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Abstract 

 The isotopic composition of precipitation and surface water in southeastern 

New Brunswick was studied over twelve months (2016-2017) to complement a prior 

regional groundwater quality study. Monthly samples for three precipitation sites and 

six surface water sites were collected to assess seasonal/temporal variability, plus seven 

one-time samples to assess spatial variability. The Palmex Ltd. RS1 rain sampler 

(equipped with heating coils in winter) was used. Samples were analyzed for ŭ18O, ŭ2H, 

ŭ17O (all samples) and tritium (selected samples), then compared to 

climatic/hydrometric data and existing precipitation and surface water data. The Local 

Meteoric Water Line (LMWL ) developed was similar to an established LMWL  for 

Truro, NS (1975-1983), but different than Harcourt, NB (1997-2010). Tritium results 

for precipitation were approximately 10% of those circa 1980 in Truro, NS. Results 

will be submitted to the Global Network of Isotopes in Precipitation/Rivers 

(GNIP/GNIR). Performance of the precipitation collector and heating system was 

evaluated.  
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1. Introduction  

1.1. Background 

1.1.1. Isotopes in Water 

Water is made up of the elements hydrogen and oxygen. Each element has 

several possible neutron numbers, resulting in different varieties of the element, called 

isotopes (Clark and Fritz, 1997). All isotopes of a particular element are collectively 

known as the elementôs set of nuclides, a nuclide being defined as a nucleus with a 

specific number of protons and a specific number of neutrons (van Grieken and de 

Bruin, 2009). The notation used to identify a particular nuclide is AE, where A is the 

mass number (i.e. number of protons plus neutrons in the nucleus) and E is the element 

symbol (e.g. He for Helium) (Brown and Holme, 2014). 

According to Clark and Fritz (1997), the ratio of neutrons to protons in the 

nucleus determines whether a nuclide is stable or unstable (radioactive). For isotopes 

of light elements such as hydrogen and oxygen, the greatest nuclear stability is achieved 

where the ratio is approximately 1:1. The most stable isotope(s) of any particular 

element are usually the most abundant in nature (Kendall and McDonnell, 1998). 

The six naturally occurring isotopes of hydrogen and oxygen (Table 1) combine 

according to their abundances to produce 18 isotopologues of water (i.e. water 

molecules that differ only by isotopic composition) (Dojlido and Best, 1993). One 

isotopologue, 1H2
16O, represents 99.728% of all water molecules; single substitutions 

of less common isotopes represent the majority of remaining water (i.e. 1H2
18O at 

0.200%, 1H2
17O at 0.040%, and 1H16O2H at 0.032%) (Shatenshtein et al., 1960). 
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Table 1: Naturally occurring isotopes of hydrogen and oxygen 

Nuclide symbol (name) Half -life Abundance (%) 

1H (protium) A Stable C 99.9885 B 

2H (deuterium) A Stable C 0.0115 B 

3H (tritium) A 12.32 years D Varies E  

16O B Stable C 99.757 B 

17O B Stable C 0.038 B 

18O B Stable C 0.205 B 
A. Bunnett J. F. and Jones R. A. Y. (2009) 
B. Berglund and Wieser (2011) 
C. Kinsey et al. (2017) 
D. Lucas and Unterweger (2000) 
E. See Section 1.1.5. 

1.1.2. Stable Isotopes: The ŭ Notation 

According to Clark and Fritz (1997) and Kendall and McDonnell (1998), 

difficulties in measuring the absolute concentrations of stable isotopes of hydrogen and 

oxygen mean that stable isotopic compositions are usually reported as ŭ (ñdeltaò) 

values. The ŭ notation is in units of ă (ñper milò, meaning parts per thousand), and 

represents the isotopic composition of the sample relative to a reference standard. The 

standard currently used is Vienna Standard Mean Ocean Water (VSMOW), for which 

ŭ2H, ŭ18O and ŭ17O are defined as zero. Relevant ŭ values are calculated using the 

equations below (Clark and Fritz, 1997; Kendall and McDonnell, 1998). 

 

(1) ŭ
2
Hsample=

ở

Ở
ờ

H 
2

H 
1

sample

  

H 
2

H 
1

VSMOW

  -  1

Ợ

ỡ
Ỡ

* 1000ă 
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(2) 

 

(3) 

 Kendall and McDonnell (1998) explain: a sample is ñenrichedò compared to 

the standard (in this case VSMOW) if the ŭ value is positive, or ñdepletedò if negative.  

Sample A is ñlighterò than Sample B when it is more depleted and its ŭ values are lower 

(i.e. more negative/less positive). Conversely, ñheavierò water is more enriched with 

heavier isotopes and ŭ values are higher (i.e. more positive/less negative). 

1.1.3. Stable Isotopes: Natural Variability 

Fractionation is defined as the ñchange of relative proportions of different 

isotopes of the same element in various compoundsò (Kendall and McDonnell, 1998). 

In general, chemical bonds between heavier isotopes are slightly harder to break than 

those between lighter isotopes of the same element, leading to small differences in 

reaction rates (Kendall and McDonnell, 1998). Because of these differences, 

fractionation occurs as a result of any thermodynamic process - the extent of which, of 

course, is dependent on temperature (Clark and Fritz, 1997). During equilibrium phase 

changes such as evaporation and condensation, fractionation occurs such that the 

denser phase becomes more enriched with heavier isotopes, and the lighter phase 

ŭ
18

Osample=

ở

Ở
ờ

O 
18

O 
16

sample

  

O 
18

O 
16

VSMOW

  -  1

Ợ

ỡ
Ỡ

* 1000ă 

ŭ
17

Osample=

ở

Ở
ờ

O 
17

O 
16

sample

  

O 
17

O 
16

VSMOW

  -  1

Ợ

ỡ
Ỡ

* 1000ă  
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becomes more depleted in heavier isotopes (or isotopically lighter) (Clark and Fritz, 

1997; Kendall and McDonnell, 1998). Dansgaard (1964) reported several trends 

identified by researchers studying the isotopic compositions of natural waters, a few of 

which are listed below: 

¶ Fresh waters are isotopically lighter than ocean water; 

¶ Precipitation becomes isotopically lighter as distance from the ocean 

increases (ñcontinental effectò); 

¶ At higher latitudes, precipitation tends to be isotopically lighter 

(ñlatitude effectò),  

¶ At higher latitudes, isotopic composition of precipitation varies 

seasonally; 

¶ Precipitation is isotopically lighter during longer rainstorms compared 

to short rainstorms (ñamount effectò); and 

¶ Precipitation is isotopically lighter at higher altitudes (ñaltitude effectò). 

Natural waters are also subject to non-equilibrium (kinetic) fractionation effects 

that are often larger than equilibrium effects in low temperature environments (Kendall 

and McDonnell, 1998). During evaporation of ocean water, for example, the system 

would only be at equilibrium in an unrealistic, undisturbed state at 100% relative 

humidity. Decreases in relative humidity, windy conditions that remove lighter isotopes 

from the surface of the water, and higher surface temperatures all contribute to 

increased fractionation (Clark and Fritz, 1997). 

Equilibrium and kinetic fractionation effects cause the isotopic composition of 

precipitation to vary from storm to storm, and on an annual basis. Consequently, it is 
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preferable to collect samples over a long period of time to improve the estimate of 

average composition (Kendall and McDonnell, 1998). 

1.1.4. Stable Isotopes: Uses 

Harmon Craig discovered, by examining data for 400 precipitation and surface 

water samples worldwide, that a linear correlation exists when ŭ2H is plotted against 

ŭ18O (Craig, 1961). This relationship is known as the Global Meteoric Water Line 

(GMWL), and its equation is the following:  

ŭ2H = 8 * ŭ18O + 10 (4) 

 

As the name suggests, this equation represents a global and annual average. A Local 

Meteoric Water Line (LMWL) specific to a region of study can be established by 

measuring local ŭ2H and ŭ18O over months or years (Crossman et al., 2011; Isokangas 

et al., 2015; Liao et al., 2005). The GMWL and/or LMWL can be employed to explore 

interactions between precipitation, surface water, and groundwater. Examples where 

ŭ2H and ŭ18O data and the resulting LMWLs have proven useful include: 

¶ Crossman et al. (2011) found that distinct isotopic signatures in their 

samples enabled them to identify water sources and pathways 

contributing to a groundwater-fed stream in a glacierized Alaskan 

catchment. A LMWL from a prior study in their region provided 

additional context for their samples, which were all collected over the 

summer months and likely not representative of annual means; 
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¶ Liao et al. (2005) concluded that most nitrates present in Prince Edward 

Islandôs Wilmot River during baseflow were derived from groundwater, 

and that groundwater was likely derived entirely from modern local 

precipitation based on its position relative to the LMWL; 

¶ Isokangas et al. (2015) derived the isotopic composition of water vapor 

above a chain of lakes from isotopic precipitation data. This was used 

to calculate changes in ŭ2H and ŭ18O due to evaporation, which was then 

used in combination with independently-derived evaporation rates in an 

isotopic mass balance of the lake. The mass balance yielded the influx 

of groundwater to the lake, which is an important consideration for 

water level decline and eutrophication studies.  

The calculated isotopic parameter now known as deuterium excess was 

introduced by Dansgaard (1964) and is defined as: 

d-excess = ŭ2H ï 8 * ŭ18O (5) 

Clark and Fritz (1997) notes that the global average value for d-excess is approximately 

10ă, which may be seen from inspection of the equations for d-excess and the GMWL. 

(It should be noted that the slope of the d-excess line is always 8; it does not change 

when referencing a LMWL. ) For decades, d-excess has been used as an indicator of 

non-equilibrium conditions, as it depends on both temperature and relative humidity 

(Clark and Fritz, 1997).  

 Recently, improvements in analytical precision of ŭ17O measurements have 

allowed the development of another secondary parameter, 17O-excess, defined by Luz 

and Barkan (2010) as: 
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17O-excess = ln(ŭ17O + 1) ï 0.528*ln(ŭ18O + 1) (6) 

Luz and Barkan (2010) concluded that high 17O-excess corresponds to low relative 

humidity at the oceanic evaporation site. However, unlike d-excess, 17O-excess is not 

dependent on temperature (Angert et al., 2004). Luz and Barkan (2010) determined the 

equation of the line relating ŭ17O and ŭ18O on a global scale (analogous to the GMWL): 

ln(ŭ17O + 1) = 0.528 * ln(ŭ18O + 1) + 0.000033 (7) 

Used together, d-excess and 17O-excess should permit distinction between the kinetic 

effects due to temperature and relative humidity above the ocean (Angert et al., 2004). 

