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Abstract 

Time-discrete groundwater isoscapes are commonly used as a proxy for the weighted mean isotopic value 

of precipitation and to infer recharge processes. In fractured rock environments, however, the complete 

removal of temporal variation may not occur in the unsaturated zone, and borehole artefacts may complicate 

isoscape interpretation when sampling open boreholes. The study presented herein investigates the benefits 

of adding temporal depth-discrete δ2H measurements to isoscapes in fractured rock. Concurrent objectives 

include determining whether time-discrete groundwater samples are representative of long-term averages 

of isotopes in precipitation and identifying the primary drivers of groundwater δ2H in these settings. In 

central and eastern Ontario, Canada a stable isotope dataset consisting of 175 time-discrete, open-hole 

bedrock wells was statistically compared to a temporal dataset with 25 multi-level well intervals. Both 

univariate and multivariate statistical analyses were conducted between δ2H and a wide range of climate 

and hydrogeologic parameters. Results from the analyses indicate winter rain, average annual snowfall and 

groundwater age are key variables driving groundwater deuterium values, and hydrogeologic variables such 

as overburden thickness, watershed divides, and bedrock geology play a secondary role. Changes to winter 

precipitation may result in greater changes to groundwater recharge compared to other seasonal 

precipitation, which has implications for water resources under climate change conditions. Findings also 

indicate that caution is required when interpreting time-discrete groundwater isoscapes in fractured rock, 

particularly in areas of thin soil. If stable isotopes of groundwater are temporally variable, long-term 

sampling is required to determine a representative groundwater mean. Incorporating temporal sampling of 

multi-level wells with groundwater isoscapes can provide additional insight about recharge timing that 

time-discrete, open-hole samples alone do not. This study emphasizes the need for temporal depth-discrete 

isotope measurements in humid continental fractured rock environments for an enhanced understanding of 

groundwater recharge and flow.  
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Introduction 

When available, stable isotopes in precipitation are used for the interpretation of not only hydrologic 

investigations (Bowen and Good, 2015), but also for terrestrial and biological research (Meier-Augenstein, 

2019; West, 2010). For many areas of the world, however, reliable long-term monitoring of stable isotopes 

in precipitation is not available or the spatial resolution is low. Many studies have shown that the δ18O and 

δ2H (deuterium) composition of shallow groundwaters (usually < 100 m depth) can reflect the weighted 

mean isotopic value of annual precipitation (Clark and Fritz, 1997; Darling et al., 2003a; Darling and Bath, 

1988; Kortelainen and Karhu, 2004; Wassenaar et al., 2009). This has motivated the spatial measurement 

of δ18O and δ2H in shallow groundwater, otherwise known as groundwater isoscapes, as a means of 

reflecting the mean isotopic value of annual precipitation (Cerar et al., 2018; Sánchez-Murillo and Birkel, 

2016; Scheliga et al., 2017; Wassenaar et al., 2009; West, 2010).  

 

Other studies have found that the isotopic compositions of shallow groundwater may not always reflect the 

average isotopic value of annual precipitation, particularly when there is a seasonal recharge bias (Abbott 

et al., 2000; Dotsika et al., 2018; Jasechko et al., 2017, 2014; Matiatos and Wassenaar, 2019; Raidla et al., 

2016). Many factors have the potential to alter the stable isotope composition of precipitation that reaches 

the water table. Some examples include bedrock geology (Darling and Bath, 2003; Regan et al., 2017), 

overburden thickness and soil type (Appels et al., 2015; Gleeson et al., 2009; Miles and Novakowski, 2016) 

and unsaturated zone thickness (Darling and Bath, 1988). Few studies, however, have investigated which 

of the above plays the greatest role in driving the stable isotopic composition of groundwater, particularly 

in fractured rock environments. Regan et al. (2017) attempted to identify drivers of the groundwater δ18O 

isoscape in the Republic of Ireland by incorporating a wide range of climate and hydrogeological variables. 
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These include, but are not limited to, annual precipitation, recharge characteristics, aquifer geology, 

overburden thickness and land cover. Despite this, some important factors were not incorporated into the 

analysis, such as δ2H measurement to assess groundwater isotopic fractionation, unsaturated zone thickness 

which attenuates seasonal variations in precipitation (Kortelainen and Karhu, 2004) and certain parameters 

that represent or influence groundwater residence time such as groundwater age, aquifer transmissivity, and 

well depth (Clark and Fritz, 1997). Additionally, groundwater samples were only taken over a short (8 

week) time period, thus seasonal and interannual groundwater isotope variations that could impact the 

groundwater isoscape are unknown. Therefore, temporal measurements were recommended by the authors.  

 

The use of δ18O and δ2H in groundwater as a proxy for precipitation values relies on the hydrodynamic 

dispersive processes in the unsaturated zone to dampen or remove seasonal variability from the isotopic 

precipitation signal (Chen et al., 2017; Clark and Fritz, 1997; Eichinger et al., 1984; Lee et al., 2007; 

Mueller et al., 2014). The use of groundwater isotope values as a proxy for the mean annual weighted value 

of precipitation relies on the complete attenuation of seasonal variability. The depth where this occurs is 

commonly referred to as the critical depth, where seasonal variability of δ2H and δ18O is less than analytical 

error. In unconsolidated porous media (UPM), this depth typically ranges between 1–9 m (Clark and Fritz, 

1997; Eichinger et al., 1984; O’Driscoll et al., 2005). In fractured rock environments, however, seasonal 

isotopic variability can be measured in groundwater up to depths of 100 m, most commonly in areas with 

thin overburden, large preferential pathways and high water tables (Darling, 2004; Gleeson et al., 2009; 

Moser et al., 1989; Saxena, 1984; Van der Hoven et al., 2002; Wright and Novakowski, 2019). In a well 

installed in crystalline rock Wright and Novakowski (2019) observed δ2H and δ18O to vary 19‰ and 2.6‰, 

respectively, over two years and Gleeson et al. (2009b) measured δ2H differences of up to 44‰ just between 

February and April of the same year. Raidla et al. (2016) attempted to account for this by sampling 

groundwater below an estimated critical depth. Yet anomalous δ18O values were still encountered in areas 

of low permeability fractured rock, where low storage may have resulted in shorter residence times and 
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higher seasonal variability than in areas of UPM. It can therefore be expected that where attenuation is not 

complete in these environments, the interpretation of an isoscape as a precipitation proxy may be 

challenging, particularly when unsupported by temporal measurements. Additionally, once precipitation 

enters the fractured rock flow system, the associated isotopic value has the potential to be transported many 

kilometers from the area of recharge in short time frames (i.e. travelling many m/day compared to a few 

cm/day in UPM), resulting in possible spatial discrepancies when interpreting the isoscape. 

