
ERCB/AGS Open File Report 2012-05 

Geochemistry of Groundwater and 
Springwater in the Paskapoo Formation 
and Overlying Glacial Drift, South-Central 
Alberta 



ERCB/AGS Open File Report 2012-05 

Geochemistry of Groundwater 
and Springwater in the 
Paskapoo Formation and 
Overlying Glacial Drift, South-
Central Alberta 

G.F. Huff1, L. Woods2, H. Moktan1 and G. Jean1 
1Energy Resources Conservation Board 
Alberta Geological Survey 

2formerly of Alberta Geological Survey 

December 2012 



©Her Majesty the Queen in Right of Alberta, 2012 
ISBN 978-1-4601-0079-0 

The Energy Resources Conservation Board/Alberta Geological Survey (ERCB/AGS), its employees and 
contractors make no warranty, guarantee or representation, express or implied, or assume any legal 
liability regarding the correctness, accuracy, completeness or reliability of this publication. Any reference 
to proprietary software and/or any use of proprietary data formats do not constitute endorsement by 
ERCB/AGS of any manufacturer's product. 

If you use information from this publication in other publications or presentations, please acknowledge 
the ERCB/AGS. We recommend the following reference format: 

Huff, G.F., Woods, L., Moktan, H. and Jean, G. (2012): Geochemistry of groundwater and springwater in 
the Paskapoo Formation and overlying glacial drift, south-central Alberta; Energy Resources 
Conservation Board, ERCB/AGS Open File Report 2012-05, 58 p. 

Author address 
L. Woods 
Infrastructure and Environment 
Worley Parsons 
4500 – 16th Avenue NW 
Calgary, AB  T3B 0M6 
Canada 
Tel: 403.247.0200 
E-mail: landon.woods@worleyparsons.com 

Published December 2012 by 
Energy Resources Conservation Board 
Alberta Geological Survey 
4th Floor, Twin Atria Building 
4999 – 98th Avenue 
Edmonton, AB  T6B 2X3 
Canada 

Tel:  780.422.1927 
Fax: 780.422.1918 
E-mail:  AGS-Info@ercb.ca 
Website:  www.ags.gov.ab.ca 

ERCB/AGS Open File Report 2012-05 (December 2012) • iii 

mailto:AGS-Info@ercb.ca
http://www.ags.gov.ab.ca/
mailto:landon.woods@worleyparsons.com


Contents 
Acknowledgements.....................................................................................................................................vii 
Abstract ......................................................................................................................................................viii 
1  Introduction ............................................................................................................................................ 1 

1.1  Scope ............................................................................................................................................. 1 
1.2  Study Area..................................................................................................................................... 1 
1.3  Geological Setting ......................................................................................................................... 3 
1.4  Hydrogeochemical Setting ............................................................................................................ 3 

2  Methodology and Analytical Results ..................................................................................................... 5 
3  Geochemical Evolution of Groundwater................................................................................................ 6 

3.1  Systematic Changes in Water Geochemistry ................................................................................ 6 
3.2  Chemical Weathering of Glacial Drift ........................................................................................ 27 

3.2.1  Modelling Approach, Model Constraints, Reactive Phases and Data Sources ............... 27 
3.2.2  Elimination of Potentially Reactive Phases on Geochemical, Thermodynamic and 

Isotopic Grounds ............................................................................................................. 35 
3.2.3  Development of Initial Conditions and Results of Phase I Mass-Balance Modelling..... 42 
3.2.4  Results of Phase II Mass-Balance Modelling.................................................................. 43 
3.2.5  Discussion of Mass-Balance Modelling Results ............................................................. 43 

3.3  Geochemical Evolution of Groundwater at Intermediate and Deep Intervals in the Paskapoo 
Formation .................................................................................................................................... 47 

3.4  Processes Affecting the Compositions of Samples I1, I4, D2, D3 and D4 ................................. 50 
4  Implications of the Distribution of 3H and 14C in Groundwater and Springwater................................ 53 

4.1  3H................................................................................................................................................. 53 
4.2  14C(DIC).......................................................................................................................................... 53 

5  Conclusions .......................................................................................................................................... 54 
6    References............................................................................................................................................. 55 

Tables 
Table 1. Values of field parameters and concentrations of dissolved constituents in groundwater and 

springwater samples, south-central Alberta................................................................................7 
Table 2. Values of C, H, O and Sr isotopes in groundwater and springwater samples, south-central 

Alberta. .......................................................................................................................................9 
Table 3. Saturation indices of selected solid phases, calculated using NETPATH, for groundwater  

and springwater samples, south-central Alberta. ......................................................................41 
Table 4. Plausible chemical reactions involving mandatory and optional phases used in NETPATH 

modelling. .................................................................................................................................42 
Table 5. Results of Phase I, model 1 NETPATH simulations, groundwater and springwater samples, 

south-central Alberta. ...............................................................................................................44 
Table 6. Results of Phase I, model 2 NETPATH simulations, groundwater and springwater samples, 

south-central Alberta. ...............................................................................................................45 
Table 7. Results of Phase II, model 2 NETPATH simulations, groundwater and springwater samples, 

south-central Alberta. ...............................................................................................................46 
Table 8. Geochemical budget for dissolved Na and SiO2 in Phase I modelling, groundwater and 

springwater samples, south-central Alberta..............................................................................48 
Table 9. Geochemical budget for dissolved Na and SiO2 in Phase II modelling, groundwater and 

springwater samples, south-central Alberta..............................................................................49 

 

