, 1997).  Sample #82 was collected from a location directly 

above a Township of Langley aquifer, South of Hopington, and thus may have reflected 

the isotopic values of water from this particular aquifer.  However, it is important to 

mention that even if the collection sites are geographically located directly above the 

aquifers, we do not know for sure whether tap water are drawn directly from those water 

sources.  The piping system that is connecting aquifer to the tap water distribution 

system is still unknown and must also be investigated in the future. 

The Township of Langley relies heavily on a “municipal water supply of which 

about half is local groundwater that is mixed with water supplied from the GVWD” 

(Township of Langley, 2009, pg.14).  Isotopic values of well water samples that were 

collected in the Township of Langley could have shown values that were reflecting a 

mixed groundwater and GVWD source.  However, sample #82 had values that were 

more positive than the rest of the well water samples, which may have been a result of 

the sample being supplied only by an aquifer without the influence of GVWD water on 

the isotopic values.  If this were to be true, it would be important to investigate the tap 

water piping system underlying the Township of Langley to gain an understanding of 

areas that are supplied by mixed water sources in future studies. 

While we have a good general understanding of the locations of Township of 

Langley aquifers (Figure 7.2 and Figure 7.3), data on the exact depths of the aquifers 

still need to be obtained.  With such a complex system of aquifers underlying a single 

town and a wide range of isotopic values of tap water being observed, it may not be 

appropriate to assign a single value or a small range of values for a single location in this 
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area.  This study revealed the existence of a single town being provided by multiple 

aquifers, which could certainly be the case for other areas as well.  It is important to 

keep in mind that drinking water system in even a small town or city can be very 

complex. 

11.4. Analysis of δ18Otap, δ2Htap or both? 

While the isotopic signature of δ2H has been analyzed in human bone, hair and 

nail samples have shown to differ geographically, reflecting local precipitation values 

(Ehleringer et al., 2008; Fraser, Meier-Augenstein, & Kalin, 2008; Lehn et al., 2011; 

Reynard & Hedges, 2008).  Holobinko et al. (2011) stated that although it is possible to 

analyze δ2H in human tooth enamel through the use of continuous-flow isotope ratio 

mass spectrometry coupled to a high-temperature conversion elemental analyser, “δ2H 

signature of tooth enamel cannot be used as an indicator of geographic provenance” 

(p.915) showing no correlation between tooth enamel and local precipitation values.  It 

may seem odd that δ2H in only the human tooth enamel were found to not be useful for 

human geolocation.  However, regardless of whether Holobinko et al.’s conclusion is 

valid or not, there have not been any other studies that have successfully linked δ2H 

signatures in human tooth enamel to drinking water values. 

Although both δ2H and δ18O in water can be measured simultaneously by TLWIA, 

this may not be as easily performed when it comes to isotopic analysis of human tissues.  

Limitations exist for the isotopic analysis of hydrogen in human tooth enamel, as may be 

the case for the in-situ analysis using laser ablation techniques.  Thus, it raises the 

question as to whether analysis of only the δ18O in MV tap water can be sufficient for 

uses in determination of human origin. 

Differences between the mean values of both δ2H and δ18O in different MV tap water 
sources were found to be statistically significant (see Section 0).  This has confirmed the 
possibility of sourcing MV tap water solely from its isotopic values.  In general, 
differences between mean δ2Htap values of the GVWD watersheds had greater t-values 
than those for δ18Otap (Figure 10.7).  It is evident from Table 11.1 and   
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Table 11.2, that water sources can be organized according to their δ2Htap values.  

This suggests that δ2Htap is a better indicator for sourcing MV tap water.  δ18Otap in 

different water sources overlap with one another and thus δ18Otap in MV tap water is a 

weaker indicator of its water sources (Figure 10.7).  However, mean δ18Otap values 

between GVWD reservoirs have shown to be statistically different from each other, and 

are unique to each reservoir.  Thus δ18Otap alone can be used to source MV tap water. 