 

In Ontario, Canada domestic or supply wells constructed in competent bedrock (the majority) are often left 

open to maximize well productivity, without screen or backfill. When these wells are used for generating 

isoscapes, typically out of necessity, possible issues are introduced for fractured rock environments that are 

not commonly present in UPM. This places limitations on bedrock isoscapes. Issues may include 

groundwater mixing from discrete zones within the borehole (Shapiro, 2002), cross-hole contamination 

(Reilly et al., 1989; Sterling et al., 2005) and the domination of isotope values by only a few high 

transmissivity fractures (eg. Collar and Mock, 1997). Thus, when the isotopic composition of groundwater 

sampled from open bedrock wells is compared to that of mean annual precipitation, similarities may be 

attributed to borehole mixing or dominant deep fractures, rather than complete unsaturated zone attenuation. 

Commonly, in contaminant transport investigations, multi-level wells that isolate discrete fractures are 

utilized to avoid the aforementioned issues. Despite the widespread use of δ18O and δ2H to investigate 

fractured rock systems, sampling from nested or multi-level wells does not extend beyond a small set of 

research studies (eg. Banks et al., 2011; Nunes et al., 2017; Oxtobee and Novakowski, 2002; Regan et al., 

2017; Zanini et al., 2000). Even fewer studies have incorporated temporal groundwater measurements from 

multi-level wells (eg. Praamsma et al., 2009; Wright and Novakowski, 2019). It is evident that additional 

studies that incorporate depth discrete and temporal measurements are needed, due to the heterogeneity that 

exists in both climate and geology around the world. 
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The potential issues associated with isoscape generation in fractured rock, as outlined above, have prompted 

the present study. Specific objectives of this study are to: 1) investigate whether groundwater isoscapes 

produced from time-discrete and open-hole samples can benefit from adding a subset of temporal, depth-

discrete measurements; 2) identify the dominant hydrogeologic and climate factors (i.e. lithology, 

overburden, snowfall, temperature etc.) driving the stable isotope composition of groundwater in fractured 

rock; and 3) determine whether groundwater sampled from fractured rock with thin soil can be 

representative of the weighted mean isotope value of annual precipitation. In the following study we 

conducted univariate and multivariate statistical analysis between δ2H as the dependent variable and a wide 

range of climate and hydrogeological parameters as the independent variables. The statistical analysis 

incorporated data from a regional open-hole groundwater study (Hamilton, 2015) and a local temporal 

multi-level study (Wright and Novakowski, 2019) located in southern Ontario, Canada where fractured 

rock aquifers are highly prevalent. The results are transferable to similar settings that occur commonly 

around the world. 

 

1 Site description 

The study area covers approximately 32,000 km2 of southern Ontario, Canada (Figure 1). It is bounded by 

the St. Lawrence and Ottawa Rivers on the east and the Great Lakes on the west and south. Topographic 

relief is moderate, ranging from 315 m above sea level (masl) near the Kawartha Highlands to 45 masl 

along the Ottawa River (Singer et al., 2003). 

 

Figure 1 
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1.1 Climate 

The climate of the study area is humid continental (Baldwin et al., 2000; Köppen, 2011) with four distinct 

seasons. Precipitation is evenly distributed throughout the year and average annual precipitation (rain and 

snow) ranges from 798 to 1029 mm/year. Average annual snowfall ranges from 153 to 302 cm/year, where 

snow cover is present between early November and mid-April (Brown et al., 1968; Singer et al., 2003). 

Three main air sources influence the study region’s climate including western Pacific polar air, cold, 

northern polar air, and warm, southern and eastern sub-tropical air from the Gulf of Mexico and Atlantic 

Ocean (Baldwin et al., 2000). Prevailing winds are typically westerly with summer winds flowing from the 

southwest and winter winds from the northwest. Temperatures generally increase moving north but are also 

influenced by the Great Lakes (Brown et al., 1968). The lakes can act as a heat source or sink and provide 

atmospheric moisture that increases precipitation. This results in warmer average annual temperatures and 

longer frost-free periods along the shores of Lake Ontario and Georgian Bay, relative to inland portions of 

the study area. 

 

1.2 Isotopes in precipitation 

There are two stations in the study area from the IAEA Global Network of Isotopes in Precipitation (GNIP) 

located in Ottawa and Egbert, Ontario (Figure 1). The long-term (66 year) weighted mean of isotopes in 

precipitation from the Ottawa station is -74.8‰ and -10.85‰ for δ2H and δ18O, respectively. Monthly 

means of δ2H in precipitation range from -121.0‰ to -50.2‰ and δ18O ranges from -16.8‰ to -7.56‰, 

with lows in January and highs in August. The short-term (5 year) weighted mean isotope value of 

precipitation in Egbert is approximately -73.4‰ and -10.6‰ for δ2H and δ18O, respectively. Monthly means 

of δ2H range from -115.8‰ to -45.6‰ and δ18O ranges from -15.9‰ to -6.8‰, with lows in March and 

highs in June (IAEA/WMO, 2019).  
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Isotopes in precipitation were also measured near Napanee, Tamworth and Perth, Ontario (A, B and C on 

Figure 1) between February 2017 and September 2018. Due to gaps in the data, a weighted annual mean 

was not calculated. Average δ2H/δ18O across the three sites in winter snow and summer rain ranged from -

129.3‰/-17.7‰ to -54.0‰/-8.1‰, respectively (Wright and Novakowski, 2019). 

 

1.3 Hydrogeology 

Pleistocene glaciation has resulted in thick (up to 110 m), clay-rich overburden in the western portion of 

the region (Singer et al., 2003). In contrast, glacial advance has removed overburden and weathered bedrock 

in the central and eastern area, leaving a thin till veneer and exposed bedrock. As a result, rapid recharge 

can occur in the east (Gleeson et al., 2009; Miles and Novakowski, 2016) in contrast to the west where 

groundwater is estimated to be between 13,000 and 23,000 years old at average depths of 115 m (Aravena 

et al., 1995). The area is underlain by sedimentary Paleozoic rock and metamorphic and plutonic 

Precambrian rock. The Bobcaygeon and Gull River Formations of the Simcoe Group are comprised of 

Middle Ordovician limestones with interbedded shales (Carson, 1980; Ontario Geological Survey, 2011). 

The Nepean Formation is comprised of Cambrian sandstone with some conglomerate, which overlies 

Precambrian felsic plutonic rocks (Dugas, 1952; Ontario Geological Survey, 2011; Wilson, 1930). The 

remaining formations of interest include Precambrian metasedimentary carbonates of the Grenville 

Supergroup and a tectonite unit of gneisses. Transmissivity for the Simcoe Group, Nepean sandstone and 

Precambrian basement are estimated to have regional geometric means of 6.6×10-5 m2/s, 2.3×10-4 m2/s and 

4.8×10-5 m2/s, respectively (Singer et al., 2003). The water table within the bedrock is a general reflection 

of surface topography, thus watershed divides align closely with groundwater divides. The regional 

groundwater flow is toward the Great Lakes and the St. Lawrence and Ottawa Rivers (Singer et al., 2003). 
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1.4 Local site description 

In addition to regional sampling, three local sites were established where multi-level wells were sampled 

and compared to nearby samples from open boreholes. The field sites used for this study (each < 30 km2) 

are located in an area of thin (0–8 m) overburden (Figure 1 a-c). A multi-level well is defined here as a 

single monitoring well with more than one isolated interval for depth discrete groundwater samples. Open-

hole wells (0.152 m diameter), when drilled in competent bedrock, require no screen or backfill but have a 

steel casing installed through the overburden to the top of bedrock. For exposed bedrock, a steel casing is 

inserted 2.6 m. All study data, including open-hole well depths, isolated interval lengths and lithology can 

be found in Supplementary Data. 