ERCB/AGS Open File Report 2012-05 (December 2012) • iv 



Figures 
Figure 1. Location of the Edmonton–Calgary Corridor (ECC), south-central Alberta.................................1 
Figure 2. Locations of water samples collected in our study, south-central Alberta. ...................................2 
Figure 3. Generalized geological column (Devonian to Quaternary) of the Central Plains area  

of Alberta ....................................................................................................................................4 
Figure 4. Easting versus concentrations of dissolved solids in groundwater and springwater samples, 

south-central Alberta. ...............................................................................................................10 
Figure 5. Easting versus concentrations of dissolved Na in groundwater and springwater........................11 
Figure 6. Easting versus concentrations of dissolved SO4 in groundwater and springwater samples,  

south-central Alberta. ...............................................................................................................12 
Figure 7. Easting versus alkalinity in groundwater and springwater samples, south-central Alberta. .......13 
Figure 8. Easting versus concentrations of dissolved Ca in groundwater and springwater samples,  

south-central Alberta.. ..............................................................................................................14 
Figure 9. Easting versus values of 14C(DIC) in groundwater and springwater samples, south-central  

Alberta. .....................................................................................................................................15 
Figure 10. Easting versus concentrations of dissolved Mg in groundwater and springwater samples,  

south-central Alberta. ...............................................................................................................16 
Figure 11. Easting versus concentrations of dissolved Cl in groundwater and springwater samples,  

south-central Alberta.. ..............................................................................................................17 
Figure 12. Easting versus concentrations of dissolved O2 in groundwater and springwater samples,  

south-central Alberta.. ..............................................................................................................18 
Figure 13. Easting versus concentrations of dissolved CH4 in groundwater and springwater samples, 

south-central Alberta.. ..............................................................................................................19 
Figure 14. Easting versus concentrations of dissolved SiO2 in groundwater and springwater samples, 

south-central Alberta.. ..............................................................................................................20 
Figure 15. Easting versus values of δ18O in groundwater and springwater samples, south-central  

Alberta. .....................................................................................................................................21 
Figure 16. Easting versus values of δ13C(DIC) in groundwater and springwater samples, south-central 

Alberta. .....................................................................................................................................22 
Figure 17. Easting versus values of δ34S(SO4) in groundwater and springwater samples, south-central 

Alberta. .....................................................................................................................................23 
Figure 18. Easting versus values of field pH in groundwater and springwater samples, south-central 

Alberta.. ....................................................................................................................................24 
Figure 19. Easting versus concentrations of 3H in groundwater and springwater samples, south-central 

Alberta. .....................................................................................................................................25 
Figure 20. Easting versus values of 87Sr/86Sr in groundwater and springwater samples, south-central 

Alberta.. ....................................................................................................................................26 
Figure 21. Values of δ18O versus values of δ2H in groundwater and springwater samples,  

south-central Alberta. ...............................................................................................................28 
Figure 22. Values of δ18O versus values of δ13C(DIC) in groundwater and springwater samples,  

south-central Alberta. ...............................................................................................................29 
Figure 23. Values of δ13C(DIC) versus concentrations of dissolved CH4 in groundwater and  

springwater samples, south-central Alberta..............................................................................30 
Figure 24. Alkalinity versus concentrations of 14C(DIC) in groundwater and springwater samples,  

south-central Alberta. ...............................................................................................................31 
Figure 25. Concentrations of dissolved SO4 versus values of δ34S(SO4) in groundwater and springwater 

samples, south-central Alberta..................................................................................................32 
 

ERCB/AGS Open File Report 2012-05 (December 2012) • v 



Figure 26. Values of 1/SO4 versus values of 34S/32S in groundwater and springwater samples,  
south-central Alberta, and in coalbed methane (CBM) coproduced water from the  
Horseshoe Canyon Formation and Belly River Group as reported by Cheung et al. (2010), 
central Alberta. .........................................................................................................................33 

Figure 27. Chemical activities of H4SiO4 and Na+/H+ on the thermodynamic stability fields of gibbsite, 
kaolinite, Na-smectite and albite at 1 bar and 25°C in groundwater and springwater samples, 
south-central Alberta. ...............................................................................................................35 

Figure 28. Concentrations of dissolved SO4 versus concentrations of dissolved Ca in groundwater and 
springwater samples, south-central Alberta..............................................................................36 

Figure 29. Concentrations of dissolved SO4 versus alkalinity in groundwater and springwater samples, 
south-central Alberta. ...............................................................................................................38 

Figure 30. Values of field pH versus concentrations of dissolved SiO2 in groundwater and springwater 
samples, south-central Alberta..................................................................................................39 

Figure 31. Values of field pH versus calculated saturation indices of quartz and chalcedony in 
groundwater and springwater samples, south-central Alberta. .................................................40 

Figure 32. Values of 1/Sr versus values of 87Sr/86Sr in groundwater and springwater samples and in saline 
water in Lower Cretaceous to Devonian geological units in central Alberta as reported by 
Connolly et al. (1990b) and Huff et al. (2011). ........................................................................51 

Figure 33. Concentrations of dissolved Br and Cl in samples I1, I4, D2, D3 and D4 and in Mannville 
Group water as reported by Cheung et al. (2010), south-central Alberta. ................................52 

 

ERCB/AGS Open File Report 2012-05 (December 2012) • vi 



Acknowledgements 
We thank all of the private well owners who graciously allowed us to collect samples for this study. 
A.A. Barker, T. Graf and A. Mukherjee (Alberta Geological Survey) provided field and data-management 
assistance. We thank M. Grobe, D. Palombi and T.G. Lemay (Alberta Geological Survey) for helpful 
discussion and review of drafts of this report and D. Magee (Energy Resources Conservation Board) for 
assistance with figure preparation. 

ERCB/AGS Open File Report 2012-05 (December 2012) • vii 



ERCB/AGS Open File Report 2012-05 (December 2012) • viii 

Abstract 
The Paskapoo Formation contains approximately one-third of all water wells present in the Canadian 
Prairies, illustrating its importance as a source of groundwater in central and southern Alberta. Our report 
describes and interprets the results of chemical analyses of groundwater and springwater samples 
collected from the Paskapoo Formation and overlying glacial drift between June and September 2009. 
Our samples represent an east-west transect across the outcrop/subcrop area of the Paskapoo Formation, 
bounded by Ponoka in the north and Crossfield in the south. 