11.5. Precipitation versus Tap Water 

Previous studies that were undertaken to determine the isotopic relationship 

between drinking water and bioapatite had not clearly defined the word ‘drinking water’ 

as discussed in Chapter 5.  Some studies referred to tap water values while others 

referred to precipitation values.  While it may be appropriate to view precipitation values 

as drinking water values for historical samples, this is not the case for uses in forensic 

applications that are mostly dealing with modern human remains. 

Tap water could be composed of local precipitation water that had fallen in close 

vicinity to the town or city to which tap water is supplied, however, it is not appropriate to 

treat isotopic values of precipitation as tap or drinking water values for modern human 

populations, especially in urbanized areas.  A comparison of Yonge et al.’s (1989) study 

on isotopes of precipitation in Southwestern Canada with MV tap water values showed 

that isotopic values of Cypress Creek, Lynn Creek and Coquitlam Creek were more 

positive than those of MV tap water.  With the creek water samples being collected in 

October, they most likely reflected precipitation from the summer months and thus, it 

may seem reasonable for these values to show enriched values compared to MV tap 

water.  However, isotopic differences between the creeks were not as significant as the 

tap water values and therefore, it is unsafe to treat precipitation and tap water as being 

identical. 

11.5.1. Comparison of GNIP with MV Tap Water 

Precipitation data are not available at a high geographical resolution, with GNIP 

collecting stations located sparsely around the world.  To overcome this limitation, 
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several studies have relied on OIPC to calculate the isotopic values of local meteoric 

water (Fraser & Meier-Augenstein, 2007). 

Numerous GNIP collecting stations have been set up across Canada to monitor 

the distribution of δ18Oppt and δ2Hppt (Birks, Edwards, Gibson, Drimmie, & Michel, 2004). 

Two monitoring stations are set up in British Columbia, with the closest station for MV 

being in Victoria.  With no raw MV precipitation data being available for direct 

comparison with tap water samples obtained in this study, isotopic values of precipitation 

from locales that are geographically related to MV were selected for comparison.  Mean 

δ18O and δ2H values of MV tap water were compared against GNIP precipitation values 

from Victoria, Calgary, Whitehorse, and Fort Smith. 

Mean isotopic compositions of MV tap water (δ18Otap: -13.0‰ ± 0.9; δ2Htap: -

93.5‰ ± 5.5) fell in between those values calculated for Victoria and Calgary from 

precipitation data for the months September to April (Table 10.4).  This was as expected 

with collected MV tap water being provided primarily by the three GVWD watersheds, 

which are composed mainly of surface water runoffs from precipitation fallen during the 

winter months.  Therefore, when looking at the mean isotopic compositions of all MV tap 

water samples collected in the summer months, it can be compared with winter GNIP 

precipitation data from other cities within Canada.  However, it is important to keep in 

mind that GNIP data are not tap water data, and that MV values contain groundwater 

values that may be showing mean annual precipitation values. 

11.5.2. Comparison of OIPC with MV Tap Water 

OIPC has been a popular tool for calculations of isotopic values of precipitation 

for locations where no data are available.  Prior to analysis of MV tap water samples, 

isotopic compositions of annual precipitation were calculated with OIPC for Vancouver, 

Langley, and Point Roberts, as well as for the three GVWD watersheds (Table 7.2).  

These values were compared with mean MV tap water values. 

Figure 11.4 shows the large offset in isotopic values for each location between 

OIPC and actual tap water values.  Mean tap water values for each area were more 

depleted than OIPC values with Vancouver having the greatest difference of 2.6‰ for 
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δ18O and 15.6‰ for δ2H.  This is mainly due to the OIPC generating its values through 

information pertaining to latitude, longitude and elevation, without the consideration of 

the source of tap water providing to each area.  The large offset in values for Vancouver 

can be explained by tap water being sourced from watersheds located north of the city 

with a slightly different latitude, longitude and elevation.  Furthermore, tap water samples 

that were collected for this study reflect winter precipitation values with lighter water 

isotopes.  Mean isotopic values of Langley tap water showed the least difference with 

OIPC values at 0.9‰ for δ18O and 3.6‰ for δ2H.  This may be due to groundwater 

serving much of Langley, with aquifer water reflecting annual mean isotopic values of 

that area.  Furthermore, the watersheds themselves showed an offset from OIPC values. 