 

Table 1. Local site well summary. Note that the well depths for multi-levels represent the bottom of 

the isolated interval.  

Field Site Well ID Well Type Well depths (m) Bedrock formation 

Kingsford 

(Figure 1 a) 

KC1 Multi-level 9.8, 19.7, 38.3 Gull River limestone 

KC2 Multi-level 13.9, 28.6, 42.8 Bobcaygeon limestone 

KC3 Open-hole 22 Bobcaygeon limestone 

Kennedy 

Field Station 

(KFS) 

(Figure 1 b) 

KF5 Multi-level 12.5, 19.7, 36.5 Mafic gneiss 

KF10 Multi-level 14.8, 27.6, 45.5 Clastic Metasedimentary, Mafic gneiss 

KF11 Multi-level 10.0, 23.2, 37.4 Marble 

KF9 Open-hole 38 Mafic gneiss 

Tay River 

(Figure 1 c) 

TW5 Multi-level 13.3, 24.0, 55.6 Felsic plutonic 

TW6 Multi-level 16.1, 26.7, 49.1 Felsic plutonic 

TW16 Multi-level 12.9, 35.8 Nepean Sandstone, Felsic plutonic 

TW18 Multi-level 9.23, 27.0 Nepean Sandstone, Felsic plutonic 

TW2 Open-hole 43 Felsic plutonic 

TW8 Open-hole 41 Felsic plutonic 

TW17 Open-hole 25 Nepean Sandstone, Felsic plutonic 

 

2 Methods 

2.1 Groundwater Sampling 

Eight multi-level wells, totaling 22 intervals were sampled bi-weekly to monthly between February 2017 

and November 2018. Multi-level wells were sampled by purging at least one well volume via dedicated 
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HDPE tubing and foot-valve and stabilization of field parameters using a YSI® Pro Plus multiparameter 

meter and flow cell. All eight wells were also sampled for tritium (3H) in August 2018. Temporal isotope 

data and well designs in relation to transmissivity and geology can be found in Figure A2 (supplementary 

data) and in Wright and Novakowski (2019).  

 

On 12-13 June 2018, simultaneous multi-level and open borehole sampling was performed. Sampling of 

δ2H and δ18O from all eight multi-level wells was conducted along with a ninth multi-level well (KF11) at 

KFS. During this sampling period, five open-hole monitoring wells were also sampled across the three 

field sites (Table 1). Open-hole wells were sampled using low-flow methods and a Grundfos Redi-Flo2® 

submersible pump. Field parameters were monitored through a flow cell until stabilization and a 

minimum of 100 L was purged. 

 

The Ontario Geological Survey’s Ambient groundwater geochemistry data for southern Ontario, consists 

of 1850 open-hole wells (either domestic, farm or monitoring), spanning 96 000 km2 of Southern Ontario 

(Hamilton, 2015). This dataset was filtered to include only drilled bedrock wells (n = 175) in the same rock 

formations as the multi-level wells. Each groundwater well in the dataset was sampled in the summer for 

δ2H, δ18O and 3H once between the period of 2007–2014 using standard well sampling methods of field 

parameter stabilization (US EPA, 2017). Additional sampling and dataset details can be found in Hamilton 

(2015).  

 

2.2 Laboratory Analysis 

Multi-level samples were analyzed for δ18O and δ2H using a Los Gatos Research liquid water isotope 

analyzer with an estimated accuracy and precision of ±0.15‰ and ±1‰ relative to Vienna Standard Mean 

Ocean Water (VSMOW) for δ18O and δ2H, respectively. Measurement of δ18O and δ2H for regional open-
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hole samples was conducted with Picarro®L2120-I and Picarro®L1102-I Isotopic Water Analyzers. 

Precision and accuracy were estimated to be ±0.2‰ (δ18O) and ±1.0‰ (δ2H) VSMOW for 2011, 2013 and 

2014 samples and ±0.2‰ (δ18O) and ±2.5‰ (δ2H) VSMOW for 2012 samples. 

 

The August 2018 multi-level tritium samples were analyzed at the Environmental Isotope Laboratory at 

the University of Waterloo, Ontario and regional tritium samples were analyzed at Isotope Tracer 

Technologies in Waterloo, Ontario. Enriched methods by electrolysis were used for tritium analysis 

yielding a detection limit of 0.8 TU for both datasets.  

 

 Statistical Methods  

The dataset by Hamilton (2015) was reduced to 175 open-hole bedrock wells (Figure 2) across the entire 

study area (regional scale). Any wells that displayed an evaporated signal when plotted against the global 

meteoric water line (n = 3) were spatially investigated and removed from the dataset if there was the 

potential for surface water-influence (i.e. located on the edge of a body of water). The discrepancy of sample 

size between the regional open-hole dataset (n = 175 after filtering) and the multi-level dataset (n = 25) 

prevented discernable improvement to statistical relationships when adding the depth-discrete data to the 

open-hole data. Thus, for comparable sample size the regional open-hole data was further reduced for a 

local-scale analysis in addition to the regional analysis. All open-hole wells within a 25-km radius of each 

of the three multi-level field sites (n = 29) were considered local-scale for this analysis (Figure 2). To assess 

the use of time-discrete samples to generate a groundwater isoscape, all samples from 12–13 June 2018 

were added to the local open-hole data for one statistical analysis. Seasonal and annual δ2H averages from 

multi-level wells were then added to the local open-hole data instead of June 2018 to explore if the timing 

of sampling effected statistical relationships. 
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Figure 2 

 

For the following statistical methods, δ2H was assigned as the dependent variable (DV) and a range of 

hydrogeologic and climate parameters known to influence groundwater recharge and/or the isotopic 

composition of groundwater (Table 2) were assigned as the independent variables (IVs). The normal 

distribution of δ2H was confirmed using Q-Q plots and the Kolmogorov-Smirnov test, however not all IVs 

were normally distributed so non-parametric univariate tests were employed. Due to the strong linear 

relationship (R2 = 0.97) between δ18O and δ2H, either value could be used for linear models following the 

removal of evaporated samples. Deuterium was selected for the analysis because the measurement error 

was relatively lower than for δ18O.  

 

From Table 2, a bedrock formation is a stratigraphic unit that can have structural or mineralogical 

differences to adjacent formations of the same rock type (i.e. limestone, sandstone, crystalline). Thus, 

bedrock formation and bedrock type are two different variables of interest. In Canada a watershed or 

catchment basin is divided into four scales: primary, secondary, tertiary and quaternary, where quaternary 

is the smallest subbasin and primary is the largest (Ontario Ministry of Natural Resources and Forestry, 

2010a). The primary drainage basin was omitted as it exceeds the scale of the study area. The remaining 

watersheds were included to explore if the spatial distribution of groundwater isotopes is grouped by 

groundwater flow divides, which are generally reflective of watershed divides in this area (Singer et al., 

2003).  
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Table 2. Independent variables selected for statistical analysis. 