Groundwater in the Paskapoo Formation and overlying glacial drift shows lateral and vertical changes in 
geochemistry within our study area. Lateral changes from west to east include increasing concentrations 
of dissolved solids, dissolved Na, dissolved SO4 and alkalinity and decreasing concentrations of dissolved 
Ca and 14C(DIC). Dissolved O2 concentrations, with the exception of one groundwater sample, are all 
<3.0 mg/L and most are <0.01 mg/L. Most 3H concentrations in the eastern part of our study area are 
<0.8 tritium units; however, 3H concentrations are generally greater in the western samples. Vertical 
changes in groundwater geochemistry within the Paskapoo Formation are, in some instances, more subtle 
than lateral changes. Field pH values generally increase and concentrations of dissolved Ca and dissolved 
Mg generally decrease with depth. Values of δ2H, δ18O and δ13C(DIC) and concentrations of dissolved CH4 

show anomalous values in a number of deeper samples. Values of δ18O and δ2H in most water samples 
fall parallel to the global meteoric water, the approximate Edmonton meteoric waterline and the Calgary 
meteoric waterline. 

Mass-balance modelling of chemical weathering of Laurentide-derived glacial drift identified alteration of 
albite to kaolinite as the source of dissolved Na and alkalinity and the primary source of dissolved SiO2 in 
springwater, glacial-drift groundwater and relatively shallow Paskapoo Formation groundwater. Mass-
balance budgets of Na and SiO2 are balanced principally by alteration of kaolinite to Na-smectite. 
Processes including carbonate-mineral dissolution/precipitation and cation exchange play relatively minor 
roles in the geochemical evolution of springwater, glacial-drift groundwater and relatively shallow 
Paskapoo Formation groundwater. Dissolved SO4 in groundwater and springwater originates primarily 
from oxidation of pyrite with apparent local contributions from oxidation of organic S. Changes in the 
geochemistry of Paskapoo Formation groundwater with increasing depth appear to be largely controlled 
by alteration of albite to kaolinite, equilibrium between kaolinite and Na-smectite, precipitation of 
carbonate minerals and possible dissolution of SiO2. 

Differing 3H-based apparent residence times imply that water flows through glacial drift in the western 
part of our study area more rapidly than through glacial drift in the eastern part of our study area. Shorter 
western residence times, coupled with a general east-to-west increase in annual precipitation in central 
Alberta, suggests increasing groundwater recharge rates from east to west across our study area. 

 



1 Introduction 
The Edmonton–Calgary Corridor (ECC; Figure 1) is undergoing rapid urban expansion and is a focus 
area for resource-management planning. An improved understanding of water quality and availability 
within the ECC is needed to ensure adequate future resources for public, industrial, and agricultural use. 
The Energy Resources Conservation Board/Alberta Geological Survey began a partnership with Alberta 
Environment and Water (now Environment and Sustainable Resource Development [ESRD]) in 2007 to 
characterize nonsaline groundwater resources within the ECC. Characterization of nonsaline groundwater 
resources is a step towards a better understanding of water availability within the ECC. 

1.1 Scope 
This report describes and interprets the results of chemical analyses of groundwater and springwater 
samples collected from the Paskapoo Formation and overlying glacial drift between June and September 
2009. Specific topics addressed in our report include the sources of dissolved constituents in groundwater 
and springwater, the isotopic composition of selected constituents in groundwater and springwater, the 
apparent relative residence times of groundwater and corresponding implications on groundwater flow 
rates and directions. 

1.2 Study Area 
Our samples represent an east–west transect across the outcrop/subcrop area of the Paskapoo Formation, 
bounded by Ponoka in the north and Crossfield in the south (Figure 2). Sampling depths ranged from land 
surface to 201 m below land surface, representing water collected from springs and groundwater pumped 
from wells screened in the Paskapoo Formation or overlying glacial drift. 

 

Figure 1. Location of the Edmonton–Calgary Corridor (ECC), south-central Alberta. 
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Figure 2. Locations of water samples collected in our study, south-central Alberta. 
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1.3 Geological Setting 
The Paskapoo Formation forms an eastward-thinning wedge of nonmarine sedimentary rocks composed 
mostly of siltstone, mudstone and sandstone with minor amounts of coal and bentonite. The Paleogene 
Paskapoo Formation unconformably overlies the Upper Cretaceous–Paleogene Scollard Formation and 
underlies the Quaternary glacial drift (Figure 3). The Paskapoo Formation is up to 800 m thick at its 
western margin (Grasby et al., 2008, 2010) and forms the uppermost-consolidated rocks within the 
Western Canada Sedimentary Basin. The internal architecture of the Paskapoo Formation is that of a 
mudstone/siltstone containing channel sand features with local maximum thicknesses of 15 to 30 m 
(Le Breton, 1971; Hamblin, 2007). Farvolden (1961) described the Paskapoo Formation as a 
heterogeneous mixture of silt and clay with coarse- to fine-grained sandstone units cemented by calcium 
carbonate. Le Breton (1971) described the Paskapoo Formation sandstones in our study area as local to 
extensive, medium to coarse grained, friable, calcareous, and bentonitic. The reader is referred to 
Demchuk and Hills (1991), Jerzykiewicz (1997) and Lyster and Andriashek (2012) for detailed 
descriptions of the stratigraphy of the Paskapoo Formation. 

Sandstone intervals of the Paskapoo Formation contain detrital quartz, feldspar, assorted rock fragments 
and accessory grains, mica, and glauconite, along with coal and plant fragments. Authigenic minerals 
include calcite, kaolinite, chlorite and pyrite. Both feldspar and volcanic rock fragments are highly 
altered, with authigenic chlorite being primarily associated with altered volcanic rock fragments (Grasby 
et al., 2007, 2008). Relatively thin (<1 to 6 m) coal intervals are present throughout the Paskapoo 
Formation (Demchuk and Hills, 1991). Tóth (1966) noted the presence of bentonite beds and 
disseminated montmorillonite (smectite) in sandstone intervals of the Paskapoo Formation within our 
study area. 