1.1.5. Tritium: Origins and Uses 

Trace amounts of cosmogenic tritium, 3H, are produced naturally in the upper 

atmosphere when nitrogen is bombarded with cosmic radiation (Grosse et al., 1954, 

1951). Tritium oxidizes to form water vapor and enters the hydrologic cycle, usually 

in the form of  3H16O1H (Clark and Fritz, 1997; Kendall and McDonnell, 1998). It 

decays by emission of a ɓ- particle to produce 3He (Libby, 1946).  

According to Kendall and McDonnell (1998), pre-bomb cosmogenic tritium 

levels are in the order of 5 to 10 Tritium Units (TU), where 1 TU equals 1 atom of 

tritium per 1018 protium atoms. However, there was a marked increase in atmospheric 

tritium due to extensive nuclear weapons testing for about three decades after World 

War II (Clark and Fritz, 1997). Ottawa, Ontario (the site with the longest continuous 

record) measured peak concentrations approaching 10000 TU in 1963 (Clark and Fritz, 

1997; Fritz and Fontes, 1986; IAEA/WMO, 2018). Levels have since decreased, 

largely due to accumulation in the worldôs oceans and radioactive decay (Kendall and 



8 

 

McDonnell, 1998). However, concentrations will likely never reach pre-bomb levels, 

as small amounts of tritium are still generated by facilities such as nuclear power plants 

and manufacturers of tritiated (radioluminescent) paints (Clark and Fritz, 1997).  

Measurements of tritium in precipitation, surface water, and groundwater can 

all be used (typically in conjunction with other dating methods) to calibrate models that 

estimate groundwater mean residence time (or groundwater ñageò) (Beyer et al., 2016; 

Cartwright and Morgenstern, 2012; Gusyev et al., 2013; Mağoszewski et al., 1983). 

Groundwater age is useful in various aspects of contaminant fate and transport studies, 

and in understanding the recharge and storage of an aquifer (Beyer et al., 2016; 

Cartwright and Morgenstern, 2012; Gusyev et al., 2013). Alternatively, tritium can be 

used qualitatively; high levels in groundwater (i.e. > 0.8 TU) usually indicate that some 

portion of the sample was exposed to the atmosphere after about 1952 (Clark and Fritz, 

1997). 

1.2. Existing Water Isotope Data for New Brunswick 

The Global Network of Isotopes in Precipitation (GNIP) was initiated in 1958 

by the International Atomic Energy Agency (IAEA) and the World Meteorological 

Organization (WMO) with the intent of monitoring bomb tritium. As tritium levels 

decreased, the focus shifted to the stable isotopes of hydrogen and oxygen that could 

be used for hydrologic studies (IAEA/WMO, 2015). Canada is a long-time participant 

in GNIP; Ottawa is a key North American reference station as tritium, ŭ2H, and ŭ18O 

records date back to 1953, 1967, and 1970, respectively. In 1997, Canada initiated a 

national network within GNIP, the Canadian Network of Isotopes in Precipitation 
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(CNIP) (University of Waterloo, 2004). Thanks to GNIP, precipitation data from over 

125 countries are publicly accessible online, free of charge (IAEA/WMO, 2015). North 

American contour maps (based on a global model last updated in 2013) are also 

available on the GNIP website that show predicted monthly mean values for ŭ18O and 

ŭ2H in precipitation (Terzer et al., 2013). A sister program, the Global Network of 

Isotopes in Rivers (GNIR) was launched circa 2007 (IAEA, 2013). 

 Currently, New Brunswick precipitation data available through GNIP is limited 

to monthly composite samples from Harcourt, NB, located approximately 60 km 

northwest of Moncton. Harcourt data spans from 1997 to 2010 and consists of ŭ18O and 

ŭ2H results. The only other GNIP precipitation record from the Maritimes is monthly 

composite results for ŭ18O, ŭ2H, and tritium from Truro, Nova Scotia dating from 1975 

to 1983. In a similar vein, the only New Brunswick data available from GNIR was 

submitted by a single investigator in the late 1960s and samples are concentrated on 

the western and southern portions of the province (IAEA, 2018; IAEA/WMO, 2018).  

 Timsic and Patterson (2014) recently measured ŭ2H and ŭ18O of river waters in 

a regional study of Eastern Canada and New England; nine samples were collected 

from New Brunswick locations in 2013. Unfortunately, the study lacks detailed 

information pertaining to eastern and central New Brunswick as the nine samples were 

concentrated in two areas: near Edmundston, in the northwest corner of the province; 

and near Saint John along the Fundy coast. Furthermore, only one sample was collected 

per sample site. 

Recently, researchers at the University of New Brunswick (UNB) conducted a 

regional baseline study of domestic well water quality in southeastern New Brunswick 
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(Loomer et al., 2016). In total, 434 private water wells were sampled in four study areas 

comprising about 6100 km2, amassing a large amount of isotopic data for groundwater. 

The study did not, however, include the collection of precipitation or surface water 

isotopic data. 

In summary, existing isotopic data for precipitation and surface water in New 

Brunswick is spatially sparse (Figure 1) and not current. Precipitation samples in the 

province are limited to one station that was deactivated several years ago. One surface 

water sample set is long outdated and the other study only included one sample per site.  

 

Figure 1: Regional map showing sample locations of previous studies that 

included the collection of precipitation and surface water isotope data (IAEA,  

2018; IAEA/WMO, 2018; Timsic and Patterson, 2014). Relevant Loomer et al. 

(2016) groundwater isotope study areas are included for reference. 
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1.3. Objectives 

 The overarching goal of this study was to obtain isotopic data for precipitation 

and surface water that would supplement, and assist with the interpretation of, the 

recent groundwater data collected by Loomer et al. (2016). Such data may also be of 

value in future regional hydrological investigations requiring an understanding of 

interactions between precipitation, surface water, and groundwater. The following 

activities were undertaken in pursuit of this goal: 

1. Established locations for sample collection; 

2. Selected sampling equipment and methods likely to generate 

representative samples of adequate volume for isotopic analysis; 

3. Regularly collected and submitted precipitation and surface water 

samples for isotopic analysis; 

4. Obtained climatic/hydrometric data for sample locations;  

5. Assessed spatial and temporal variability of isotopic results; 

6. Explored relationship between isotopic results and climatic/hydrometric 

conditions at the sample sites; 

7. Established LMWL using the collected data; 

8. Compared results to previously collected isotopic data for precipitation 

and surface water in New Brunswick; 

9. Evaluated performance of chosen sampling equipment and methods; 

10. Submitted isotopic data to GNIP/GNIR for inclusion in their databases. 
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2. Prior Reporting  

This project was funded by the Government of New Brunswickôs 

Environmental Trust Fund (ETF) under the project number 160271 for fiscal year 

2016-2017. To comply with funding conditions, a report summarizing work completed 

to date was submitted to ETF on March 1, 2017 (Loomer et al., 2017). The ETF report 

included a large portion of the methodology given below and some preliminary results. 

As sampling was not yet complete at the time of the ETF report submission, this report 

supersedes the ETF report. 

  



13 

 

3. Methodology 

3.1. Sample Locations 

Sample distribution focussed on three of the four study areas included in the 

Loomer et al. (2016) groundwater study: the Central, Kent, and Sussex study areas 

(Figure 2). The Central area represents the mainly forested interior of the Province, the 

Kent area represents a coastal region along the Northumberland Strait, and the Sussex 

area is an inland area, closer to the Bay of Fundy. 

With permission from Environment and Climate Change Canada (ECCC) and 

Parks Canada, precipitation samplers were installed on August 19, 2016, at one weather 

station within each of the three study areas (Figure 2, Table A.1).  Installation inside 

ECCC compounds minimized the risk of vandalism and animal interference, and the 

nearby weather stations provided free, reliable, site-specific climate data.  

Two locations for monthly surface water sampling were selected in each of the 

three study areas (Figure 2). Bridges were chosen for sampling sites, as they facilitated 

mid-channel sample collection in rivers that were too large to wade. In the Central and 

Sussex study areas, bridge locations were chosen that corresponded to locations of 

ECCC hydrometric stations. As there are no hydrometric stations within the Kent study 

area (presumably because rivers in the area are tidally influenced), sample sites were 

selected based solely on the location of bridges in the area. Five additional surface 

water sampling locations were selected in the Kent study area (three of which were 

upstream of the monthly samples) for one-time sampling based on the locations of 
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bridges (Figure 2). Coordinates and photos of all surface water sampling locations are 

given in Appendix B. 

3.2. Precipitation Sample Collection 

3.2.1. Precipitation Collection System 

The Palmex Ltd. RS1 rain samplers used in this study (Figure 3, Figures A.1 to 

A.12) were designed specifically for collecting composite monthly samples. These 

collectors are recommended by GNIP as they are an inexpensive option with excellent 

evaporation protection (IAEA, 2014). These low-maintenance, reliable units 

circumvent the use of paraffin oil as an anti-evaporation layer, which poses problems 

for laboratory analysis if not entirely removed from the sample (Gröning et al., 2012).  

Gröning et al. (2012) explain the inner workings of the RS1 sampler in great 

detail; the following is a brief summary. The collector consists of a double-walled 

cylindrical casing with an open bottom (Figure 3a). A high-density polyethylene 

(HDPE) collection bottle is inserted into the casing from below and screwed in. (Based 

on a review of historical monthly precipitation amounts, the bottle size chosen was 3L.) 

A funnel installed above the casing collects precipitation and transfers it through the 

top of the casing via 4-mm airtight tubing to the bottom of the collection bottle. Once 

a small amount of precipitation has collected in the bottle, the end of the tubing 

becomes submerged. At that point, the surface area of the sample exposed to outside 

air is limited to the cross-sectional area of the tubing, and evaporation is essentially nil.  
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Figure 3: RS1 rain sampler, (a) schematic modified from Gröning et al. (2012) and 

(b) a rain sampler installed at an ECCC weather station for this study. 

However, some air exchange is necessary to maintain atmospheric pressure inside the 

collection bottle as precipitation continues to accumulate. This is achieved by a 15-m 

length of 5-mm tubing coiled inside the casingôs double wall that connects the 

collection bottle headspace to outside air. Air in the tubing moves back and forth along 

its length to equilibrate the pressure, but is sufficiently long to prevent any significant 

moisture exchange with the atmosphere or diffusive effects, even over several months. 

The double-walled design of the casing provides some measure of insulation against 

rapid heating of the sample by sunlight, and is painted a reflective silver color for the 

same reason. The funnel includes bird deterrent mesh at the top (Figure 3b) with a 
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stainless steel screen inside to prevent large debris from entering the sample (Gröning 

et al., 2012).  

Snow adaptation kits, consisting of a 50-cm tall aluminum chimney to mount 

over the funnel and a siphon inlet to replace the drop-in tubing, were also obtained from 

Palmex Ltd.  In times of alternating freeze-thaw conditions, accumulated snow in the 

chimney will melt and drip into the collector. However, with the prolonged 

below-freezing winter temperatures in New Brunswick, snow accumulated in the 

chimney would not naturally melt into the collection bottle within a timeframe that 

would allow for the collection of a representative composite monthly sample. Transfer 

of accumulated snow into the collection bottle is also required because snow is at risk 

of isotopic fractionation from sublimation as long as it remains in the chimney. 