Comparison of OIPC and Measured Isotopic Values of Tap Water 

  

a b 

Figure 11.4. Comparison of a) δ18O and b) δ2 H of precipitation values that were 
calculated from OIPC (Table 7.2) and mean tap water values from collected MV tap 
water samples (Table 10.3).  Large offsets are observed for each location, suggesting 
the need to understand isotopic patterns of tap water for each location rather than 
applying OIPC values that are calculated from latitude, longitude and elevation. 

While OIPC may be a useful tool for determining precipitation values over large 

geographical scales, it creates problems for studies looking at areas at a high 

geographical resolution.  It is thus necessary to understand and analyze isotopic values 
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of tap water rather than merely applying precipitation values obtained from OIPC or 

GNIP. 

11.5.3. Defining Drinking Water: Precipitation or Tap Water 

Tap water provided to cities is not necessarily the same as local precipitation 

water, as water can be collected in reservoirs.  Tap water may be distributed to places 

distantly located from those reservoirs in which tap water is drawn from as drinking water 

is distributed via a network of pipes carrying tap water to residents in different 

communities.  With the expansion of cities, drinking water must be strategically brought 

into the city to satisfy the growing need for water.  Thus, geographically distinct 

communities can be sharing water coming from the same reservoir.  Isotopic differences 

between tap water and precipitation water can exist and thus the term ‘drinking water’ 

should not be used interchangeably with ‘precipitation water’. 

Although mean isotopic values of all sampled MV tap water were comparable to 

precipitation values from other Canadian cities, this study showed that isotopic patterns 

do exist within a regional district.  This pattern is directly related to the water distribution 

system that is carrying water from multiple water sources.  Each water source has 

unique isotopic signatures that leave an isotopic ‘fingerprint’ on areas that are being 

supplied by the sources. 

The ambiguity in the term ‘drinking water’, that has been used in several studies 

looking at its relationship with human tissues, needs to be addressed.  Simply regarding 

precipitation water as ‘drinking water’ is not appropriate, especially in use for forensic 

victim identifications dealing with modern human remains.  Each geographical area of 

interest should be investigated in detail as to what the source of their drinking water is, 

and if tap water distribution systems do exist, information regarding sources of tap water 

must be obtained.  Thus, from a forensic standpoint, it is essential to understand the 

distribution of tap water across a region.  Defining the term ‘drinking water’ and 

understanding the true isotopic compositions of water that are being consumed by 

humans become essential for the determination of the exact relationship between 

human tissues and drinking water. 
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11.6. Impact on Human Geolocation 

The above discussion has argued for the need to understand distribution 

systems of tap water in order to understand the relationship between precipitation and 

water being consumed by residents in certain geographical locales.  While the OIPC 

may provide researchers with a general idea of the isotopic compositions of local 

precipitation, it is necessary to investigate and understand the isotopic compositions of 

water sources that are supplying tap water to each city especially for comparison with 

human tissue values, as these values are the true drinking water values.  For example, if 

human tissue samples from Point Roberts were compared with OIPC values of -10.8‰ 

δ18Oppt and -81‰ for δ2Hppt as drinking water values, it would be compared against 

incorrect values, as the true drinking water or tap water values providing to this area is -

12.9‰ and -95.6‰ for δ18Otap and δ2Htap, respectively.  The offset is significant enough 

that it could lead to erroneous conclusions on the origin of the individual in question, 

given that the conversion equations, in themselves, are valid.  Tap water values must be 

determined instead of applying estimated OIPC values as drinking water values when 

attempting to geolocate individuals from isotopic values of tissues. 