Independent Variable Categories  Units 
Data source for 

Open-hole wells 

Data Source for 

Multi-level wells 

Categorical     

Land cover 8 - OMNFR (2016) Field Study 

Bedrock Formation (stratigraphic unit) 7 - OGS (2011)  Field study 

Bedrock Type (Crystalline, limestone, 

sandstone) 
3 - OGS (2011) Field study 

Surficial geology 8 - OGS (2010) Field study 

Surficial geology permeability 5 - OGS (2010) Field study 

Secondary watershed 5 - OMNRF (2010) OMNRF (2010) 

Tertiary watershed  15 - OMNRF (2010b) OMNRF (2010b) 

Quaternary watershed  70 - OMNRF (2010c) OMNRF (2010c) 

Aquifer Depth (shallow, deep, interface) 3 - Hamilton (2015) Field study 

Continuous 
    

Spatial coordinates (Lat, Long) - m Hamilton (2015) Field study 

Overburden thickness - m Hamilton (2015) Field study 

Well depth - m Hamilton (2015) Field study 

Unsaturated thickness - m Hamilton (2015) Field study 

Surface elevation - masl Hamilton (2015) Field study 

Tritium - TU Hamilton (2015) Field study 

Conductivity - μs/cm Hamilton (2015) Field study 

pH - - Hamilton (2015) Field study 

Dissolved Oxygen - %  Hamilton (2015) Field study 

Transmissivity - m2/s 
Estimated from 

MOECC (2018) 
Field study 

Climate     

Annual average precipitation, rainfall, 

snowfall & temperature 
- mm, cm, oC ECCC (2013) ECCC (2013) 

Seasonal average precipitation, rainfall, 

snowfall & temperature 
- mm, cm, oC ECCC (2013) ECCC (2013) 

Antecedent precipitation, snowfall (1, 2, 

3, 4 months) & temperature 
- mm, cm, oC ECCC (2018) 

ECCC (2018)/field 

study 

Months since freezing temperatures - No. months ECCC (2018) ECCC (2018) 

Months since last snowfall > 5 cm - No. months ECCC (2018) ECCC (2018) 

Total antecedent snowfall - cm ECCC (2018) ECCC (2018) 

Note, precipitation = snow + rain, ECCC = Environment and Climate Change Canada, OGS = Ontario Geological 

Survey, OMNRF = Ontario Ministry of Natural Resources and Forestry, MOECC = Ontario Ministry of 

Environment and Climate Change 
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To assess the relationship between δ2H and continuous variables, Spearman’s rank correlation coefficients 

(Rsp) were used. Kruskal-Wallis One-Way Analysis of Variance (ANOVA on ranks) was applied to 

categorical variables as it does not assume normality of the data. These univariate analyses were conducted 

on multiple groupings of the study data (Table 3). Results of the univariate analyses were compared before 

and after the addition of multi-level well data at the local scale to assess if improved relationships were 

observed. 

 

Table 3. Summary of well groupings used for statistical analysis. A checkmark indicates the 

statistical test was run on the corresponding well grouping.  

   Univariate Analysis Multivariate Analysis 

Well grouping Scale 
Sample 

Size 

Spearman’s 

Correlation  

Kruskal-

Wallis  

Multiple 

Linear 

Regression 

Multinomial 

Logistic 

Regression  

  (ρ, Rsp) (H-test) (F-test) (χ2-test) 

Open-hole Regional 175     

Open-hole Local 34     

Multi-level (June 2018) Local 25     

Multi-level (seasonal) Local 22     

Multi-level (June 2018) & open-hole Local 59     

Multi-level (seasonal) & open-hole Local 56     
Seasons are grouped as: Winter – December, January, February; Spring – March, April, May; Summer – June, July, August; Autumn 

– September, October, November  

 

To determine the dominant continuous variables driving regional δ2H measured in fractured rock 

(independent of spatial distribution) multiple linear regression (MLR) was conducted on the regional open-

hole dataset. The use of categorical dummy variables in the MLR was considered, however, these were not 

included as the interpretability of results was poor. From the results of the correlation analysis, IVs with 

coefficients greater than ±0.3 were loaded into the MLR. A forward selection method for model entry was 

used where the IV with the highest absolute correlation coefficient is first entered into the model followed 

by the IV with largest partial correlation until no more variables meet the criterion for entry (F value has p 

≤ 0.05). The correlation analysis and variance inflation factor (VIF) were used to identify multicollinearity 

between IVs. In the event of multicollinearity, the IV with the higher correlation coefficient was used for 
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the MLR with the understanding that the selected variable would represent a broader variable category. 

Normal P-P plots and scatterplots of the residuals were used to confirm the assumptions of normally 

distributed and homoscedastic residuals, respectively. The R2 value and ANOVA table (p ≤ 0.05) were used 

to assess model fit. The model’s standardized coefficients were used to determine which significant (p ≤ 

0.05) IVs had the strongest influence on the predicted δ2H, where higher absolute coefficients were 

considered to have a greater impact on the measured δ2H.  

 

Agglomerative hierarchical cluster analysis was also used to identify significant drivers of spatial 

relationships throughout the study area. Spatial clusters were developed based on deuterium measured from 

the regional open-hole wells and its corresponding latitude and longitude. An average between-groups 

linkage method and squared Euclidean distance measure were used. The dendrogram and the agglomeration 

schedule (Supplementary Material) were used to identify distinct clusters (Yim and Ramdeen, 2015). 

Results from the cluster analysis were then used in a multinomial logistic regression to test the spatial 

relationship between δ2H and categorical and continuous IVs of interest based on the results of the Kruskal-

Wallis (K-W) test and correlations. Model fit was tested using likelihood ratio tests (p ≤ 0.05), Pearson 

goodness-of-fit (p > 0.05) and the Nagelkerke pseudo R-square value (Regan et al., 2017). All statistical 

analyses were conducted using IBM SPSS statistics v25. 

 

2.3 Climate interpolation 

For the climate parameters investigated, provincial and federal weather data were used (Table 2). For long-

term climate parameters, averages were calculated based on 30 years of data between 1981 and 2010 

(Environment and Climate Change Canada, 2013). All average climate data was interpolated using ordinary 

kriging in the Geostatistical Analyst Tool in ArcGIS 10.5. The average nearest neighbor, calculated using 

the spatial statistics tool, was used as the lag distance. For antecedent climate data, the closest Environment 

and Climate Change Canada (ECCC) station to each well with complete monthly data was used. Antecedent 

data consisted of the monthly totals (precipitation and snow) and averages (temperature) measured one, 
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two, three or four months prior to sampling. Total antecedent snowfall was calculated by summing all snow 

that fell between the November and May prior to sampling.  

 

2.4 Transmissivity estimation 

Transmissivity was estimated for the multi-level wells using constant head injection tests at a 2-m spacing 

continuously along the length of the borehole and summed for each interval. Transmissivity for the regional 

open-hole data was estimated based on pumping tests taken at the time of well drilling (MOECC, 2018). 