The Quaternary glacial drift overlying the Paskapoo Formation was deposited in association with 
Cordilleran and Laurentide ice sheets. Laurentide and Cordilleran ice met along a roughly north–south 
line near the middle of present-day Alberta (Fulton, 1995). As such, Cordilleran-derived glacial deposits 
dominate in the western part of our study area, whereas Laurentide-derived deposits dominate in the 
eastern part. The reader is referred to Jackson (1980) and Moran (1986) for more detailed descriptions of 
the extent and timing of Quaternary glaciation in southern Alberta. Cordilleran-derived glacial sediments 
include quartzite rock fragments and carbonate minerals. Laurentide-derived glacial sediments include 
granitic and gneissic pebbles to cobbles, quartzite rock fragments and sulphide minerals, and have a 
greater clay content than is present in Cordilleran-derived glacial sediments (Grasby et al., 2008, 2010). 
Glacial sediments near Red Deer were described by Le Breton (1971) as till containing lacustrine clay, 
sand and gravel, and eolian deposits and by Tóth (1966) as unconsolidated clays, fine to coarse sands, 
boulders and till. Tóth (1966) identified quartz, feldspar (commonly altered), mafic minerals, carbonate 
minerals, gypsum, chert and coal as the primary components of glacial sediments near Olds, Alberta 
(Figure 2). Tharin (1960) noted that the Laurentide-derived glacial sediments contained illite and smectite 
in approximately equal amounts, whereas Cordilleran-derived glacial sediments contained an illite to 
smectite ratio of approximately 3:1. 

1.4 Hydrogeochemical Setting 
The Paskapoo Formation contains approximately one-third of all water wells present in the Canadian 
Prairies (Grasby et al., 2010) illustrating its importance as a source of groundwater in central and southern 
Alberta. The Paskapoo Formation contains a complex three-dimensional groundwater flow system. 
Although recharge to the Paskapoo Formation is likely areal in extent, the generally thinner and less-
smectitic glacial drift covering the western part of the Paskapoo Formation likely allows for more 
efficient infiltration than the thicker and more-smectitic glacial drift found to the east (Meyboom, 1961). 



 

Figure 3. Generalized geological column (Devonian to Quaternary) of the Central Plains area of Alberta. Modified from 
Energy Resources Conservation Board (2009) per Hamilton et al. (1999), Johnston et al. (2010), Macqueen and Sandberg 
(1970), Richards and Higgins (1988), Storer (1976) and Vonhof (1969).  
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Numerous hydrological studies have cited evidence for the presence of local, intermediate and regional 
groundwater flow systems within the Paskapoo Formation (Meyboom, 1961; Tóth, 1966; Clissold, 1967; 
Le Breton, 1971; Gabert, 1975; Michael and Bachu, 2002; Bachu and Michael, 2003). Flow systems of 
local to intermediate extent are thought to contain the majority of groundwater flux through the Paskapoo 
Formation (Clissold, 1967; Gabert, 1975). Questions exist concerning the nature of basin-scale lateral 
groundwater flow in the Paskapoo Formation. Bachu and Michael (2003) proposed the presence of a 
topographically driven, large-scale, regional flow system moving groundwater laterally from recharge 
areas in the western uplands to discharge areas to the east and northeast, whereas Grasby et al. (2008) 
argue that no regional lateral flow systems exist within the Paskapoo Formation. 

Numerous hydrological studies cite evidence for downward flow of groundwater within the Paskapoo 
Formation (Meyboom, 1961; Le Breton, 1971; Michael and Bachu, 2002; Bachu and Michael, 2003; 
Grasby el al., 2008, 2010). The hydraulic gradient driving downward flow of groundwater has been 
linked to areas of subhydrostatic fluid pressure both below and within the Paskapoo Formation (Parks and 
Tóth, 1995; Michael and Bachu, 2002; Bachu and Michael, 2003). Subhydrostatic fluid pressures reach 
minimum values at 500 to 1000 m below present-day land surface and may persist upwards to depths of 
<100 m (Parks and Tóth, 1995). Subhydrostatic fluid pressures in southern Alberta are attributed to 
rebound of low hydraulic-conductivity sediments in response to erosional unloading (Neuzil and Pollock, 
1983; Tóth and Corbet, 1986; Corbet and Bethke, 1992; Bachu and Underschultz, 1995; Parks and Tóth, 
1995; Bekele et al., 2003). Quantifying the effects of post-Paleogene sediment rebound is complicated by 
the relatively rapid addition and removal of 1 to 2 km of ice during Pleistocene time (Matthews, 1974) in 
southern Alberta (Michael and Bachu, 2002; Bekele et al., 2003). 

The chemical composition of groundwater in the Paskapoo Formation systematically evolves from lesser 
dissolved-solids, Ca(±Mg)-HCO3–type water in the west to greater dissolved-solids, Na-SO4(±HCO3)–
type water in the east (Gabert, 1975; Grasby et al., 2008, 2010). Grasby et al. (2008, 2010) argue that the 
chemical composition of Paskapoo Formation groundwater is directly attributable to the results of 
chemical weathering of overlying carbonate-rich, Cordilleran-derived glacial drift in the west and of 
smectitic, sulphide-mineral–bearing, Laurentide-derived, glacial drift in the east coupled with dominantly 
downward groundwater flow. Previous studies have suggested production of Na-SO4(±HCO3)–type 
waters by chemical weathering of smectitic, sulphide-mineral–bearing, glacial drift through a number of 
mechanisms, including oxidation of sulphide minerals and organic S, cation exchange, alteration of 
aluminosilicate minerals and dissolution of carbonate minerals (Wallick, 1981; Hendry et al., 1986; 
Mermut and Arshad, 1987; Keller et al., 1991; Van Stempvoort et al., 1994; Grasby et al., 2010). 
Decreasing SO4 concentrations along groundwater flow paths (Meyboom, 1961) and decreasing values of 
SO4/Cl with increasing depth (Gabert, 1975) have been observed within the Paskapoo Formation. 