Fractionation is undesirable because it can affect data interpretation. 

To prolong the usefulness of the collectors into the winter months, the collectors 

at the Doaktown and Kouchibouguac weather stations were winterized on November 

26, 2016 (Figures A.13 and A.14). First, the plastic body of the casing was covered 

with aluminum foil tape to help conduct heat evenly, leaving the ventilation holes open. 

Second, Paladin 120V self-regulating heating cables (obtained from Heat-Line, a 

division of Christopher MacLean Ltd.) were coiled around the collectors and partway 

up the chimney. The assembly was then covered with double-reflective bubble wrap 

insulation, leaving the ventilation holes open. Aluminum foil tape, which maintains 

reliable adhesion over a wide range of temperatures, was used to secure both the cable 

and the insulation. Finally, the assembly was wrapped in black plastic to enhance the 

effect of solar radiation and further promote snowmelt in the chimney. To confirm that 
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the heating arrangement was operating as intended (i.e. continuously melting snow and 

ice to keep the inlet clear, but not overheating the unit), battery-powered temperature 

loggers were installed inside the collector casing.  

This type of winterization has not been previously attempted with these rain 

collectors (pers. comms. May to August 2016, Palmex Ltd.). Therefore, for both 

redundancy and comparison purposes, 19-L open pails were set on the ground at 

Doaktown and Kouchibouguac to collect snow in accordance with GNIP protocols 

(IAEA, 2014). Heating of the collector at Mechanic Settlement was not possible due to 

lack of access to electricity; therefore, winter samples were collected using only a 19-L 

pail.  

The distance from the ground surface to the top of the funnel was approximately 

1.1 m for the three collectors. Precipitation collectors that are elevated above the ground 

can affect the wind patterns at the mouth of the collector in such a way that snow is 

blown away from the collector, causing systematic losses of up to 100% (Goodison et 

al. 1998). One common method used to minimize this effect is to place an Alter Shield 

(wind-break) around the collector. At the Kouchibouguac weather station, an old Alter 

Shield was available on loan from ECCC and was installed around the precipitation 

collector. However, assessment of snow capture at the beginning of the winter season 

indicated that the collectors were accumulating acceptable sample volumes without any 

intervention. Therefore, no wind break was installed at the Doaktown weather station. 

As the snow collection pails were set on the ground (0.37 m high) and have a capture 

diameter of 0.30 m, wind shields were not considered necessary.     
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3.2.2. Totalized Sample Collection 

In accordance with GNIP protocols (IAEA, 2014), precipitation sample 

collection bottles were switched out with clean, dry bottles on or about the first of each 

month for 12 months beginning September 1, 2016. If snow/ice was present in the 

chimney, this was noted, since this could indicate that the collection bottle did not 

contain all of the captured precipitation for that month. Sample bottles were lidded, 

stored in a cooler with ice, then transported back to UNB and refrigerated.  

Snow buckets were set out to collect samples from December 1 through to the 

end of April. Buckets were switched out with clean, dry buckets on or about the first 

of each month (concurrent with the collection bottles, if applicable), and again midway 

through the month to minimize the risk of the isotopic fractionation of the accumulated 

snow due to sublimation. Upon collection, snow buckets were lidded and transported 

back to UNB. 

Upon return to UNB, lidded buckets containing snow/ice were left to melt 

overnight at room temperature in accordance with GNIP protocols (IAEA, 2014). If the 

buckets contained mid-month samples, meltwater was transferred to HDPE bottles as 

soon as possible and refrigerated until after the next monthly sampling event. 

The day following a monthly sampling event, composite monthly snow bucket 

samples were created by adding the melted mid-month sample from the refrigerator to 

the end-of-month bucket sample just collected. The bucket was then inverted gently 

several times to ensure sample homogeneity. Other precipitation samples were 

removed from the refrigerator and allowed to equilibrate with room temperature for at 
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least 30 minutes. Sample volumes were estimated at that time by weighing precipitation 

collector jars and measuring the depth of meltwater in snow buckets.  

Samples for the stable isotopes of water (ŭ2H, ŭ18O and ŭ17O) were filtered 

(<0.45 µm) into 20-mL polyethylene scintillation vials. The vials were pre-rinsed three 

times with filtered sample water and capped with zero head space. The join between 

the vials and caps was then sealed with Parafilm® wrap. Samples for tritium analysis 

were decanted, unfiltered, into 1-L HDPE bottles. 

It should be noted that precipitation collector jar samples and the corresponding 

snow bucket samples were never mixed together. Jar samples (if available and deemed 

representative) were preferred for analysis due to the assumed reduced risk of 

fractionation by evaporation/sublimation. On a few occasions, both jar and snow 

bucket samples were available and deemed representative for a given site and month. 

In these cases, both samples were analyzed and compared to evaluate any isotopic 

effects of the winterization technique. 

3.3. Surface Water Sample Collection 

On or about the first of each month for 12 months beginning September 1, 2016, 

surface water samples were collected from each of the six ñMonthlyò surface water 

sampling sites shown in Figure 2. On August 17, 2017, surface water samples were 

collected from seven locations in the Kent study area to assess the spatial variability of 

surface water isotopic composition; these included the two ñMonthlyò locations and 

the five additional ñOne-timeò sampling locations. 
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Surface water samples were obtained by lowering a sampler to the water from 

approximately mid-span of each bridge. As several of the study rivers were very 

shallow, a horizontal Van Dorn sampler was typically used to collect the sample. When 

this sampler was unavailable or out of commission, a vertical Kemmerer sampler was 

substituted. On rivers that had frozen over, the ice cover was punctured (if possible) 

from mid-span of the bridge by repeatedly dropping a lead weight on a rope, then 

sampled as per normal. If the ice was deemed too thick to puncture using the weight, a 

sample was obtained from a river bank in the vicinity of the bridge. A jar-on-pole 

apparatus was employed for grab samples obtained from river banks; this permitted 

sample collection from areas of open, flowing water up to approximately 3 m from the 

bank. Ice augering was not attempted for safety reasons. Photos of all sample locations 

(including river bank sample locations) are given in Appendix B.  

During the summer months, stable isotope samples were field-filtered (<0.45 

µm) into 20-mL polyethylene scintillation vials. The vials were pre-rinsed three times 

with filtered sample water and capped with zero head space. The join between the vials 

and caps was then sealed with Parafilm® wrap. Samples for tritium analysis were 

decanted, unfiltered, into 1-L HDPE bottles. Field measurements of pH and 

conductivity were conducted using a Thermo ScientificÊ Orion StarÊ A329 portable 

multiparameter meter. The meter was calibrated before each use for pH using 

NIST-certified 4.01 and 7.00 buffer solutions, and the linearity of the calibration was 

checked with the pH 10.01 buffer solution. The meter was calibrated for conductivity 

using a 1413 µS/cm standard solution. In colder weather, sample preparation and meter 

readings were performed indoors (at UNB) with the same equipment.  
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3.4. Equipment Protocols 

Before first use, the HDPE collection bottles, funnels, tubing, and stainless steel 

filter screens for the precipitation collectors were cleaned using laboratory-grade 

detergent, rinsed thoroughly with tap water, then triple-rinsed with distilled water. The 

plastic 19-L pails (snow buckets) were filled with warm tap water and allowed to sit at 

room temperature for at least 24 hours to remove any easily leachable contaminants. 

They were then cleaned and rinsed using the same process as the collection bottles. 

All bottles, buckets, syringes, tubing, caps, lids, etc., were disassembled and 

cleaned thoroughly with laboratory-grade detergent and rinsed well with tap water after 

each use. This was followed by three thorough rinses with distilled water. The 

equipment was left to dry overnight, protected from dust, and then sealed and stored 

until the next sampling event.  

3.5. Sample Handling and Analytical Methods 

Samples were stored in a refrigerator and shipped overnight in insulated 

packages to the analytical laboratories. In summer, samples were accompanied by ice. 

No ice was included in winter to reduce the risk of the samples freezing during 

transport. Stable isotope samples were all analyzed within three months of collection, 

while tritium samples were all analyzed within five months of collection.  

The samples for stable isotopes of water analyses were submitted to the 

University of Waterloo Environmental Isotope Laboratory (Waterloo) and/or to the 

University of Ottawa G.G. Hatch Isotope Laboratory (Hatch). The stable isotopes of 
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water were determined using Los Gatos Research (Triple) Water Isotope Analyzer 

(LGR-OA-ICOS T-LWIA (Waterloo) or LGR-TWIA-4SEP (Hatch)) laser systems.  

Many stable isotope samples were sent in duplicate to both the Waterloo and 

Hatch laboratories. On three occasions, the accuracy and precision of the laboratory 

results were compared by submission of blind reference water. Results of this 

assessment (Appendix C) indicated early on that Waterloo produced slightly better 

accuracy and precision, and was thus chosen as the primary laboratory for stable 

isotope analyses. During the analysis of data, Hatch results were ignored unless no 

Waterloo results were available. Other measures of laboratory-related quality assurance 

and quality control (QA/QC) are included in Appendix C. 

Samples for tritium analysis were submitted to the André E. Lalonde AMS 

Laboratory at the University of Ottawa. Tritium analyses were performed by tritium 

enrichment and liquid scintillation counting with a low-background Quantulus liquid 

scintillation counter.  

Tritium analyses require sample volumes in excess of 600 mL and are cost 

prohibitive in large quantities. Tritium samples were always analyzed in triplicate by 

the laboratory if sufficient sample volume was provided. Therefore, for the tritium 

analyses, the QA/QC protocols of the analyzing laboratory were deemed sufficient. The 

QA/QC assessment focused on the stable water isotope analyses, which are at greater 

risk of fractionation effects due to evaporation during handling.  
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3.6. Procurement of Climatic and Hydrometric Data 

Historical hourly data (wind speed/direction) and daily data (total precipitation, 

minimum/mean/maximum air temperature), were obtained from ECCC (2018a).1 Daily 

data were typically available online within a few days of measurement, which permitted 

ongoing estimation of cumulative precipitation amounts to ensure samples did not 

become compromised due to overflowing precipitation collection jars. Precipitation 

and air temperature data were considered during the sample submission process to help 

select the best sample for analysis. Finally, precipitation, air temperature, and wind data 

were all used in the interpretation of isotopic results. 

Recorded river stage measurements for the study period were obtained from 

ECCC (2018b) for the four sample sites located within the Central and Sussex study 

areas. Stage data was used in the interpretation of isotopic results. 