One-hour pumping tests with recovery were available at 5-minute intervals for wells drilled after 2003 (n 

= 35). For these wells, pumping test analysis was conducted using the Moench (1997, 1985) solutions in 

AQTESOLV©, which account for well bore storage and skin effects. Transmissivity was estimated for the 

remaining wells using the specific capacity reported in the well record and applying the iterative method to 

the Cooper and Jacob (1946) approximation for the Theis (1963) solution. A storativity value of 1x10-5 was 

used for all wells with both methods. All values are included in Supplemental Material along with the data 

used in the statistical analysis.  

 

3 Results and discussion 

3.1 Temporal multi-level samples 

From the K-W test none of the categorical variables significantly influenced the mean isotopic composition 

of groundwater measured from multi-level wells, regardless of temporal sampling. Nevertheless, variance 

due to seasonality differed with rock type in shallow unconfined aquifers and decreased with increasing 

depth (Figure A2 Supplementary Data). The greatest variance was measured in shallow (13.3 m) crystalline 

rock (var = 25.3‰), followed by sandstone (var = 11.8‰) and limestone (var = 3.9‰). This was despite 

this crystalline well having the thickest overburden (4.3 m) and the sandstone having the thinnest (0.2 m). 

This was attributed to the low matrix porosity of crystalline wells better preserving the infiltrating isotopes 

in precipitation compared to higher matrix porosity rock. 
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For continuous hydrogeologic variables, several significant relationships are present, but not in every 

season due to temporal variability (Table 4; Figure A4 Supplementary Material). This is driven by the wide 

range of isotopes in precipitation (depleted snow and enriched rain) that is then reflected in the groundwater. 

Winter multi-level samples resulted in the most statistically significant relationships compared to any other 

season or the annual average. This suggests that due to lower summer recharge in combination with a 4-

month residence time, winter samples may be more representative of baseline isotope values in 

groundwater. This finding may be only relevant to this flow system, however, it highlights the need for 

temporal isotopic sampling when characterizing fractured rock systems. For multi-level wells where 

seasonal variation was not fully attenuated, the isotopic patterns generally follow a sine function (Figure 

A2 and Wright and Novakowski (2019)). Peaks in amplitude generally occurred in the winter with troughs 

in the summer. Sinusoidal isoscapes have recently been used to predict the seasonality of isotopes in 

precipitation (Allen et al., 2018). Future work could incorporate these methods when predicting 

groundwater isotopes with seasonality.  

 

Table 4. Significant Spearman's correlation coefficients between multi-level seasonal δ2H averages 

and hydrogeologic parameters. Sample size is 22 for all but transmissivity where n = 21. 

Average 

δ2H 

Unsaturated 

Thickness 

Well 

Depth 

Overburden 

Thickness 
Transmissivity Tritium 

Winter -0.438* -0.553**  0.513* 0.704** 

Spring   -0.497*   

Summer   -0.532*   

Autumn  -0.488* -0.605**   

Annual     -0.495*   0.569** 

*Significant at the 0.05 level 

**Significant at the 0.01 level 
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Despite overburden type and permeability not sharing relationships with groundwater δ2H, overburden 

thickness is correlated with δ2H in all times of year except for winter. The moderate strength of the 

overburden thickness correlation and the fact it is present in nearly any season, suggests it plays an 

important role in dampening seasonal variation regardless of soil permeability. For unsaturated zone 

thickness and well depth, significant negative correlations indicate that as residence time increases, 

groundwater becomes isotopically depleted. This can be attributed to increased mixing in the unsaturated 

zone that prevents new, more enriched isotope values from reaching the water table and old glacial signals 

dominating the groundwater system.  

 

The strongest significant correlation among the hydrogeologic parameters sampled from multi-levels is 

between tritium and average winter δ2H (Rsp = 0.708, p < 0.01, n = 22). This correlation can be explained 

by groundwater age, only if low tritium (0-5 TU) represents a higher fraction of old water, and higher 

tritium (5-20 TU) represents higher fractions of young, recharging water. For δ2H, if old waters are 

associated with a depleted old glacial signal and newer waters are derived from modern enriched 

precipitation, then this would explain the correlation observed with tritium (i.e. age of waters increase as 

δ2H decreases). This interpretation begins to break down, however, when the recharging waters are instead 

depleted snowmelt recharge and not enriched rain. The old water signal of tritium still becomes diluted with 

modern recharging waters, but now the δ2H signal resembles old glacial water due to incomplete attenuation 

of seasonal variation. Thus, interpreting correlation coefficients based on a single value in time is fraught 

with potential error for fractured rock settings in humid continental climates, especially where little 

overburden exists to dampen wide seasonal variation in precipitation. The issue outlined above would likely 

not exist in unconsolidated porous media as most seasonal variation would be dampened completely in the 

unsaturated zone. 
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Not only can seasonal variations affect δ2H correlations, but year-to-year variations can as well. The δ2H 

sampled in 2017 had stronger correlations with tritium relative to 2018 (Figure 3) likely because of a 

drought in 2016 that substantially enriched precipitation due to the “amount effect” (Dansgaard, 1964). For 

seasonally variable multi-level wells this resulted in higher annual δ2H averages (up to 6‰) in 2017 

compared to 2018. As a result, the δ2H correlation with tritium is strengthened where modern water is more 

enriched. This brings to light that in addition to seasonal variation, year-to-year variation also has the 

potential to affect time-discrete isoscapes generated in fractured rock. This interannual variation also makes 

averaging temporal δ2H measurements from a single year non-ideal. Our findings indicate that when 

temporal variability exists, long-term temporal sampling is required to obtain groundwater isotope means. 

 

Figure 3 

 

3.2 Drivers of groundwater δ2H locally 

3.2.1 Antecedent climate 

For climatic variables, negative correlation coefficients are generally associated with colder winter 

precipitation and positive correlations with warmer precipitation. On the local scale, total precipitation 1-

month prior to sampling has a moderate positive correlation with δ2H (Table 5), which is strongest with the 

addition of multi-level wells (Rsp= 0.508, p < 0.001). Since most open-hole samples were taken in May or 

June it is likely that total precipitation 1-month prior would be predominantly isotopically enriched rain, 

thus the positive correlation indicates relatively short flow paths of recharging rain where overburden is on 

average less than 2 m. The correlation becomes negative with precipitation 3-months prior to sampling, 

likely due to more snow and colder temperatures in February and March, which would provide a depleted 

isotopic signal of recharge. A negative correlation can also be seen with snowfall and δ2H at the local scale 

2-months prior to sampling and with total antecedent snowfall. The negative correlation in all cases points 

to snow availability playing an important role for recharge in areas of thin overburden.  
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The moderate positive correlation between δ2H and snowfall 4-months prior to sampling (Rsp = 0.514, p = 

0.002) contradicts previous trends. The positive correlation may indicate that high amounts of snow during 

mid-winter (January and February) is less important in driving groundwater values since temperatures 

typically remain below freezing and little recharge occurs at this time. Alternatively, isotopically enriched 

rain during the winter months may be dominating groundwater δ2H at this time. In cases where temperatures 

are above freezing 4-months prior to sampling, however, groundwater δ2H is typically depleted (Rsp = -

0.362, p = 0.005), which would suggest some snowmelt recharge. It is possible these processes are 

happening concurrently due to differing flow path lengths.  