2 Methodology and Analytical Results 
Sample-collection protocols were based on those of the U.S. Geological Survey (2006) and Wilde 
(variously dated). A peristaltic pump was used to collect all water samples, either from the outflow of a 
submersible pump or from a temporarily installed ‘push’ device used to sample springs. Care was taken 
not to entrain atmospheric gases into the sample stream during sample collection. 

Outflow from the peristaltic pump was monitored for field parameters, including temperature, pH, 
dissolved O2 and specific conductance. Samples were collected after monitored field parameters reached 
stable values. All collected samples, except those for determining dissolved CH4, were passed through a 
0.45 μm cartridge filter. Alkalinity was determined by potentiometric titration to pH values <3.5 using 
0.16 Normal H2SO4 within 12 hours of sample collection. Samples collected for determining dissolved 
cations were preserved by lowering pH values to <2 using HNO3. Samples collected for determination of 
dissolved sulphide were preserved by adding sodium hydroxide and zinc acetate. Samples collected for 
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determination of dissolved CH4 were analyzed within three days of collection. All samples, except those 
collected to determine O, H and Sr isotopes, were kept in the dark and chilled to 4oC until analysis. 

Quality control was implemented through use of equipment blanks and collection and analysis of replicate 
samples. Equipment blanks collected prior to and during the sample-collection period showed no apparent 
equipment-derived contamination. Replicate sample pairs include DR6-DR7, S5-S6, D3-D4 and SP1-SP2 
(Table 1). Charge balance on all analyses used in our study fall within ±3.5%. 

All analytical results are shown in Tables 1 and 2. Table 1 shows the values of field parameters and 
concentrations of dissolved constituents determined in our study. Analytical results shown in Table 1, 
with the exception of those for field parameters, were determined by Exova Laboratories (Edmonton, 
AB). Table 2 shows the results of isotopic determinations of O, H, C and S (Environmental Isotope 
Laboratory, University of Waterloo, ON) and of isotopic determinations of Sr (Dr. R. Creaser, University 
of Alberta, AB). Reference materials used in reporting the results of isotopic determinations include 
Vienna Standard Mean Ocean Water (VSMOW) for O and H, Vienna Pee Dee Belemnite (VPDB) for 
13C, 1950 Oxalic Acid Standard (1950 OAS) for 14C and Vienna Canyon Diablo Meteorite (VCDT) for S. 

Sample names beginning with DR (drift) denote a sample collected from glacial drift overlying the 
Paskapoo Formation. Sample names beginning with S (shallow) denote a sample collected from the 
Paskapoo Formation at depths of 4 to 75 m below land surface (BLS). Sample names beginning with I 
(intermediate) or D (deep) denote samples collected from the Paskapoo Formation at depths of 91 to 
162 m BLS or 163 to 201 m BLS, respectively. Sample names beginning with SP denote samples 
collected from springs. The depth ranges specified for Paskapoo Formation samples in our study carry no 
implication of any particular stratigraphic or hydrogeological interval. Rather, specified depth ranges 
serve as a convenient way to organize the vertical distribution of collected data. 

3 Geochemical Evolution of Groundwater 
Groundwater in the Paskapoo Formation and overlying glacial drift shows lateral and vertical changes in 
geochemistry within the study area. Lateral changes shown in all figures are described in terms of the  
10-Degree Transverse Mercator (10TM) projection with a false easting of 500 000 m corresponding to 
115°W longitude. 

3.1 Systematic Changes in Water Geochemistry 
Laterally continuous changes in groundwater geochemistry are evident in the ‘shallow’ Paskapoo 
Formation and overlying glacial drift from west to east across the study area. These changes include 
increasing concentrations of dissolved solids (Figure 4), dissolved Na (Figure 5), dissolved SO4 (Figure 6) 
and alkalinity (Figure 7) and generally decreasing concentrations of dissolved Ca (Figure 8) and 14C in 
dissolved inorganic carbon (14C(DIC); Figure 9). Little to no systematic laterally continuous variations are 
evident in concentrations of dissolved Mg (Figure 10), dissolved Cl (Figure 11), dissolved O2 (Figure 12), 
dissolved CH4 (Figure 13) and dissolved SiO2 (Figure 14). Likewise, little to no systematic laterally 
continuous variations are evident in isotopic abundances of 18O in structural O of the H2O molecule (δ18O; 
Figure 15), 13C in dissolved organic carbon (δ13C(DIC); Figure 16) and 34S in dissolved SO4 (δ34S(SO4); 
Figure 17). Additionally, little to no systematic laterally continuous variations are evident in field pH 
(Figure 18). Dissolved O2 concentrations, with the exception of one shallow groundwater sample, are all 
<3.0 mg/L and most are <0.01 mg/L (Figure 12). Most 3H concentrations in the eastern part of the study 
area are <0.8 tritium units (TU). However, 3H concentrations are generally greater in the western shallow 
and drift samples (Figure 19). Values of 87Sr/86Sr are slightly greater in western drift samples, likely due 
to differing glacial drift mineralogies (Figure 20). 
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Table 1. Values of field parameters and concentrations of dissolved constituents in groundwater and springwater samples, south-central Alberta. Abbreviations: 10TM, 10-Degree Transverse Mercator; ESRD, Alberta Environment and Sustainable Resource Development; BLS, 
below land surface; Eh, standard oxidation-reduction potential; n/a, information not available; ND, not determined. 

 



 

Table 1 (continued) 
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Table 2. Values of C, H, O and Sr isotopes in groundwater and springwater samples, south-central Alberta. 
Abbreviations: PMC, per cent modern carbon; TU, tritium units. 
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Figure 4. Easting versus concentrations of dissolved solids in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree 
Transverse Mercator.
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Figure 5. Easting versus concentrations of dissolved Na in groundwater and springwater samples, south-central Alberta.. Abbreviation: 10TM, 10-Degree Transverse 
Mercator. 
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Figure 6. Easting versus concentrations of dissolved SO4 in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse 
Mercator.
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Figure 7. Easting versus alkalinity in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. 
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Figure 8. Easting versus concentrations of dissolved Ca in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse 
Mercator. 
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Figure 9. Easting versus values of 14C(DIC) in groundwater and springwater samples, south-central Alberta. Abbreviations: 10TM, 10-Degree Transverse Mercator; PMC, 
per cent modern carbon. 
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Figure 10. Easting versus concentrations of dissolved Mg in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse
Mercator. 
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Figure 11. Easting versus concentrati of dissolved Cl in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse 
Mercator. 

ons 
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Figure 12. Easting versus concentrations of dissolved O2 in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse 
Mercator. 
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Figure 13. Easting versus concentrations of dissolved CH4 in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse 
Mercator. 