 

 

                                                 

 

 

1 Bulk historical climate data was obtained in .csv format from a ECCC (2018a) using an open-source 

utility called Cygwin (Cygwin, n.d.). To access the ECCC-hosted FTP site that houses the data, visit 

http://climate.weather.gc.ca/historical_data/search_historic_ data_e.html and search for any weather 

station. Choose any data interval and date range, then click ñGoò to open an arbitrary data report for that 

station. On the right-hand side, under the Download heading, click ñGet More Dataò. The FTP site then 

opens with further instructions for downloading and using Cygwin. 
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4.  Results 

Isotopic results for precipitation are summarized in Table 2; the complete 

precipitation data set (including monthly precipitation amounts) is given in Table D.1. 

Values for ŭ18O varied between -16.28 and -5.77ă, values for ŭ2H varied 

between -121.86 and -35.64ă, values for ŭ17O varied between -8.50 and -3.07ă, and 

tritium varied between 3.1 and 16.1 TU. Calculated values for d-excess ranged from 

+0.03 to +20.73ă, and 17O-excess was between -451.63 and +291.34 per meg 

(equivalent to -0.45 and +0.29ă, respectively). 

Isotopic results for surface water samples collected on August 17, 2017 as part 

of the assessment of spatial variability are summarized in Table 3. Results for surface 

water samples collected as part of the monthly sampling program are summarized in 

Table 4. The complete surface water data sets (including pH and electrical conductivity 

measurements) are given in Tables D.2 and D.3. For ŭ18O, values ranged 

between -14.30 and -6.90ă, ŭ2H varied between -99.13 and -53.51ă, ŭ17O varied 

between -7.53 and -3.37ă, and tritium varied between 4.7 and 13.1 TU. Calculated 

values for d-excess ranged from +1.58 to +17.06ă, and 17O-excess ranged 

from -600.28 to +604.89 meg (equivalent to -0.60 and +0.60ă, respectively).  

Based on simple differences between minimum and maximum values for each 

parameter, overall, stable isotope ŭ-values, d-excess, and tritium concentrations were 

30 to 90% more variable in precipitation compared to surface water samples. 

Conversely, 17O-excess was 60% more variable in surface water compared to 

precipitation.   
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Table 2: Isotopic Composition of Monthly Precipitation Samples by Study Area 

(September 2016 to August 2017) 

Study 

Area 

Sample 

Date 

Sample 

Type 

Month 

Represented 

ŭ18O                      

± 0.2 ă 

ŭ2H                          

± 0.8 ă 

ŭ17O                      

± 0.2 ă 

d-

excess 

(ă) 

17O-

excess 

(per 

meg) 

Tritium 

(TU) 

Ñ 1ů 

(TU) 
Notes 

C
e

n
tr

a
l 

Oct-1-16 Jar September -8.80 -59.33 -4.54 11.05 107 10.4 0.8  

Nov-1-16 Jar October -10.93 -74.65 -5.48 12.75 291 3.9 0.6  

Dec-4-16 Jar November -11.73 -77.93 -6.52 15.89 -323 4.5 0.8  

Jan-2-17 Bucket December -14.68 -100.12 -7.66 17.29 89 5.9 0.7 1 

Feb-1-17 Bucket January -11.78 -79.04 -6.01 15.19 212 3.7 0.6 2 

Feb-1-17 Jar January -10.77 -74.46 -5.60 11.68 89 NS NS 2 

Feb-17-17 Bucket February -20.12 -148.74 -10.58 12.20 43 NS NS 2, 3 

Mar-1-17 Jar February -15.49 -114.44 -7.96 9.45 214 7.3 0.7 2 

Apr-1-17 Jar March -9.18 -63.19 -4.69 10.28 160 7.5 0.8  

May-1-17 Jar April  -7.41 -45.05 -3.87 14.23 43 7 0.8  

Jun-1-17 Jar May -7.45 -49.40 -3.86 10.20 71 5 0.7  

Jun-30-17 Jar June -11.27 -81.63 -5.96 8.55 -3 13.1 1  

Aug-1-17 Jar July -6.68 -42.31 -3.63 11.14 -102 13.2 1  

Sep-1-17 Jar August -7.56 -48.83 -3.96 11.68 35 14.2 1   

K
e

n
t 

Oct-1-16 Jar September -8.82 -56.12 -4.58 14.48 81 8.7 0.8  

Nov-1-16 Jar October -11.33 -77.49 -5.78 13.11 203 3.7 0.6  

Dec-4-16 Jar November -12.27 -85.39 -6.93 12.73 -452 4.4 0.6  

Jan-2-17 Bucket December -14.98 -100.27 -7.84 19.55 65 5.6 0.7 1 

Feb-1-17 Bucket January -12.38 -80.97 -6.24 18.03 299 4.2 0.7 2 

Feb-1-17 Jar January -10.52 -70.28 -5.32 13.87 230 NS NS 2 

Feb-17-17 Bucket February -19.35 -140.68 -10.23 14.12 -14 NS NS 2, 3 

Mar-1-17 Jar February -16.28 -121.86 -8.50 8.35 94 6.3 0.7 2 

Apr-1-17 Jar March -12.22 -87.75 -6.31 9.99 138 8.7 0.8  

May-1-17 Jar April  -8.22 -51.91 -4.29 13.89 54 8.35 0.9  

Jun-1-17 Jar May -8.26 -55.78 -4.28 10.27 77 5 0.7  

Jun-30-17 Jar June -10.07 -80.55 -5.38 0.03 -58 12.8 1  

Aug-1-17 Jar July -9.73 -66.51 -5.13 11.32 7 16.1 1.1  

Sep-1-17 Jar August -7.66 -49.52 -4.00 11.74 46 10.7 0.9 4 

S
u

s
s
e

x 

Oct-1-16 Jar September -7.04 -46.24 -3.54 10.11 182 11.5 0.9  

Nov-1-16 Jar October -11.29 -76.90 -6.10 13.41 -134 3.5 0.6  

Dec-4-16 Jar November NS NS NS NS NS NS NS 5 

Jan-2-17 Bucket December -11.92 -76.14 -6.22 19.19 70 6.2 0.7  

Feb-1-17 Bucket January -9.81 -57.72 -4.98 20.73 199 3.1 0.6  

Feb-17-17 Bucket February -18.44 -132.40 -9.73 15.12 1 4.7 0.7 2, 3 

Mar-1-17 Jar February -11.74 -81.79 -6.18 12.11 21 NS NS 2 

Apr-1-17 Jar March -10.75 -70.18 -5.51 15.83 167 7.5 0.8  

May-1-17 Jar April  -7.09 -42.77 -3.67 13.97 73 6.1 0.8  

Jun-1-17 Jar May -5.77 -35.64 -3.07 10.56 -25 3.7 0.7  

Jun-30-17 Jar June -11.28 -79.55 -5.95 10.65 1 8.3 0.9  

Aug-1-17 Jar July -6.89 -45.46 -3.68 9.65 -43 12.6 1  

Sep-1-17 Jar August -6.99 -43.96 -3.69 11.95 5 7.9 0.9   

Please see next page for general and sample-specific (numbered) notes. 
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Notes for Table 2 

General ŭ18O, ŭ2H, and ŭ17O are referenced against VSMOW. 

General NS indicates "No Sample". 

General The source of tritium samples (bucket or jar) depended on sample volumes available; 

tritium analyses require 600 mL of water. 

General Red, italicized font indicates result was obtained from the University of Ottawa G.G. 

Hatch Isotope Laboratory. 

1 Bucket samples were chosen over jar samples for analysis as the precipitation collector's 

siphon inlet was frozen (blocked) for an unknown amount of time in December. The jar 

sample was not considered representative. 

2 For analysis, stable isotope results for the bucket sample were ignored in favor of the jar 

sample. Bucket sample stable isotope results will be compared with jar sample results in 

Section 6.2. 

3 Mid-month bucket samples collected on February 17th were considered to be largely 

representative for the month of February, as the majority of precipitation for the month 

fell during that period. Bucket sample stable isotope results will be compared with jar 

sample results in Section 6.2. 

4 Stable isotope results are the averages of field duplicates KEN20170901b and 

CAC20170901b (Table D.1). 

5 No sample was obtained as the jar could not be removed from the collector. 

Precipitation had entered the jar via the tubing and then frozen around it, effectively 

locking the jar and collector tubing together. A bucket had not yet been placed at the 

site. 

 

 

Table 3: Isotopic Composition of One-time Surface Water Samples collected in 

the Kent study area on August 17, 2017 

River Location 
Sample 

Date 

ŭ18O                      

Ñ 02 ă 

ŭ2H                          

Ñ 08 ă 

ŭ17O                      

Ñ 02 ă 

d-

excess 

(ă) 

17O-

excess 

(per 

meg) 

Tritium 

(TU) 

Ñ 1ů 

(TU) 

Bass 
Keswick Rd Aug-17-17 -9.96 -68.69 -5.20 10.98 54 NS NS 

Route 116 Aug-17-17 -10.43 -71.02 -5.36 12.41 143 NS NS 

Kouchibou-

guacsis 

Pont de Milieu Aug-17-17 -7.32 -53.51 -3.75 5.04 110 NS NS 

Gérasime Gallant Aug-17-17 -9.51 -67.21 -4.94 8.86 80 NS NS 

Ch Cameron's 

Mill Cross 
Aug-17-17 -9.11 -65.76 -4.83 7.16 -17 NS NS 

Richibucto Route 116 Aug-17-17 -10.34 -71.11 -5.32 11.59 141 NS NS 

St. Charles Ch de l'Église Aug-17-17 -7.79 -56.20 -4.01 6.11 103 NS NS 

NS indicates "No Sample". 
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Table 4: Isotopic Composition of Monthly Surface Water Samples by Study 

Area (September 2016 to August 2017) 

Study 

Area 
River Location 

Sample 

Date 

ŭ18O                      

Ñ 02 ă 

ŭ2H                          

Ñ 08 ă 

ŭ17O                      

Ñ 02 ă 

d-

excess 

(ă) 

17O-

excess 

(per 

meg) 

Tritium 

(TU) 