 

Table 5. Significant spearman's correlation coefficients between δ2H and antecedent climate data at 

the local scale. Combined data incorporates multi-level sampling from June 2018 and local open-

hole wells. 

Antecedent Conditions 

Local 

Open-hole 

(n=34) 

Local 

Combined  

(n = 59) 

Precipitation 
1 month 0.459** 0.508** 

3 months -0.413* -0.325* 

Snowfall 
2 months -0.393* -0.364** 

4 months 0.514** 0.482** 

Average 

Temperature 

1 month  -0.308* 

4 months  -0.362** 

Total Antecedent Snowfall -0.459** -0.347** 

Months since last snowfall > 5 cm  0.269* 

*Significant at the 0.05 level 

**Significant at the 0.01 level 

 

In general, relatively short flow paths (1– 4 months) are present at the local scale and antecedent conditions 

play an important role in recharge. The short residence times indicate a need for temporal sampling when 

generating isoscapes in fractured rock environments with thin soil. 
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3.2.2 Hydrogeology 

Statistically significant Spearman’s correlation coefficients between the hydrogeologic variables and δ2H 

using local wells are presented in Figure 4 and full tables can be found in Supplementary Data. For local 

open-hole data alone, strong correlations exist between δ2H and northing (Rsp = -0.846, p = <0.001) and 

moderate associations are present with easting (Rsp = -0.387, p = 0.024), conductivity (Rsp = 0.385, p = 

0.024) and pH (Rsp = -0.388, p = 0.028). For these statistical relationships that are significant without depth-

discrete δ2H measurements, no improvement in the relationship is seen following the addition of multi-

level samples to the dataset. Multi-level wells independently and when in combination with open-hole 

wells, however, reveal new significant relationships that are not present with open-hole wells alone. For 

example, deuterium is strongly correlated with overburden thickness (Rsp = -0.659), but only with multi-

level samples (Table 4; Figure 4) 

 

Figure 4 

 

Easting has a moderate correlation with δ2H and northing has the strongest correlation of any local variable, 

which indicates that geographical position is an important driver of δ2H. The strong relationship between 

northing and δ2H could be attributed to summer storms derived from the south-west that become more 

isotopically depleted further from the primary air mass source, but this is complicated by seasonal 

fluctuations of prevailing winds and low recharge rates typical of summer months. Annual average 

temperature better explains the observed relationship as it decreases moving north and is strongly correlated 

with northing at the local scale (Rsp = -0.956, p = <0.001). Temperature drives the seasonal distribution of 

snow and rain, resulting in more enriched groundwater recharge in the south and colder, depleted recharge 

in the north. Additionally, bedrock type may play a secondary influence on the correlation between δ2H and 

northing as there is a significant difference in the mean of the limestone in the south (-69‰) and 

Precambrian crystalline rock (-74‰) in the north (p=0.006; Table 6).  
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Tritium and well depth only have significant relationships when open-hole samples are combined with 

multi-level samples. This suggests that when sampling with open-hole wells alone, horizons within the 

borehole are mixing, thereby preventing discernible relationships between deuterium and these two 

variables. This places emphasis on a need for depth-discrete sampling. Conductivity and pH have weak, 

but significant correlations with δ2H, but only when sampling in the summer months. The negative 

relationship between pH and δ2H may stem from areas where rain is a more dominant recharge source, 

which would in turn increase δ2H and decrease pH. If this recharge is primarily occurring in the spring it 

might not appear in the groundwater system until the summer due to the estimated 1–4-month residence 

time.  

 

From the local open-hole K-W results (Table 6), lithology and watershed divides statistically influence 

groundwater δ2H. When the average annual δ2H samples from multi-level wells are added, surficial geology 

and soil permeability become statistically significant and an improvement in the relationship is observed 

across most categories. Using seasonal averages of multi-level samples in addition to the open-hole samples 

also yielded improved results (Supplementary Data).  
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Table 6. Statistically significant Kruskal-Wallis H-tests between categorical variables and δ2H at the 

local scale. The magnitude of the H-test value can be directly compared across wells groupings within 

the same variable, but not across variables due to differing degrees of freedom. Bolded values indicate 

the statistical relationship was improved by the incorporation of multi-level wells.  

Categorical Variable Local Open-hole 
June 2018 Multi-level + 

Open-hole 

Annual Multi-level + 

Open-hole 

Rock Formation  26.01** 25.25** 24.32** 

Rock Type 16.79** 16.61** 17.10** 

Surficial Geology  10.12* 10.35* 

Overburden Permeability   9.97* 

Secondary Watershed  11.50* 18.36** 17.61** 

Tertiary Watershed 19.73** 23.87** 21.79** 

Quaternary Watershed  27.95* 33.57** 30.92* 

Sample Size 34 59 56 

*Significant at the 0.05 level 

**Significant at the 0.01 level 

 

The significant differences in δ2H mean across rock formation and rock type, both with local open-hole 

wells and when combined with multi-levels, points to bedrock as an important driver of groundwater δ2H, 

at least in areas with thin soil. In areas with thin or no overburden to dampen seasonal isotopic variation in 

precipitation, bedrock properties, such as matrix porosity and storativity will be key parameters that 

influence mixing and attenuation of seasonal variation in unconfined aquifers (Darling et al., 2003a; Wright 

and Novakowski, 2019). Our results support this concept, where higher porosity sandstone shows less 

variation in δ2H (var = 14.5‰) compared to crystalline rock types (var = 19.1‰; Figure 5), which have 

substantially lower matrix porosity. These findings build on those of Regan et al. (2017) where distinctions 

in δ18O were also observed when grouped by rock type despite the geology and climate greatly differing 

from this study. 

 

Figure 5 
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The majority of the surficial geology categories have similar δ2H means except for silt, which may be due 

to the low sample size of this soil category (n = 4). The wide range in δ2H across all soil types, particularly 

diamicton (Figure 5), perhaps indicates that the soil type and permeability have less influence on 

groundwater δ2H than soil thickness, as was noted from the temporal multi-level analysis. Areas with 

exposed bedrock (Paleozoic and Precambrian bedrock on Figure 5) also have substantial variation in δ2H, 

which can be attributed to limited attenuation of seasonal variability and shorter residence times. This 

supports the hypothesis that the high seasonal variability in fractured rock environments, particularly 

shallow (0–25 m) crystalline rock, may make time-discrete isoscape maps inaccurate.  

 

3.3 Drivers of groundwater δ2H regionally 

3.3.1  Climate 

Many climate variables are cross correlated, defined here by a correlation coefficient greater than ±0.8 (full 

tables in Supplementary Data). For example, northing shares strong associations with summer rain, daily 

maximum temperature and winter temperature. Many seasonal averages are also correlated with annual 

averages such as annual snowfall with winter, spring and autumn snowfall. Thus, correlation results () are 

presented for variables that do not exhibit cross correlation or are considered the most representative of 

larger variable classes (i.e. annual snowfall represents seasonal snowfall).  