 

Figure 14. Easting versus concentrations of dissolved SiO2 in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree 
Transverse Mercator. 
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Figure 15. Easting versus values of δ18O in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. 



ERCB/AGS Open File Report 2012-05 (December 2012) • 22 

 

Figure 16. Easting versus values of δ13C(DIC) in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. 



 

Figure 17. Easting versus values of δ34S(SO4) in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. 
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Figure 18. Easting versus values of field pH in groundwater and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. 
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Figure 19. Easting versus concentrations of 3H in groundwater and springwater samples, south-central Alberta. Abbreviations: 10TM, 10-Degree Transverse Me
TU, tritium units. 

rcator; 
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water and springwater samples, south-central Alberta. Abbreviation: 10TM, 10-Degree Transverse Mercator. Figure 20. Easting versus values of 87Sr/86Sr in ground
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Vertical changes in groundwater geochemistry within the Paskapoo Formation are, in some instances, 
more subtle than the lateral changes described above. Concentrations of dissolved Ca (Figure 8) and 
dissolved Mg (Figure 10) in intermediate and deep samples are less than those in shallower samples 
collected at similar eastings. Concentrations of dissolved Cl (Figure 11) and dissolved CH4 (Figure 1
and values of δ18O (Figure 15) and δ13C(DIC) (Figure 16) are elevated in samples I1, I4, D2, D3 and D4
relative to shallower samples collected at similar eastings. Values of field pH are elevated in all 
intermediate and deep samples relative to shallower samples collected at similar eastings (Figure 18)

A plot of δ18O versus δ2H (Figure 21) shows that points representing samples I1, I4, D2, D3 and D4 lie in 
a distinct group and are less depleted in 18O and 2H relative to other groundwater and springwater 
samples. Samples I1, I4, D2, D3 and D4 show increasing values of δ13C(DIC) with increasing values of
δ18O (Figure 22) and show increasing concentrations of dissolved CH4 with increasing values of δ13C
(Figure 23). Concentrations of 14C(DIC) systematically decrease with increasing alkalinity in drift and 
shallow Paskapoo Formation samples. Samples I1, I4, D2, D3 and D4 show depletion in 14C(DIC) relat
to samples of similar alkalinities (Figure 24). Plots of δ34S(SO4) versus concentrations of dissolved SO
(Figure 25) and of 34S/32S versus reciprocal dissolved SO4 concentrations (Figure 26) show no system
trends or variations. 

3.2 Chemical Weathering of Glacial Drift 
The study area is generally covered by approximately 5 to 50 m of glacial drift (Pawlowicz and Fento
1995; Slattery and Barker, 2010). Maximum glacial drift thicknesses within the study area occur in th
eastern (Laurentide) part of the study area. Chemical weathering of Cordilleran-derived glacial drift in the 
western part of the study area produces a Ca-HCO3–type water through dissolution of carbonate minerals 
(Grasby et al., 2008). In the eastern part of the study area, Na-SO4–type waters occur in association w
Laurentide-derived glacial drift. Various authors disagree on the chemical weathering reactions needed to 
produce Na-SO4–type waters. Sources of dissolved SO4 in the groundwater associated with sulphide-
mineral–bearing glacial drift are thought to include oxidation of pyrite, oxidation of organic S or a 
combination of the two (Wallick, 1981; Hendry et al., 1986; Mermut and Arshad, 1987; Keller et al., 
1991; Van Stempvoort et al., 1994; Grasby et al., 2010). Suggested sources of dissolved Na in these N
SO4–type waters include aluminosilicate-mineral weathering (Wallick, 1981; Mermut and Arshad, 19
Keller et al., 1991), carbonate dissolution and cation exchange (Hendry et al., 1986), and aluminosilicate-
mineral weathering and cation exchange (Grasby et al., 2010). The relative importance of possible 
geochemical reactions in generating Na-SO4–type waters from chemical weathering of Laurentide-
derived glacial drift has not been studied in the context of a well-constrained mass-balance geochemi
model. This study used NETPATH (Plummer et al., 1994), in conjunction with geochemical, 
mineralogical, thermodynamic and isotopic constraints, in a mass-balance modelling approach to stud
the generation of Na-SO4(±HCO3)–type groundwater in the eastern half of the study area. 

3.2.1 Modelling Approach, Model Constraints, Reactive Phases and Data Sources 
NETPATH calculates the mass transfer of solid and gas phases into or out of solution to account for 
chemical changes observed between an initial and final water composition. NETPATH also calculate
changes in selected isotopic compositions of water that interact with solid and gas phases. We undert
mass-balance modelling of the chemical weathering of Laurentide-derived glacial drift in the eastern part 
of the study area using tandem approaches. In the first approach, we reacted selected solid and gas phases 
with an initial dilute water, acting as a proxy for precipitation, to produce a final water composition 
matching that of groundwater and springwater samples from the Laurentide-derived glacial drift and 
groundwater samples from the underlying shallow Paskapoo Formation. In the second approach, we 
ranked groundwater and springwater samples by alkalinity.
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Figure 21. Values of δ18O versus values of δ2H in groundwater and springwater samples, south-central Alberta. Also shows the Calgary meteoric waterline (CMWL; 
Peng et al., 2004), the approximate Edmonton meteoric waterline (AEMWL; International Atomic Energy Agency/World Meteorological Organization, 2001) and the 
global meteoric waterline (GMWL; Craig, 1961). 