Although this study has its own limitations, as a snapshot view of isotopic 

variability within a MV, it has shown that tap water can be identified and sourced.  This 

finding has significant forensic value as it can further be applied to sourcing human 

tissues to different parts of MV with isotopic signatures of tissues reflecting those of 

water consumed during the time of tissue formation.  Thus, regardless of the 

geographical location of each municipality, the focus should be on determining the 

sources of tap water and to understand the isotopic compositions of tap water. 
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12. Future Work 

12.1. Detailed Understanding of Isotopic Distribution of Tap 
Water Across MV 

Tap water data were missing for Village of Anmore, Village of Belcarra, Village of 

Lions Bay and Bowen Island, which are also part of MV.  GVWD supplies tap water to 

Village of Anmore and Village of Belcarra, and thus isotopic values of tap water from 

these villages are expected to show values consistent with GVWD water sources.  On 

the contrary, Village of Lions Bay and Bowen Island rely on non-GVWD water sources 

(Table 7.1).  Collection and analysis of tap water from these locations are necessary in 

order to gain a complete understanding of isotopic values across all of MV.  

Furthermore, City of White Rock and District of West Vancouver are also supplied by 

non-GVWD sources and therefore, tap water from these areas should also be 

investigated in greater detail. 

Once again, while we have a good general understanding of the number and 

location of aquifers underlying the Township of Langley, we are lacking knowledge of the 

piping system that are delivering tap water to the residents.  A full understanding of the 

very complex Township of Langley aquifer system is essential in order to correctly link 

tap water to its exact source. 

Tap water samples for this study were collected during the summer months.  MV 

receives much of its precipitation during the winter months of September to March, 

forming the water supply pool for distribution during the summer months.  Thus the 

composition of summer tap water is a mixture of precipitation from the winter months.  

However, it may be a good idea to check for any seasonal variations in tap water values 

as MV does receive precipitation all year round.  Groundwater is a complete mixture of 

annual precipitation values and can be speculated to show the same isotopic values 

throughout the year. 
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12.2. Future Changes to the Distribution and Treatment of 
MV tap water 

With the expected rise in population over the next couple of decades along with 

the higher expectations for drinking water treatment, water projects have been planned 

to meet the expected increase in demand for distribution of tap water across MV (Metro 

Vancouver, 2014c).  Several new water mains are currently under construction. It is 

important to stay up to date with changes to the distribution system, especially if it 

involves changes to the sources of tap water. 

Well water usage in Township of Langley is currently unregulated, allowing 

consumers to draw unlimited amount of water from their wells.  As a result, water levels 

have been continuously falling since the 1970s (Township of Langley, 2009).  

Furthermore, contamination issues have been found with an increase in nitrate levels in 

groundwater.  In order to overcome these problems, East Langley Water Supply Project 

has been planned to extend water mains to Aldergrove carrying GVWD water.  This 

project is expected to be completed in 2014. 

The Seymour-Capilano Water Utility Project is projected to be in operation by the 

fall of 2014, with the twin-tunnel connecting Capilano water to the Seymour filtration 

plant.  Once the tunnel is complete, Capilano water will also be treated at the Seymour 

filtration plant, which introduces the potential mixing of water from the two reservoirs.  

This would result in a mixing of isotopic values, and thus distinguishing between the two 

watersheds may become difficult in the future, affecting the ability to source tap water 

from these two reservoirs.  While no major isotopic differences could be observed 

between raw and treated water for Seymour and Coquitlam watersheds, the true 

influence is not known.  It would be important to investigate this potential influence, if 

any, in future studies. 