Ñ 1ů 

(TU) 
C

e
n

tr
a

l 

N
a

s
h

w
a

a
k 

Durham Bridge Sep-1-16 -10.05 -67.27 -5.39 13.16 -77 7.8 0.8 

Durham Bridge Oct-1-16 -10.13 -70.95 -5.14 10.11 206 6.2 0.8 

Durham Bridge Nov-1-16 -10.17 -67.99 -4.77 13.40 605 NS NS 

Durham Bridge Dec-4-16 -10.87 -70.10 -5.22 16.82 519 NS NS 

Durham Bridge Jan-2-17 -10.57 -70.15 -5.56 14.41 25 NS NS 

Durham Bridge Feb-1-17 -10.85 -71.90 -5.68 14.90 52 NS NS 

Durham Bridge Mar-1-17 -12.23 -82.37 -6.51 15.47 -53 NS NS 

Durham Bridge Apr-1-17 -11.08 -74.14 -5.74 14.47 106 NS NS 

Durham Bridge May-1-17 -11.06 -72.80 -5.76 15.64 79 NS NS 

Durham Bridge Jun-1-17 -10.57 -70.92 -5.55 13.64 31 6.4 0.8 

Durham Bridge Jun-30-17 -10.41 -70.95 -5.56 12.33 -64 NS NS 

Durham Bridge Aug-1-17 -10.01 -69.04 -5.25 11.04 40 NS NS 

S
o

u
th

w
e

s
t 

M
ir

a
m

ic
h

i 

Blackville Sep-1-16 -10.44 -70.38 -5.53 13.16 -12 7.4 0.8 

Blackville Oct-1-16 -10.11 -72.97 -5.03 7.90 309 7 0.8 

Blackville Nov-1-16 -10.55 -70.83 -5.48 13.61 94 NS NS 

Blackville Dec-4-16 -11.07 -73.45 -5.64 15.07 202 NS NS 

Blackville Jan-2-17 -10.89 -73.37 -5.80 13.73 -51 NS NS 

Blackville Feb-1-17 -10.94 -74.53 -5.88 13.00 -103 NS NS 

Blackville Mar-1-17 -12.43 -84.78 -6.66 14.69 -94 NS NS 

Blackville Apr-1-17 -11.23 -75.61 -5.81 14.25 118 NS NS 

Blackville May-1-17 -11.53 -76.52 -6.01 15.72 81 NS NS 

Blackville Jun-1-17 -11.00 -74.18 -5.83 13.82 -26 6.6 0.8 

Blackville Jun-30-17 -10.89 -74.54 -5.86 12.60 -111 NS NS 

Blackville Aug-1-17 -10.36 -71.89 -5.38 11.00 90 NS NS 

K
e

n
t 

B
a

s
s
  

Keswick Rd Sep-1-16 -9.54 -64.92 -5.04 11.44 -1 6.8 0.8 

Keswick Rd Oct-1-16 -10.18 -73.12 -5.09 8.31 284 6.4 0.8 

Keswick Rd Nov-1-16 -9.91 -70.22 -5.41 9.05 -181 NS NS 

Keswick Rd Dec-4-16 -10.78 -73.66 -6.29 12.55 -600 NS NS 

Keswick Rd Jan-2-17 -10.86 -73.57 -5.75 13.34 -13 NS NS 

Keswick Rd Feb-1-17 -10.93 -75.39 -5.91 12.05 -134 NS NS 

Keswick Rd Mar-1-17 -12.24 -83.24 -6.48 14.68 -18 NS NS 

Keswick Rd Apr-1-17 -11.22 -75.59 -5.94 14.14 -16 NS NS 

Keswick Rd May-1-17 -11.23 -75.88 -5.86 13.96 71 NS NS 

Keswick Rd Jun-1-17 -10.81 -72.99 -5.64 13.51 70 6 0.8 

Keswick Rd Jun-30-17 -10.54 -72.46 -5.71 11.87 -149 NS NS 

Keswick Rd Aug-1-17 -8.52 -59.47 -4.38 8.71 120 NS NS 

Continued next page 
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Table 4, continued 

Study 

Area 
River Location 

Sample 

Date 

ŭ18O                      

Ñ 02 ă 

ŭ2H                          

Ñ 08 ă 

ŭ17O                      

Ñ 02 ă 

d-

excess 

(ă) 

17O-

excess 

(per 

meg) 

Tritium 

(TU) 

Ñ 1ů 

(TU) 

K
e

n
t 

K
o

u
c
h

ib
o
u

g
u

a
c
s
is 

Pont de Milieu Sep-1-16 NS NS NS NS NS NS NS 

Pont de Milieu Oct-1-16 -6.90 -53.64 -3.37 1.58 274 6.4 0.8 

Pont de Milieu Nov-1-16 -9.85 -68.17 -5.00 10.60 196 NS NS 

Pont de Milieu Dec-4-16 -10.91 -73.03 -5.86 14.24 -102 NS NS 

Pont de Milieu Jan-2-17 -10.84 -73.41 -5.71 13.30 12 NS NS 

Pont de Milieu Feb-1-17 -11.08 -74.51 -5.77 14.17 82 NS NS 

Pont de Milieu Mar-1-17 -12.57 -86.73 -6.77 13.83 -131 NS NS 

Pont de Milieu Apr-1-17 -11.39 -76.19 -5.94 14.97 75 NS NS 

Pont de Milieu May-1-17 -10.98 -74.55 -5.81 13.30 -14 NS NS 

Pont de Milieu Jun-1-17 -10.29 -70.01 -5.42 12.32 13 6 0.7 

Pont de Milieu Jun-30-17 -10.00 -69.18 -5.30 10.80 -18 NS NS 

Pont de Milieu Aug-1-17 -8.86 -63.12 -4.62 7.72 56 NS NS 

S
u

s
s
e

x 

K
e

n
n

e
b

e
c
a

s
is 

Apohaqui Sep-1-16 -9.51 -65.44 -5.16 10.63 -142 6.85 0.8 

Apohaqui Oct-1-16 -9.70 -65.49 -5.21 12.10 -85 4.7 0.7 

Apohaqui Nov-1-16 -9.83 -65.17 -4.65 13.44 537 NS NS 

Apohaqui Dec-4-16 -10.54 -67.94 -5.07 16.36 494 NS NS 

Apohaqui Jan-2-17 -10.42 -67.60 -5.37 15.76 135 NS NS 

Apohaqui Feb-1-17 -10.31 -68.42 -5.37 14.02 72 NS NS 

Apohaqui Mar-1-17 -13.10 -87.73 -6.82 17.06 97 NS NS 

Apohaqui Apr-1-17 -10.87 -73.33 -5.70 13.64 45 NS NS 

Apohaqui May-1-17 -11.00 -73.24 -5.75 14.77 61 NS NS 

Apohaqui Jun-1-17 -10.67 -70.97 -5.54 14.38 94 5.6 0.7 

Apohaqui Jun-30-17 -10.39 -69.68 -5.55 13.42 -69 NS NS 

Apohaqui Aug-1-17 -10.15 -68.64 -5.21 12.59 150 NS NS 

P
e

ti
tc

o
d

ia
c 

Petitcodiac  Sep-1-16 -9.58 -63.31 -5.06 13.32 0 13.1 0.9 

Petitcodiac  Oct-1-16 -9.30 -67.71 -4.69 6.67 220 4.7 0.7 

Petitcodiac  Nov-1-16 -9.89 -65.99 -4.84 13.11 376 NS NS 

Petitcodiac  Dec-4-16 -11.02 -72.89 -5.45 15.29 368 NS NS 

Petitcodiac  Jan-2-17 -11.11 -74.16 -5.87 14.74 -6 NS NS 

Petitcodiac  Feb-1-17 -10.69 -72.89 -5.65 12.65 -4 NS NS 

Petitcodiac  Mar-1-17 -14.30 -99.13 -7.53 15.25 15 NS NS 

Petitcodiac  Apr-1-17 -11.13 -77.74 -6.06 11.34 -181 NS NS 

Petitcodiac  May-1-17 -11.19 -75.63 -5.89 13.86 21 NS NS 

Petitcodiac  Jun-1-17 -10.75 -72.57 -5.57 13.42 104 6.3 0.8 

Petitcodiac  Jun-30-17 -10.40 -70.43 -5.52 12.74 -26 NS NS 

Petitcodiac  Aug-1-17 -9.26 -66.47 -4.81 7.58 80 NS NS 

  NS indicates "No Sample". 
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Climatic data obtained from ECCC (2018a) for the three weather stations 

coincident with the locations of the precipitation collectors used in this study are given 

in Figures 4 to 6. For the purposes of discussion pertaining to precipitation, the study 

period is defined as September 1, 2016 to August 31, 2017; note that climate data 

graphs are extended backwards and forwards by one month simply to provide context.   

At Doaktown, the monthly precipitation over the study period ranged from 35.0 

mm (July) to 153.2 mm (May). The driest and wettest month differed by 118.2 mm, 

and the monthly average was 77.8 mm. The maximum precipitation amount for any 

one day was 53.1 mm (May 6). Air temperature ranged from -31.8°C (February 11) to 

32.1°C (May 18), a total range of 63.9°C, with a mean of 5.1°C. A daily maximum 

wind gust exceeding 31 km/h occurred on 49% of 365 days (record was complete); the 

maximum reported gust was 67 km/h. The predominant wind direction was from the 

west (47% of measurements), with an additional 20% coming from the southwest. 

At Kouchibouguac, the monthly precipitation over the study period ranged from 

45.1 mm (July) to 191.8 mm (May). The driest and wettest month differed by 146.7 

mm, and the monthly average was 90.6 mm. The maximum precipitation amount for 

any one day was 47.7 mm (May 6). Air temperatures ranged from -29.6°C (February 

12) to 33.4°C (June 11), a total range of 63°C, with a mean of 5.9°C.  

Kouchibouguac wind gust information for the study period is divided into two 

categories: before and after November 17, 2016. On that date, ECCC weather 

equipment was moved 2 km north to a less sheltered site (Appendix A). Before 

November 17, the extremely sheltered location of the weather station equipment (and 

precipitation collector) did not experience any wind gust exceeding 31 km/h. Based on  
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hourly data for that period, the maximum wind speed was 16 km/h, and wind was from 

usually from the southwest (44% of measurements) or west (33% of measurements). 

After November 17, a maximum daily gust exceeding 31 km/h occurred on 133 of the 

283 days with recorded data (equivalent to 47%), and the maximum reported gust was 

67 km/h. The predominant wind direction was from the west, as 60% of measurements 

were within the southwest-west-northwest range, with west most frequently recorded 

(25%). 

At Mechanic Settlement, the monthly precipitation over the study period ranged 

from 34.8 mm (July) to 226.8 mm (May). The driest and wettest month differed by 192 

mm, and the monthly average was 109.2 mm. The maximum precipitation amount for 

any one day was 94.9 mm (May 6). Air temperatures ranged from -23.7°C (January 9) 

to 29.3°C (May 18), a total range of 53°C, with a mean of 5.1°C. A daily maximum 

wind gust exceeding 31 km/h occurred on 79% of 365 days (record was complete); the 

maximum reported gust was 82 km/h. Recorded gust directions were predominantly 

from the west and south (26% and 22% of gusts, respectively), but a substantial number 

of the maximum gusts came from either the northwest (17%) or southwest (10%). 