 

Figure 22. Values of δ18O versus values of δ C  in groundwater and springwater samples, south-central Alberta.13 (DIC)

ERCB/AGS Open File Report 2012-05 (December 2012) • 29 



ERCB/AGS Open File Report 2012-05 (December 2012) • 30 

 

Figure 23. Values of δ13C  versus concentrations of dissolved CH  in groundwater and springwater samples, south-central Alberta. (DIC) 4
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ent m dern carbon. Figure 24. Alkal y tions of 14 ) nd ntral C c oinit  versus concentra C(DIC in grou water and springwater samples, south-ce Alberta. Abbreviation: PM , per 



 

Figure 25. Concentrations of dissolved SO4 versus values of δ34S(SO4) in groundwater and springwater samples, south-central Alberta. 
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Figure 26. Values of 1/SO4 versus values of 34S/32S in groundwater and springwater samples, south-central Alberta, and in coalbed methane (CBM) coproduced water 
from the Horseshoe Canyon Formation and Belly River Group as reported by Cheung et al. (2010), central Alberta. 
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The sample with the smallest alkalinity was treated as the initial water in NETPATH. This initial water 
was reacted with selected solid and gas phases to produce a final water composition matching that of 
groundwater and springwater samples from the Laurentide-derived glacial drift and groundwater samples 
from the underlying shallow Paskapoo Formation. 

NETPATH models that successfully replicated observed changes in concentrations of dissolved Ca, Mg, 
Na, K, Fe, SO4, HCO3 and SiO2 between initial and final waters were further constrained by requiring 
agreement between observed and calculated δ13C(DIC) values in the final water. Concentrations of Al were 
set to zero in initial and final waters to force conservation of Al during simulated aluminosilicate-mineral 
weathering. Microbially mediated dolomite precipitation has been suggested to occur in SO4-reducing 
(Vasconcelos and McKenzie, 1997) and methanogenic (Roberts et al., 2004) freshwater environments
Neither patterns in the relationship between dissolved SO4 versus δ34S(SO4) (Figure 25) nor concentrati
of dissolved CH4 (Table 1) indicate the presence of a SO4-reducing or methanogenic environment with
either the glacial drift or underlying shallow Paskapoo Formation groundwater within the study area. 
Therefore, NETPATH models requiring the precipitation of dolomite were rejected. 

Potentially reactive solid phases included in NETPATH simulations were selected based on published
mineralogical descriptions of Laurentide-derived glacial drift and on thermodynamic considerations. 
Potentially reactive solid phases initially included in NETPATH simulations based on mineralogical 
descriptions of Laurentide-derived glacial drift included calcite, dolomite, pyrite, siderite, illite and 
gypsum. Albite (Wallick, 1981) and CO2 gas (Keller, 1991) were included as potentially reactive phas
based on their potential roles in chemical weathering of Laurentide-derived glacial drift. Likewise, Ca/
and Mg/Na cation exchange were initially included as potentially reactive phases based on the 
conclusions of Hendry et al. (1986) and Grasby et al. (2010). The apparent approach to thermodynami
equilibrium between quartz/chalcedony and Laurentide-drift groundwater reported by Grasby et al. (2010) 
justified initial inclusion of SiO2 as a potentially reactive phase. Samples of Laurentide-drift groundw
and springwater and underlying shallow Paskapoo Formation groundwater collected in our study area 
cluster near the kaolinite–Na-smectite phase boundary (Figure 27) suggesting an approach to 
thermodynamic equilibrium between these two phases. Points in Figure 27 that lie off the kaolinite–N
smectite phase boundary represent groundwater from the Cordilleran-derived glacial drift in the weste
part of the study area. Therefore, kaolinite and Na-smectite were included as potentially reactive phase

A well-defined increase in dissolved SO4 concentrations in glacial drift and shallow Paskapoo Format
groundwater at about 10TM 580000E (Figure 6) infers the approximate contact between Cordilleran-
derived glacial drift to the west and Laurentide-derived glacial drift to the east. Water samples from 
glacial drift, the shallow Paskapoo Formation and springs were screened for inclusion in NETPATH 
simulations based on two criteria. Criterion 1 required dissolved SO4 concentrations to be ≥250 mg/L 
based on information shown in Figure 6. Criterion 2 required dissolved Cl concentrations to be ≤10 m
to avoid the potential effects of de-icing salts. Chemical compositions of glacial drift and Paskapoo 
Formation groundwater samples collected within and adjacent to our study area by Grasby et al. (2010
were screened for inclusion in our NETPATH simulations in an effort to extend our dataset. Screening
the Grasby et al. (2010) dataset used criteria 1 and 2 above plus the requirement that the charge balance of 
a reported analysis fall within ±5%. The Grasby et al. (2010) dataset contains no analytical data for 
dissolved SiO2. However, Grasby et al. (2010) report that more than 80% of their samples show saturation 
indices for quartz that fall between −0.2 and 0.2 and conclude that groundwater approaches 
thermodynamic equilibrium with either quartz or chalcedony. We will examine this conclusion in a la
section of our report and demonstrate that the saturation indices for quartz calculated by Grasby et al. 
(2010) are misleading but fortuitous. However, these fortuitous saturation indices can be used to assig
approximate dissolved SiO2 concentrations to the analyses reported by Grasby et al. (2010), which pas
our screening criteria, for subsequent use in our NETPATH simulations. PHREEQC (Parkhurst and 
Appelo, 1999) allows modelling of the composition of aqueous solutions based on the assumption of 
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thermodynamic equilibrium between aqueous and solid phases. PHREEQC was used to assign 
approximate dissolved SiO2 concentrations to the analyses reported by Grasby et al. (2010) and pass
our screening criteria by equilibrating the reported solution composition with chalcedony at the reported 
sampling temperature. 

ing 

 

Figure 27. Chemical activities of H4SiO4 and Na+/H+ on the thermodynamic stability fields of gibbsite, kaolinite, Na-
smectite and albite at 1 bar and 25°C in groundwater and springwater samples, south-central Alberta. 