12.3. Comparison of Human Tissue Samples with MV Tap 
Water 

Most importantly, human tissue samples should be collected across MV, 

especially in areas where tap water collection took place, to directly evaluate the 
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relationship between isotopic values of tap water and human tissue values.  With such a 

high geographical resolution of tap water data obtained in this study, it would be possible 

to directly compare human tissues with tap water values from the exact area where 

those human tissues were formed.  Tap water values are the true drinking water values 

and thus by determining the relationship between δ18Op and δ18Otap, a reliable δ18Op -

δ18Odw equation can be derived.  Developing such an equation will be beneficial for 

forensic investigations where accuracy in geolocating human remains is essential.  

Furthermore, the possibility of linking human values to a specific reservoir, in which their 

drinking water originated, should be investigated. 
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13. Conclusion 

Ehleringer et al.’s (2008) pioneering work of mapping δ18O and δ2H in human hair 

tissues across the contiguous United States, with the use of tap water values, has 

significantly influenced the field of forensic victim identification, and has been one of the 

main sparks for conducting this present research.  The number of people relying on tap 

water systems has been increasing, with over half of the global population consuming 

piped water as of 2008.  While tap water can be linked to local precipitation water, the 

isotopic values can differ, especially in areas where tap water is being drawn from 

numerous water sources.  These water sources can be composed of ancient or glacier 

water, groundwater, surface water or a mixture of the above.  When investigating the link 

between the isotopic compositions of human tissues and drinking water, it is vital to 

define what drinking water is, and to understand the isotopic compositions of water that 

is being consumed by residents in the area. 

MV tap water is supplied by multiple water sources with three major GVWD 

watersheds supplying much of the regional district, and a smaller percentage being 

supplied by groundwater aquifers.  δ18O and δ2H in tap water varied across MV with a 

variation of 5.3‰ for δ18Otap and 29.3‰ for δ2Htap.  This variation is comparable to that 

for meteoric values across the entire UK at 4‰ for δ18Oppt and 30‰ for δ2Hppt.  It is thus 

not appropriate to assume that a single value or a small range in values can be assigned 

to a single city or district, especially when relying on drinking water values for human 

geolocation purposes.  Furthermore, isotopic compositions of MV tap water were unique 

to its water source, whether it came from the three GVWD watersheds or groundwater 

aquifers.  It is thus possible to source MV tap water from its isotopic compositions. 

Differences in isotopic values of tap water observed over a geographical area 

becomes useful for forensic victim identification as it could enable individuals from 

various parts of the area to show values in their tissues that are unique to the location in 

which consumption of water took place during the development of the particular tissue 
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being analyzed.  The isotopic compositions of tap water are influenced by local 

precipitation values, however, offsets are observed between the two, especially when 

analyzing samples at a high geographical resolution.  Thus, regardless of the 

geographical location of a city or district, the focus should be on understanding the tap 

water distribution systems and determining the isotopic compositions of the water 

sources.  Gaining a full understanding of the isotopic patterns of δ18Otap and δ2Htap on a 

smaller geographical scale will allow for human provenancing to be carried out with 

greater accuracy, which will be beneficial for forensic investigations. 
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Appendix A. 
 
Sample Collection Form 

 
Figure A 1. Sample collection form given out to volunteers. 
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Appendix B. 
 
Metro Vancouver Water Supply Source & Systems 
Description: 

The accompanying pdf file is a map of the tap water distribution system across MV colour-coded 
by its water supply source.  

Note:  Adapted from “Metro Vancouver Water Supply Source & Systems” by Metro Vancouver, 
2008.  Retrieved from 
http://www.metrovancouver.org/region/teachers/fieldtrips/Resources%20LSCR%20Field
%20Trips/2006WaterSupplySourcesandSystemsMap.pdf.  Copyright 2014 by Metro 
Vancouver.  Used with permission from Metro Vancouver. 

File name: 

Water_Supply_Sources_Map.pdf 
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Appendix C. 
 
MV Tap Water Distribution Map: Supplementary Data File 
Description: 

The accompanying pdf file is a tap water distribution map of MV marked with tap water collection 
sites and its corresponding water sources. 

Note:  Used with permission from Metro Vancouver. 

File name: 

MV_tap_distribution_map_w_samples.pdf 