Overall, Mechanic Settlement had the largest difference in precipitation from 

its driest to wettest month, while Doaktown experienced the least difference. All three 

sites had similar minimum monthly precipitation amounts, but Mechanic Settlementôs 

maximum monthly precipitation amount was 50% higher than Doaktown, while 

Kouchibouguac was 25% higher than Doaktown. The three sites also had the same 

wettest day, May 6, but Mechanic Settlement received substantially (90%, on average) 

more rain than Doaktown or Kouchibouguac. 
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The temperature range recorded at Mechanic Settlement was 10°C narrower 

than the other two sites. Doaktown and Kouchibouguac had similar minimum and 

maximum temperatures, but the mean temperature at Kouchibouguac was 0.8°C higher 

than Mechanic Settlement and Doaktown. 

 Doaktown and Kouchibouguac both had recorded maximum wind gusts of 67 

km/h, with wind exceeding 31 km/h just under 50% of the time at both locations. The 

predominant wind direction for all sites was west, but wind patterns differed at each 

site. Southwest was the clear secondary direction for Doaktown, as west and southwest 

wind gusts accounted for almost 70% of all gusts. At Kouchibouguac, wind gust 

directions formed a wider bell curve centered on a westerly direction (Figure 7). 

However, it is important to note that almost three months of gust data are missing from 

Kouchibouguac due to the equipment being in a very sheltered area that may have 

significantly altered the curve. Mechanic Settlement had a maximum gust 20% higher 

than Doaktown and Kouchibouguac, and gusts occurred much more frequently. 

 

Figure 7: Frequency of wind gusts by direction at Kouchibouguac from November 

17, 2016 to August 31, 2017 (ECCC, 2018a). 
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The wind patterns at Mechanic Settlement are interesting in that wind gusts from the 

south and west are common, but wind gusts from the southwest are considerably less 

so (Figure 8). In general the wind directions are more diverse at Mechanic Settlement 

compared to the other two sites. 

 

Figure 8: Frequency of wind gusts by direction at Mechanic Settlement from 

September 1, 2016 to August 31, 2017 (ECCC, 2018a). 

 The stages of the four rivers within the Central and Sussex study areas are given 

in Figure 9; as previously stated, no hydrometric stations recording continuous data are 

active in the Kent study area. Based on availability of data, the study period for the 

purposes of this discussion is defined again as September 1, 2016 to August 31, 2017. 

 During the study period, the stage of the Nashwaak River varied from 17.71 to 

20.79 m (a difference of 3.08 m), and the mean stage was 18.26 m. The stage of the 

Southwest Miramichi River varied between 0.41 and 6.24 m (a difference of 5.83 m), 

with a mean stage of 1.35 m. The Petitcodiac River stage varied from 0.31 to 2.73 m, 

with a mean stage of 0.76 m. The Kennebecasis River stage ranged between 7.24 to 

10.42 m (a difference of 3.18 m), with a mean stage of 7.89 m. 
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From September to December, and June to August, all rivers showed relatively 

little variation, regardless of precipitation events. Stage varied more from December to 

May, likely because of frozen ground in the catchments that reduced infiltration 

capacity, thereby resulting in more runoff due to precipitation and spring snow pack 

melting. 

Surface waters in the Central and Kent study areas had similar pH ranges (6.4 

to 7.5, and 6.4 to 7.6, respectively), while in the Sussex area, surface water pH was 

higher (ranging from 6.5 to 8.7). Electrical conductivity ranged between 0.022 and 

0.080 mS/cm in the Central study area, 0.020 to 15.200 mS/cm in the Kent study area, 

and 0.104 to 0.994 mS/cm in the Sussex study area. It was noted that monthly samples 

for September, October, June, and August from rivers in the Kent study area had 

conductivities two to three orders of magnitude higher than for other months. One-time 

samples collected August 17, 2017 also had highly variable conductivities considering 

their close spatial distribution.  
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5. Discussion 

In this section, isotopic results from this study are compared to existing long-term 

data, then relationships between composition and climatic/hydrometric conditions are 

discussed. Next, spatial variability is addressed and a local meteoric water line is 

developed using the recently collected precipitation data.  

5.1. Long-Term Temporal Variability of ŭ18O and ŭ2H 

Existing ŭ18O and ŭ2H data for Harcourt (IAEA/WMO, 2018) were plotted with 

data from this study in Figures 10 and 11. Geographically, the Harcourt site is closest 

to the Central and Kent precipitation sites. The Central and Kent results were similar 

to Harcourtôs for both ŭ18O and ŭ2H. By comparison, the Sussex results were 

considerably less variable during the year.  

As tritium data were not available for Harcourt, existing tritium data for Truro, 

NS (IAEA/WMO, 2018) were plotted with data from this study in Figure 12. The 

marked decrease in tritium levels over the long term noted by various sources (e.g. 

Clark and Fritz (1997)) is clearly visible in Figure 12. Recent tritium levels in 

precipitation have decreased to approximately 10% of what they were in the late 1970s 

to early 1980s. 

Results for ŭ18O and ŭ2H from this study were also plotted with the predicted 

ranges of values obtained through inspection of GNIP monthly contour maps. Given 

the low resolution of the contour maps (one photo for all of North America) and lack 

of landmarks or provincial borders, interpolation between contour lines was not 

attempted. To clarify, if a study site appeared to be located in a yellow area of the ma 
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map that represented a value between -54 and -38ă, the result for that study site was 

considered to substantially agree with the contour map if it fell within that range of 

values (plus or minus map uncertainty). Map uncertainties were also given in contour 

map format; however, a range of uncertainties complicated analysis significantly. 

Therefore, only the largest uncertainty value was used. For example, if orange indicated 

an uncertainty of 12.8 to 14.4ă, it was assumed that the uncertainty was 14.4ă. Figure 

13 compares the Kouchibouguac monthly precipitation results for ŭ2H to the GNIP 

contour maps; see Appendix E for the complete set of comparison plots. 

 

Figure 13: Kouchibouguac (Kent study area) precipitation results for ŭ2H, with 

GNIPôs predicted ranges. Dark green shows the predicted range. Light green 

shows the outer limits of model uncertainty (Terzer et al., 2013). 

In general, results obtained during the warmer months were reasonably 

consistent with the range of values predicted by GNIP, when considering uncertainty 

in the model. Results for the cooler months, however, were slightly higher than the 

predictions. Results for January (both ŭ18O and ŭ2H, for all study areas) were 

particularly high. 
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5.2. Qualitative Relationships with Climatic/Hydrometric Conditions  

The following observations were made when comparing precipitation and 

surface water isotopic results (i.e. the temporal plots presented in Appendix F) to 

climatic and river stage data: 

¶ Regarding ŭ18O, ŭ2H, and ŭ17O, which are treated as a group here 

because of the strong similarities between Figures F.1, F.2, and F.3, it 

was noted that: 

o isotope results for precipitation tended to have a higher month-

to-month variability than surface water,  

o isotope results for precipitation, in general, appeared to correlate 

strongly with air temperature, with lower (isotopically lighter) 

values in the winter and higher (isotopically heavier) values in 

the summer. Small month-to-month variations in temperature 

appeared to result in relatively large changes in these three 

parameters, 

o in general, the two surface water sampling sites within each 

study area had comparable isotopic results from month to month, 

with a few exceptions, and  

o isotope results for surface waters tended to be slightly higher 

(isotopically heavier) in the summer and lower (isotopically 

lighter) in the winter. 

¶ Regarding d-excess, it was observed that: 
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o results for precipitation were sporadic from month to month, but 

exhibited an overall decreasing trend during the study period, 

o surface water d-excess was generally slightly higher in the 

winter than summer, 

o in general, the results for the two surface water sampling sites in 

each study area were comparable, with a few exceptions, and 

o results for precipitation did not clearly correlate with surface 

water results in the Central and Kent study areas; a closer 

relationship was noted for the Sussex study area. 

¶ Substantial differences in 17O-excess were observed between 

precipitation and surface water results during the cooler months for any 

given study area. Results between sites were more comparable, and less 

variable from month to month, in mid-summer. No clear relationship to 

the climatic data collected was observed. 

¶ Tritium results were generally lower in the cooler months and higher in 

the warmer months, but no clear relationship was observed between 

tritium and the climatic data. 

5.3. Spatial Variability of Isotopic Composition  

5.3.1. Annual Averages of Monthly Precipitation Samples 

To better approximate the annual average values for ŭ18O, ŭ2H, ŭ17O, and 

tritium in precipitation for each study area, monthly precipitation isotopic results were 
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weighted using the ECCC-recorded monthly precipitation amounts given in Table D.1 

(Timsic and Patterson, 2014). Annual weighted means for each study area (Table 5) 

were compared using SPSS Statistical Software (IBM, 2016; IBM Corp., 2017). Using 

a confidence interval of 95%, it was determined that there was no statistical difference 

in isotopic composition between study areas for any of the parameters investigated 

(Appendix G). This was not surprising; given the high seasonal variability in isotopic 

composition (and thus the relatively high standard deviation), clear differences between 

study areas were not expected to be evident with only 12 months of data. 

Table 5: Annual weighted mean composition of precipitation by study area with 

associated weighted standard deviations 

Study 

Area 
Measure 

ŭ18O   

(ă) 

ŭ2H   

(ă) 

ŭ17O   

(ă) 

Tritium 

(TU) 

Central 
Weighted Mean -10.31 -70.36 -5.37 6.7 

Weighted Std Dev 2.73 21.18 1.43 3.1 

Kent 
Weighted Mean -10.89 -75.27 -5.68 6.9 

Weighted Std Dev 2.57 19.93 1.37 3.2 

Sussex 
Weighted Mean -9.38 -60.96 -4.91 5.6 

Weighted Std Dev 2.39 17.63 1.26 2.5 

Std Dev = Standard Deviation 

 

 Annual average values for ŭ18O in precipitation are mapped in Figure 14. 

(Please see Figures H.1 to H.6 for maps showing all annual average values, including 

d-excess and 17O-excess). The Kent study area had the lowest values for ŭ18O, ŭ2H, 

ŭ17O, and d-excess. The Central study area had the highest 17O-excess, while Sussex 

had the lowest. For tritium, Kent had the highest result, while Sussex had the lowest. 
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5.3.2. Annual Averages of Monthly Surface Water Samples 

Annual average isotopic compositions for monthly surface water sampling 

locations are mapped with the precipitation results in Figures H.1 to H.6. As surface 

water collection consisted of grab samples rather than monthly composite samples, 

weighting results using measurements such as precipitation amounts or river stage was 

not considered appropriate. Therefore, a simple geometric mean was used for surface 

water results.  

Averaged results for ŭ18O, ŭ2H, and ŭ17O were all very similar across study 

areas, despite the probability of tidal influence in the Kent study area. It was observed 

that d-excess results were lowest to the northeast, and increased to the southwest. 