 

It is apparent that climate plays a significant role in driving the isotopic composition of groundwater in 

fractured rock. In general, the climate variables display higher correlations with δ2H than hydrogeologic 

variables (Table 7) This suggests climate is a primary driver of groundwater δ2H and hydrogeological 

properties play a secondary role, which was also found in Regan et al. (2017). Our study highlight that this 

finding is independent of the unique climate and geology of the study region. 
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Table 7. Spearman's correlation coefficients between regional continuous variables and δ2H with 

statistically significant coefficients greater than ±0.3.  

Regional 

Independent Variable 

Correlation 

Coefficient 
Sig. N 

Hydrogeologic 

Variables 
   

Tritium 0.399 <0.001 173 

Overburden Thickness -0.320 <0.001 175 

pH -0.513 <0.001 174 

Dissolved Oxygen 0.322 <0.001 168 

Average Climate 

Variables 
   

Annual Rain  0.360 <0.001 174 

Winter Rain  0.675 <0.001 174 

Summer Rain  -0.635 <0.001 174 

Annual Snowfall  -0.639 <0.001 174 

Annual Temperature  0.409 <0.001 174 

Daily Max 

Temperature  
0.607 <0.001 174 

 

Temperature is correlated with δ2H, particularly average daily maximum temperature (Rsp = 0.607, p = 

<0.001). As one would expect, the positive correlation indicates greater groundwater enrichment where 

temperatures are higher. Temperature drives isotopic fractionation of precipitation and whether snow or 

rain are available for groundwater recharge. Higher temperatures can also increase evapotranspiration 

resulting is less available water for groundwater recharge.  

 

This study found that annual average precipitation was weakly correlated with δ2H (Rsp = -0.219, p = 

0.004). This is attributed to precipitation in this region being comprised of both snow and rain. When annual 

precipitation is separated into rain and snowfall amounts, correlations are substantially strengthened for 

both precipitation types. Rain and snowfall share moderate but opposite relationships with δ2H, which 

cancel each other out when combined in total precipitation. This would explain why countries with 

predominantly rain have groundwater isoscapes that are driven by precipitation amount (Regan et al., 2017; 

Wassenaar et al., 2009), but regions with mixed precipitation are not (Cerar et al., 2018; Matiatos and 
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Wassenaar, 2019). Evidently, for regions that experience significant snowfall, rain and snow amounts need 

to be considered separately from total precipitation when predicting groundwater isotopes. 

 

3.3.2 Dominant linear drivers  

From the univariate analysis, many variables play a role in driving δ2H in groundwater, however some IVs 

have equally strong but opposite correlations with δ2H. To compare which IVs are most dominant in driving 

regional groundwater δ2H, multiple linear regression was undertaken using the variables in Table 7. The 

resulting MLR model had an R-Square of 0.643 using only three of the continuous independent variables 

from the study. Based on the standardized coefficients for the model (Table 8), the parameters that have the 

greatest statistical impact on groundwater δ2H (in order from highest to lowest) are average winter rain, 

tritium (groundwater age) and average annual snowfall. The positive relationship with tritium suggests that 

older groundwater is associated with more depleted δ2H values, as described in Section 4.1. The age of 

groundwater clearly plays a role in driving the δ2H value in fractured rock systems, which was observed at 

all scales from both well types.  

 

Table 8. Coefficients from multiple linear regression analysis. 

  
Unstandardized Coefficients Standardized Coefficients 

Sig. 
B Std. Error Beta 

Average Winter Rain (mm) 0.640 0.073 0.512 < 0.001 

Tritium (TU) 0.368 0.053 0.330 < 0.001 

Average Annual Snowfall (cm) -0.046 0.011 -0.246 < 0.001 

 

Winter rain has both the strongest univariate (Rsp = 0.675, p = <0.001) and multivariate (Table 8) 

relationship with δ2H indicating it is the dominant factor in controlling groundwater δ2H in this region. 

Winter rain is nearly collinear with spring and autumn rain, which implies these variables are also important 

drivers of groundwater δ2H. This highlights the importance of rain as a recharge source during the times of 
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year when evapotranspiration is low. Winter rain is also largely dictated by winter temperatures (although 

not seen to be cross correlated in this case), thus winter temperatures likely aid in driving groundwater δ2H.  

 

The dominance of winter rain suggests recharge is occurring during times of the year when the ground is 

typically frozen. Preferential pathways in the rock may allow for recharge to take place despite this. Rain-

on-snow events can also isotopically homogenize and progressively enrich the snowpack over the course 

of a snowmelt season (Rücker et al., 2019; Taylor et al., 2001). The progressive enrichment of the 

snowpack, however, does not necessarily mean snowmelt contributes less to recharge but instead 

isotopically looks more like rainfall (Earman et al., 2006).  

 

One would expect that areas with more rainfall in the winter would generally have less overall snowfall, 

however, winter rain and annual snowfall appear to be acting independently on groundwater δ2H. From this 

analysis, it appears changes to cold season rain and possibly rain-on-snow events will have a greater impact 

on groundwater δ2H than changes to annual snowfall amounts. These findings have implications for 

groundwater recharge in northern climates under climate change conditions. More precipitation is expected 

to fall as rain rather than snow (Barnett et al., 2005; Diffenbaugh et al., 2013) and more frequent winter 

warming events will likely occur (Vikhamar-Schuler et al., 2016). 

 

3.3.3 Geospatial drivers  

From the cluster analysis, five spatial δ2H clusters were identified in the regional dataset. Cluster means 

range from -88.0‰ to -69.6‰ (Figure 6). For the multi-nominal regression, the northeast cluster near 

Ottawa (-74.6‰) was used as the reference category as it most closely reflected the mean of all the data (-

74.4‰). The remaining clusters are then compared against the reference category. The regional K-W 

analysis found no association between δ2H and lithology but surficial geology (p = <0.001), overburden 

permeability (p = 0.003) and watershed divides (p = < 0.001) were all statistically significant. These 

variables in addition to significant continuous variables were considered in the multi-nominal regression.  
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The results of the multi-nominal regression found overburden thickness (p = <0.001), average winter rain 

(p = <0.001) and secondary watershed divides (p = <0.001) accounted for nearly all model variability 

(Nagelkerke R2 = 0.973). With these three variables, 87.9% of the sample points were correctly classified 

to corresponding δ2H clusters. Despite overburden thickness not being a primary driver identified in the 

MLR, the spatial analysis along with the univariate results suggest it does drive groundwater δ2H. This 

statistical result can also be seen visually in Figure 6a where groundwater clusters are generally grouped 

by overburden thickness. For example, where overburden is thickest (>100 m) in the southwest, 

groundwater δ2H is the lowest in the region (mean = -88.0‰). Where overburden is moderate in thickness 

(10–25 m) in the northeast groundwater δ2H is also moderate and more similar to the sample mean (-

74.6‰). Yet in the east-central area where overburden is typically less than 1 m there is a wider range in 

groundwater δ2H, indicating seasonal variability has not been attenuated. 