Results for 17O-excess varied widely from site to site, but also seemed to generally 

increase to the southwest, with one exception (Bass River at Keswick Rd). Tritium 

results did not follow any particular pattern, but it should be noted that tritium samples 

were only collected two or three times for each surface water site, not every month. 

5.3.3. One-Time Surface Water Samples 

Isotopic results for the one-time surface water samples collected August 17, 

2017 are mapped in Figures H.7 to H.11. In general, higher results for ŭ18O, ŭ2H, ŭ17O 

were observed near the coast, while lower results were obtained farther inland. The 

higher proportions of heavy isotopes near the coast, combined with field observations 

that electrical conductivity of river water nearer the ocean was more saline, indicated 

that these rivers were indeed under a strong tidal influence at the time of sampling. 
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Results for d-excess were generally lower near the ocean and higher inland. Results for 

17O-excess did not follow a perceivable pattern, and the range of values was large: -17 

to +143 per meg.  

5.3.4. Comparison of Surface Water Results to Existing Data 

Timsic and Patterson (2014) developed regional contour maps for ŭ18O, ŭ2H, 

and d-excess based on 294 one-time surface water samples collected between 2007 and 

2013 in Atlantic Canada, coastal Québec, and New England. Exact sample dates are 

unknown; only the sample year is stated. All New Brunswick samples were collected 

in 2013. Contours indicate that for southeastern New Brunswick, ŭ18O should have 

been between -10 and -7ă, ŭ2H should have been between -70 and -50ă, and d-excess 

should have been above 14ă. Actual annual average surface water results from the 

current study were all below -10ă for ŭ18O and below -70ă for ŭ2H. The annual 

average values for d-excess were all below 14ă with one exception (14.02ă in 

Apohaqui). In summary, the measured annual average values were generally lower than 

those predicted by the published contour map (Timsic and Patterson, 2014). If Timsic 

and Patterson (2014) samples were collected during typical summer field seasons, the 

lower ŭ18O and ŭ2H results expected in winter would have been under-represented in 

calculation of the contour map, which could partially explain this discrepancy. 

The Timsic and Patterson (2014) ŭ18O contour map indicated, for the Kent study 

area, that results should have been between -10 and -9ă; actual results for the samples 

collected on August 17, 2017 varied between -10.43 and -7.32ă. The ŭ2H contour map 

indicates results of -70 to -60ă; actual results from the August 2017 samples were 
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between -71.11 to -53.51ă. The d-excess map indicated that results would likely be 

above 16ă; actual results varied between 5.04 and 12.41ă. In summary, measured 

ŭ18O and ŭ2H for one-time summer samples were relatively close to the expected 

values, but d-excess values were considerably lower than predicted by the Timsic and 

Patterson (2014) maps. 

5.4. Local Meteoric Water Line 

Isotopic results for precipitation and surface water are presented in ŭ2H-ŭ18O 

space in Figure 15. Equations of the linear regression lines (i.e. the LMWLs) for the 

precipitation data sets for this study, Truro, and Harcourt were calculated and compared 

using GraphPad Software (2017), which employs a method equivalent to the Analysis 

of Covariance (ANCOVA) (Andrade and Estévez-Pérez, 2014; GraphPad Software, 

Inc., n.d.). Using a 95% confidence interval, results (Appendix I) indicated that the 

slope of the LMWL for this study was not significantly different than either the 

Harcourt or Truro LMWL . The y-intercept of the LMWL was significantly different 

than that of Harcourt, but not of Truro. Linear regression equations calculated by 

GraphPad were confirmed using standard linear trendlines in MS Excel, and the 

conclusions drawn by GraphPad appear to be corroborated by Figure 15. 

The plot generated by GraphPad (Appendix I) indicated that 12 of the 35 data 

points were clearly outside the 95% confidence interval for the calculated regression 

line (LMWL). It was decided that these outliers would not be removed from the 

regression calculation for three reasons: data had only been collected for one year; 

outliers represented one third of all samples; and the calculated LMWL was already 
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fairly consistent with those of Harcourt and Truro. Therefore, the equation of the 

LMWL  for this study was found (using only monthly precipitation results) to be: 

ŭ2H = 7.765 * ŭ18O + 9.9643 (8) 

 

In general, ŭ18O and ŭ2H results for surface waters closely followed the LMWL. 

 

  

 

Figure 15: Relationship between ŭ18O and ŭ2H of precipitation and surface waters, 

presented by study area. ŭ18O and ŭ2H are referenced against VSMOW. LMWLs 

from Harcourt, NB and Truro, NS  (calculated from precipitation results only) are 

shown for reference, as well as the GMWL (IAEA/WMO, 2018) . 
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6. Evaluation of Collection Equipment and Methods 

6.1. Performance of Precipitation Collectors 

The precipitation collection system used in this study was found to be very easy 

to use, with most site visits taking less than five minutes, consistent with the findings 

of Gröning et al. (2012). Site visits did take longer when there was excessive snow 

and/or ice buildup, as shovels and/or axes were required to dig out the collector so the 

jar could be removed from the bottom. However, snow buckets would have required a 

similar amount of labor, so this was not considered overly inconvenient. The simple, 

inexpensive mounting system used was sufficiently stable that the collectors remained 

almost perfectly level for the entire 12-month period, although it should be noted that 

such a mount would not work over a much longer term due to the use of untreated wood 

and unprotected steel components. 

The heating system also functioned very well. Unfortunately, no complete data 

set for the temperature loggers installed inside the collector casing was available due 

to technical difficulties. The aluminum snow chimneys, however, were usually 

completely clear of snow/ice upon visiting the collector sites, and the collector jar 

contents were usually at least partially frozen. This suggests that precipitation likely 

melted into the jars within a day or two of falling and did not remain overheated. 

6.2. Comparison of Jar and Bucket Sample Results for Precipitation 

As noted earlier, there were five instances where samples were collected from 

both the precipitation collection jar and the snow bucket for a given month. The 

geometric mean of the five bucket sample results was compared to the geometric mean 
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of the five jar sample results for each of ŭ18O, ŭ2H, and ŭ17O (Appendix I). In all cases, 

two-sample t-tests confirmed that the differences between jar and bucket samples were 

statistically significant based on a 95% confidence interval. Bucket samples results 

were over 20% lower (more depleted) than jar sample results. Because 

evaporation/sublimation of samples leads to isotopic enrichment, not depletion, 

evaporation/sublimation was not considered to be the (main) cause of this discrepancy. 

6.3. Assessment of Effects of Sample Handling and Storage Methods 

On January 2, 2017, reference water with known isotopic composition, obtained 

from the United States Geological Survey (USGS), was split into two 20-mL 

scintillation vials as an inter-laboratory comparison of accuracy and precision. 

(Appendix C has more details on the results of the inter-laboratory comparison.) These 

sample vials contained an equal (small) amount of headspace, as the USGS reference 

water sample was exactly 40mL and some losses were unavoidable during the transfer 

of water from the glass ampoule to the sample vials. At the same time, two additional 

samples were created from another ampoule of reference water that were held 

(refrigerated) at UNB for six months prior to shipment to the laboratories for analysis.  

For the samples held back, the headspaces were not equal; the sample sent to 

Waterloo had zero headspace, and the sample sent to Hatch was full only to the 

shoulders of the sample vial (i.e. had more headspace than the samples submitted in the 

regular time frame). The Waterloo hold-back sample was supposed to emulate a sample 

from this study that was not analyzed until several months after collection. The purpose 

of this was to ascertain any fractionation effects that occurred during longer-term 
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sample storage. The Hatch hold-back sample was supposed to assess any fractionation 

effects that a sample might experience over a six-month period when the vial contained 

headspace. The results of the analysis of the four samples are presented in Figure 16. 

 

Figure 16: Analytical results used to assess the effects of sample handling and 

storage methods. Error bars represent analytical precision reported by the 

laboratory. The two samples analyzed in a regular analysis timeframe (light blue 

and light yellow) had equal headspace.  The Waterloo sample with a 6-month 

holdback (dark blue) had zero headspace, and the Hatch sample with a 6-month 

holdback (dark yellow) had more headspace than the two samples submitted for 

analysis in a typical timeframe. 

  

The Waterloo results only differ slightly for both ŭ18O and ŭ2H, and within the reported 

laboratory analytical precision. The accuracy of both samples is also very good. This 

(admittedly, small) test suggests that fractionation effects due to longer-term storage 

before analysis are probably small when the sample vial has zero headspace and is 
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sealed with Parafilm® wrap (as the samples were in this study). The reduced analytical 

precision demonstrated by Hatch during the inter-laboratory comparison and the fact 

that only one pair of samples was analyzed preclude any firm conclusions about the 

possibility of fractionation over long periods in vials with headspace. 
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7. GNIP/GNIR Submission 

Monthly precipitation, monthly surface water, and one-time surface water 

results will be submitted to GNIP/GNIR in the spring of 2018. Results will be listed in 

the GNIP/GNIR database (IAEA, 2018; IAEA/WMO, 2018) under the site names listed 

in Table 6. 

Table 6: GNIP/GNIR Site Names 

Monthly Precipitation  

Doaktown (NB) 

Kouchibouguac (NB) 

Mechanic Settlement (NB) 

Monthly Surface Water 

Nashwalk - Durham Bridge (NB) 

Southwest Miramichi ï Blackville (NB) 

Kouchibouguacsis ï Ch Pont de Milieu (NB) 

Bass ï Keswick Rd (NB) 

Petitcodiac ï Petitcodiac (NB) 

Kennebecasis ï Apohaqui (NB) 

One-time Surface Water 

Kouchibouguacsis -  Ch Gérasime Gallant (NB) 

Kouchibouguacsis -  Ch Cameron's Mill Cross (NB) 

St. Charles ï Ch de lô£glise (NB) 

Bass ï Route 116 (NB) 

Richibucto ï Route 116 (NB) 
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8. Conclusions 

A comparison of ŭ18O and ŭ2H data from this study (2016-2017) and existing 

data from Harcourt, NB (1997-2010) did not reveal any large disparity in ŭ18O or ŭ2H 

results. This suggests that these two parameters did not vary considerably from the 

previous data collection period. As tritium data were not available from Harcourt, 

tritium data from Truro, NB (1975-1983) were compared to tritium data collected 

during this study. Tritium was found to have decreased to approximately 10% of the 

levels measured in the late 1970s to early 1980s. 

A comparison of amount-weighted annual mean results for ŭ18O and ŭ2H in 

precipitation with predicted values given in GNIP contour maps revealed similar values 

during summer months. However, results from this study were generally higher (more 

enriched) than GNIP predictions during the cooler months. The specific reason for this 

discrepancy is unknown, but is thought to be related to the use of precipitation 

collectors instead of the conventional snow buckets during the colder months. Heating 

systems were only used at two collection sites while sample enrichment was observed 

at all three sites; this suggests that heating of the jar samples was not the (only) cause 

of enrichment. Further research would be required to determine the cause of the 

differences between jar and snow bucket samples results. 

A visual review of precipitation isotopic data in conjunction with monthly 

climatic data recorded at the ECCC weather stations revealed that ŭ18O, ŭ2H, and ŭ17O 

are all strongly related to air temperature. In general, precipitation varied more than 

surface water on a month-to-month basis, but the precipitation and surface water results 

tended to increase (or decrease) together. Results for d-excess tended to be higher in 
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the winter and lower in the summer in surface water, while precipitation results were 

very sporadic over the course of the year. Results for 17O-excess did not appear to be 

closely related to any of the climate data examined, although it was noted that 

precipitation results and surface water results were more similar to each other in mid-

summer. Tritium was noted to be higher in summer and lower in winter, but no clear 

correlation to air temperature was observed. 

It was found that the annual weighted average isotopic composition of 

precipitation did not vary significantly between study areas. Given the high standard 

deviations resulting from high seasonal variability in composition, statistical 

differences between study areas were not expected to be evident with only 12 months 

of data. Based on a visual assessment of annual (geometric) mean surface water data, 

results for ŭ18O, ŭ2H, and ŭ17O were all very similar across study areas, despite the 

probability of tidal influence in the Kent study area. Results for d-excess and 17O-

excess generally increased to the southwest, as the distance from the ocean increased. 

Field electrical conductivity measurements and isotopically heavier surface water 

closer to the ocean indicated that samples collected in the Kent study area on August 

17, 2017 were influenced by tidal waters; a few monthly samples in the Kent area were 

also considered to be under tidal influence. 

Surface water results were compared with ŭ18O, ŭ2H, and d-excess contour 

maps presented by Timsic and Patterson (2014). In general, the measured annual 

average surface water results for all three parameters were lower than those indicated 

by the maps. The contour maps were created using a set of one-time samples that were 

most likely collected during warmer months (during a typical field season), which 
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would yield higher values compared to an annual average. One-time (August 17, 2017) 

samples were somewhat in agreement with the Timsic and Patterson (2014) results (i.e. 

contour maps) for ŭ18O and ŭ2H despite the tidal influence, but measured d-excess 

values were considerably lower than predicted. 

The equation of the LMWL for this study was determined to be ŭ2H = 7.765 * 

ŭ18O + 9.9643. The slope of the LMWL was not significantly different than that either 

of the previously established Truro or Harcourt LMWLs; the LMWL y-intercept was 

different than Harcourt but not Truro. Given the relatively small amount of 

precipitation data, no outliers were removed during the calculation of the LMWL for 

this study. A more prolonged study period would better indicate outliers that could be 

removed and ultimately lead to a better approximation of the LMWL. 

During this study, winter samples collected using the precipitation collectors 

typically fell as snow, melted down the chimney of the collector, and then froze again 

in the collection jar. Upon collection of the sample, the frozen sample was again re-

melted for filtration and analysis. This represents two extraneous phase changes (one 

freeze and one melt) that may have resulted in additional fractionation and enrichment 

of the sample. Preventing the melted sample from re-freezing in the collection jar 

through better insulation would likely improve the representativeness of the winter 

precipitation results.  

Based on a small test, it was determined that the stable isotope sample collection 

method (i.e. filtration into 20 mL vials with zero headspace, sealing with Parafilm® 

wrap, and refrigeration) provided adequate protection from fractionation for the 

purposes of this study. The difference between a duplicate sample analyzed 
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immediately and a duplicate sample held back for six months were within the 

laboratoryôs reported precision.    

Finally, data (ŭ18O, ŭ2H, and ŭ17O, and tritium) from this study will be submitted 

to GNIP/GNIR for inclusion in their databases. This includes the monthly precipitation 

data, monthly surface water data, and one-time surface water data. 
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Appendix A:    Precipitation Collector Location 

Information and Photos 
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Table A.1: Precipitation collector location information 

Study 

Area 
Weather Station Name Climate ID Latitude Longitude 

Central Doaktown Auto RCS 8101201 46.585217 -66.009974 

Kent Kouchibouguac CS A 8102328 46.771245 -65.002861 

Sussex Mechanic Settlement 8102848 45.693560 -65.165193 

 

A The Kouchibouguac collector was located at the site of an Environment Canada/Parks 

Canada weather station that was active until November 17, 2016. At that time, 

Environment Canadaôs weather station equipment was relocated approximately 2.2 km 

north to a new site. Collection of weather station data continued under the same weather 

station name and ID as before the relocation (Table A.1). It was decided that the 

precipitation collector for the current study would remain at the old site where it was 

more sheltered and more likely to have a high snow capture rate.  Any variations in 

precipitation/climate data between the old and new sites were considered unimportant 

due to the very short distance between them. Therefore, for the purposes of analysis, 

the change in location of the Kouchibouguac CS weather station was ignored. 
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Figure A.1: Precipitation collector installed at Environment Canadaôs Doaktown 

Auto RCS weather station. Photo facing north. August 2016. 

 

 

Figure A.2: Precipitation collector installed at Environment Canada's 

Kouchibouguac weather station. Photo facing south. August 2016. 
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Figure A.3: Precipitation collector installed at Environment Canada's Mechanic 

Settlement weather station. Photo facing east. August 2016. 

 

 

Figure A.4: A typical scene upon arrival at a precipitation collection site during 

the winter months. Snow bucket visible at back right . Kouchibouguac, April 2017. 
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Figure A.5: Ensuring a representative sample was obtained after several 

consecutive days of snow. The contents of the bucket and the snow column above 

were packed into containers, melted, and then homogenized to create one 

composite sample. Mechanic Settlement, February 2017.  
 

 

Figure A.6: After collecting jar and bucket samples, routinely clearing the sites of 

excessive snow was necessary for continued access to the bottom-mounted 

collector jar and to minimize drifting over the bucket. Doaktown, February 2017. 
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Figure A.7: Precipitation collector setup at Doaktown after 12 months of use. 

September 2017. 

 

 

Figure A.8: Doaktown precipitation site after removal of equipment. September 

2017. 
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Figure A.9: Precipitation collector setup at Kouchibouguac after 12 months of use. 

September 2017. 

 

 

Figure A.10: Kouchibouguac precipitation site after removal of equipment. 

September 2017. 
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Figure A.11: Precipitation collector setup at Mechanic Settlement after 12 months 

of use. September 2017. 

 

 

Figure A.12: Mechanic Settlement precipitation site after removal of equipment. 

September 2017. 
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Figure A.13: WINTERIZATION: 

Plastic collector casing wrapped in 

aluminum tape to help conduct heat, 

with Paladin self-regulating heating 

cable to promote snow melt into the 

collection jar. Procedure typical for 

Doaktown and Kouchibouguac 

precipitation collectors. Doaktown, 

November 2016. 

 

 Figure A.14: WINTERIZATION: 

Heated precipitation collector covered 

with double reflective bubble wrap 

insulation, with ventilation holes. 

Procedure typical for Doaktown and 

Kouchibouguac precipitation 

collectors. Kouchibouguac, November 

2016. 
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Appendix B:    Surface Water Sample Location 

Information and Photos 
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Table B.1: Monthly surface water sampling site information  

Study 

Area 
Sample Site 

Hydrometric 

Station ID 
Latitude Longitude 

Doaktown Nashwaak River at 

Durham Bridge 
01AL002 46.125908 -66.611669 

Southwest Miramichi 

River at Blackville 
01BO001 46.735942 -65.826105 

Kent Kouchibouguacsis River at 

Chemin Pont de Milieu 
See note 46.717743 -65.020564 

Bass River at Keswick 

Road 
See note 46.545570 -65.085068 

Sussex Petitcodiac River near 

Petitcodiac 
01BU002 45.947009 -65.167099 

Kennebecasis River at 

Apohaqui 
01AP004 45.701479 -65.601291 

Note: No Environment and Climate Change Canada hydrometric stations exist in the Kent study area. 

 

 

 

Table B.2: One-time surface water sampling site information 

Study 

Area 
Sample Site 

Hydrometric 

Station ID 
Latitude Longitude 

Kent Kouchibouguacsis River at 

Gérasime Gallant Road  
See note 46.701313 -65.081789 

 Kouchibouguacsis River at 

Chemin Cameronôs Mill 

Cross 

See note 46.671329 -65.138800 

 St. Charles River at 

Chemin de lôEglise bridge 
See note 

46.667790 

 

-64.978198 

 

 
Bass River at Route 116 See note 

46.549471 

 

-65.109663 

 

 Richibucto River at Route 

116 Bridge 
See note 46.509874 -65.162644 

Note: No Environment and Climate Change Canada hydrometric stations exist in the Kent study area. 
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Figure B.1: Nashwaak River at Durham Bridge (monthly sampling site, Central 

study area). Photo facing south. October 2016. 

 

 

Figure B.2: Nashwaak River at Durham Bridge sampling location for January 2, 

2017. Grab sample obtained in an area of open water near bank. Photo facing 

north. January 2017. 
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Figure B.3: Nashwaak River at Durham Bridge sampling location for February 1 

and March 1, 2017. Grab sample obtained in an area of open water near bank. 

Photo facing south. February 2017. 

 

 

Figure B.4: Southwest Miramichi River at Blackville (monthly sampling site, 

Central study area). Photo facing northeast. October 2016. 
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Figure B.5: Southwest Miramichi River at Blackville sampling location for 

February 1, March 1, and April 3, 2017. Grab sample obtained in an area of open 

water near bank. Photo facing southeast. February 2017. 

 

 

Figure B.6: Kouchibouguacsis River at Chemin Pont de Milieu (monthly sampling 

site, Kent study area). Photo facing northeast. September 2016. 
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Figure B.7: Kouchibouguacsis River at Pont-de-Milieu sampling location for 

January 2, February 1, and March 1, 2017. Sample collected from bridge, after 

breaking through ice near abutment (large rocks on bank visible upper right). 

January 2017. 

 

Figure B.8: Kouchibouguacsis River at Pont-de-Milieu sampling location for 

April 3, 2017. Grab sample obtained from shallow water along the bank. Photo 

facing north. April 2017. 
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Figure B.9: Kouchibouguacsis River at Gérasime Gallant Rd (one-time sampling 

site, Kent study area). Photo facing northeast. August 2017. 

 

 

Figure B.10: Kouchibouguacsis River at Chemin Cameronôs Mill Cross (one-time 

sampling site, Kent study area). Grab sample obtained from bank as site was a 

covered bridge. Photo facing southeast. August 2017. 
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Figure B.11: St. Charles River at Chemin de lôEglise (one-time sampling site, Kent 

study area). Photo facing northeast. August 2017. 

 

 

Figure B.12: Bass River at Keswick Road (monthly sampling site, Kent study 

area). Photo facing northwest. October 2016. 






































































