 

Figure 6 

 

The relationship between δ2H and winter rain that was confirmed in the regional correlation analysis is also 

supported by the geospatial analysis. In Figure 6b the results of the multi-nominal regression can again be 

visualized where clusters are generally grouped by secondary watershed divides and by winter rain. 

Wassenaar et al. (2009) also found drainage basins to be a key parameter in predicting groundwater 

isoscapes, albeit at a much larger basin scale. Higher amounts of winter rain along the shores of Lake 

Ontario clearly play a role in driving the southeast cluster, which has the most enriched cluster mean (-

69.6‰). The warming lake effect in winter months likely contributes to driving the high winter rain amounts 

here.  

 

3.4 Isotopes in precipitation compared to groundwater 
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The long-term weighted average of δ2H in precipitation from the Ottawa GNIP station (-74.8‰) is nearly 

identical to the groundwater δ2H cluster just east of the station (-74.6‰). This can be attributed to moderate 

overburden thickness in this area attenuating seasonal variation (Figure 6a). Yet, where overburden is thin 

to the southwest of Ottawa, the groundwater δ2H cluster (-79.1‰) is depleted relative to the long-term 

average of δ2H in precipitation and have wide ranges in δ2H as previously noted. This may be due to 

seasonal recharge bias toward winter precipitation or possibly from the incomplete attenuation of seasonal 

variation, where three to four-month residence times would result in cold spring recharge emerging in 

summer groundwaters when these samples were taken. 

 

The western groundwater δ2H cluster (-88.0‰) is markedly different from the Egbert GNIP station average 

for δ2H in precipitation (-73.4‰). Thick, clay rich overburden (>100 m) in this area has resulted in high 

residence times that allow for isotopically depleted glacial meltwaters to remain in the groundwater system 

(Aravena et al., 1995). The adjacent cluster where overburden transitions to more moderate thicknesses 

again has a groundwater δ2H mean (-73.2‰) that more closely reflects the weighted mean of δ2H in 

precipitation from Egbert (-73.4‰). It is evident from this analysis that overburden thickness is an 

important control for how closely isotopes of bedrock groundwater resemble long-term weighted isotopes 

in precipitation. 

 

3.5 Limitations of isoscapes in fractured rock 

Limitations need to be recognized when conducting isoscape research in fractured rock systems with 

groundwater samples from long-screened wells. Results can be skewed by mixing between horizons within 

the borehole and dominant fracture features controlling the isotopic composition of the sample. This can be 

mitigated by using multi-level wells or by avoiding sampling from supply and domestic wells. This is 

supported by findings from this study for depth-dependent parameters such as tritium and well depth where 

significant relationships with δ2H were only present when incorporating multi-level samples to the dataset 

(Figure 4).  
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In addition to depth-discrete sampling, findings from this study also indicate that valuable insight regarding 

recharge and flow paths can be gained by incorporating temporal samples in this type of research. It was 

observed that relationships between variables of interest and δ2H were strong in certain times of the year 

but absent in others (Table 4). This places further limitations on time-discrete isoscapes in fractured rock 

environments, particularly if thin soils limit the attenuation of seasonal variation. Temporal samples, even 

once per season, should be taken to confirm the presence or absence of temporal variation, particularly 

where mixed precipitation occurs. 

 

4 Conclusions 

This study was undertaken to explore the benefits of adding temporal and depth-discrete δ2H measurements 

to time-discrete isoscapes in fractured rock environments. Concurrent objectives included determining 

whether time-discrete groundwater samples from fractured rock are representative of long-term averages 

of isotopes in precipitation and to identify primary drivers of groundwater δ2H in these settings. The 

following conclusions can be drawn from the results of univariate and multivariate statistical analyses:  

 Incorporating temporal multi-level wells with groundwater isoscapes can provide additional insight 

about recharge timing that time-discrete, open-hole samples alone do not. Borehole mixing 

artefacts can be reduced and depth-dependent hydrogeologic relationships can be strengthened.  

 The key factors driving δ2H in humid continental fractured rock environments include winter rain, 

tritium (groundwater age) and average annual snowfall. Winter precipitation, both rain and snow, 

plays a critical role in driving groundwater isotopes and therefore recharge in this region. Secondary 

factors include overburden thickness, watershed divides and bedrock geology.  

 In fractured rock with thin overburden (0–5m) caution is required when interpreting time-discrete 

groundwater isoscapes as a proxy for the long-term mean of isotopes in precipitation. If seasonal 
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variation of stable isotopes is present in the groundwater, long-term temporal sampling is required 

to determine a representative groundwater mean.  

 

Findings from this study support the ongoing efforts to improve groundwater isoscape predictions and 

recharge studies applying isotopic tracers in fractured rock environments. This study has relied on a 

relatively small number of multi-level wells from a narrow spatial extent, placing limitations on the 

temporal dataset for certain statistical analyses. Nonetheless, many observations and conclusions would not 

have been possible without the incorporation of depth-discrete, temporal sampling. The use of multi-level 

wells should not only be applied to water isotope studies, but any study using environmental tracers to 

estimate recharge and residence times in fractured rock. Future studies in fractured rock environments of 

this nature should work to incorporate a greater proportion of depth-discrete samples for an enhanced 

understanding of groundwater recharge and flow.  
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Figure 7. Study area with well locations and bedrock geology (Ontario Geological Survey, 2011). The inset 

indicates the location of the study relative to Canada. (A–C) Multi-level field sites where contour lines are 

in meters above sea level and are spaced at 10 m increments.  

 

Figure 8. Cross-plot of wells used in the study along with the global meteoric water line (GMWL). Wells 

that have been outlined in black were included in the local-scale comparison. Error bars are approximately 

the size of the data symbol. 

 

Figure 9. Spearman's correlation coefficients and significance level between tritium and seasonal deuterium 

averages measured in multi-level wells. The filled grey bars indicate the correlation coefficient is 

statistically significant (p ≤ 0.05). 

 

Figure 10. Statistically significant (p ≤ 0.05) Spearman’s correlation coefficients for local-scale analysis 

between hydrogeologic variables and δ2H. Warm and cool colours represent warm and cool seasons of 

sampling, respectively.  

 

Figure 11. Boxplots for δ2H grouped by bedrock formation, surficial geology and secondary watershed for 

local combined wells (n = 59). Bedrock formation is further grouped by rock type based on colour, where 

blue, beige and red, represent limestone, sandstone and Precambrian crystalline rock, respectively. Open 

circles represent outliers and the quartile calculation includes the median. Arrows indicate boxplots are in 

order of increasing value. 

 

Figure 12. (A) Groundwater δ2H from regional open-hole wells and overburden thickness. (B) Regional 

groundwater δ2H clusters, average winter rain and secondary watershed boundaries. Average winter rain 

contours are based on 30-year climate records (Environment and Climate Change Canada, 2013) and are 

considered representative of regional trends.  
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Highlights 

 Temporal δ2H sampling from multi-level wells is recommended in fractured rock. 

 Bedrock with thin soil needs long-term sampling for representative groundwater means. 

 Climate is the primary driver of groundwater δ2H, hydrogeology is secondary.  

 Winter precipitation (rain and snow) plays a critical role in recharge in this region.  

 