3.2.2 Elimination of Potentially Reactive Phases on Geochemical, Thermodynamic and Isotop
Grounds 

Oxidation of pyrite and/or organic S during chemical weathering of sulphide-mineral–bearing glacial drift 
has commonly been cited as the most likely source of dissolved SO4 in the associated Na-SO4–type 
groundwater (Wallick, 1981; Hendry et al., 1986; Mermut and Arshad, 1987; Keller et al., 1991; Van
Stempvoort et al., 1994; Grasby et al., 2010). However, the presence of authigenic gypsum in association 
with oxidation fronts in sulphide-mineral–bearing glacial till was reported by Van Stempvoort et al. 
(1994). It is possible that Laurentide-derived glacial drift within our study area contains authigenic o
detrital gypsum though none has been reported in available mineralogical descriptions. Dissolution o
gypsum would produce equimolar amounts of dissolved Ca and SO4. The lack of a strong positive 
correlation between dissolved Ca and dissolved SO4 (Figure 28), in the absence of evidence for activ
SO4 reduction, suggests the need for a Ca sink if dissolved SO4 is produced through gypsum dissolut
Common Ca sinks include precipitation of calciteand dolomite and cation exchange. As previously 
discussed, precipitation of dolomite in our study area is unlikely. Cation exchange alone or precipitation 
of calcite through dedolomitization driven by gypsum dissolution would not cause a net change of 
alkalinity in solution. Precipitation of calcite in the absence of dissolution of other carbonate mineral
would deplete alkalinity from solution. Consumption of dissolved Na, produced through Ca/Na catio
exchange, by alteration of kaolinite to Na-smectite would also deplete alkalinity from solution.
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Figure 28. Concentrations of dissolved SO4 versus concentrations of dissolved Ca in groundwater and springwater samples, south-central Alberta. 
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Concentrations of dissolved SO4 and alkalinity in Laurentide-derived glacial-drift and shallow Paskapoo 
Formation groundwater (SO4 ≥250 mg/L) show a generally positive correlation (Figure 29), making 
gypsum dissolution an unlikely source of dissolved SO4 in groundwater within the eastern part of ou
study area. The observed correlation between dissolved SO4 and alkalinity is consistent with consum n 
of H+, produced during pyrite oxidation, by aluminosilicate-alteration reactions and/or carbonate-mineral 
dissolution. Van Stempvoort et al. (1994) reported a δ34S value of −11.4‰ for pyrite from sulphide-
mineral–bearing glacial drift in southeastern Alberta. Groundwater with dissolved SO4 concentratio
≥250 mg/L show δ34S values between approximately −5‰ and −10‰, further suggesting pyrite oxidation 
as the source of dissolved SO4 in glacial-drift and shallow Paskapoo Formation groundwater within 
eastern part of the study area. Strong undersaturation with respect to gypsum (Table 3) makes gypsu
precipitation unlikely. The unlikelihood of either gypsum dissolution or precipitation supports removal of 
gypsum as a potentially reactive phase in NETPATH simulations. 

Grasby et al. (2010) reported saturation indices ranging mainly between 0.2 and −0.2 for quartz and 
suggested that either quartz or chalcedony could act as a sink for SiO2 generated during chemical 
weathering of Laurentide-derived glacial drift. In our study, saturation indices calculated for chalced  
in glacial drift and shallow Paskapoo Formation groundwater and springwater samples having disso
SO4 concentrations ≥250 mg/L show values of −0.242 to 0.019 (Table 3). Saturation indices of 
chalcedony calculated in our study and saturation indices reported by Grasby et al. (2010) suggest a
apparent approach to thermodynamic equilibrium with a pure SiO2 solid phase. The solubility of pu
SiO2 phases is known to be largely unaffected by pH at values of approximately 9 or less (Drever, 1
Laurentide-derived glacial-drift and shallow Paskapoo Formation groundwater show a strong correl
between dissolved SiO2 concentrations and field pH at field pH values of approximately 8.5 or less 
(Figure 30). Additionally, saturation indices for quartz and chalcedony calculated for all water samp
collected in our study area show a correlation with pH for values of pH approximately 8.5 or less 
(Figure 31). These correlations would not be expected if dissolved SiO2 concentrations were buffere
pure SiO2 solid phase. Whereas SiO2 precipitation appears unlikely, negative saturation indices calc
for amorphous silica (SiO2(a); Table 3) and stabilization of dissolved SiO2 concentrations at pH value
approximately 9 and greater (Figure 30) leave open the possibility of SiO2 dissolution as a potential
active process in NETPATH simulations. 

In our study, >75% of glacial drift groundwater, shallow Paskapoo Formation groundwater and 
springwater samples with dissolved SO4 concentrations ≥250 mg/L show calculated saturation indic
calcite that range from -0.2 to 0.4 (Table 3), suggesting an overall approach to thermodynamic 
equilibrium with respect to calcite. Evidence for an approach to thermodynamic equilibrium betwee
kaolinite and Na-smectite has been previously described. An apparent approach to thermodynamic 
equilibrium either with solution or between solid phases was, with the exception of SiO2, used as a 
criterion for mandatory inclusion of phases in NETPATH simulations. Additional mandatory phases
included in each NETPATH simulation included pyrite, siderite and illite, as these phases control th
budgets for SO4, Fe and K, respectively. Representing the K budget in terms of a reaction involving
was, ultimately, an arbitrary choice. Dissolved K concentrations observed in water samples collected from 
our study area range from <0.4 to 4.4 mg/L (Table 1). Reactions involving illite that would contribu
relatively small amount of K to solution would have minimal impact on the overall mass-balance bu
Formation of siderite as a product of pyrite oxidation is favoured over formation of Fe-
oxide/oxyhydroxides in our simulations due to the prevalent low levels of dissolved O2 measured in
groundwater and the reported presence of siderite in Laurentide-derived glacial drift in northern Alb
(Plouffe et al., 2006). Optional potentially reactive phases (not mandatory in each NETPATH simul
included dolomite (dissolution only), SiO2(a) (dissolution only), Na/Ca cation exchange, Na/Mg catio
exchange and CO2(g). Plausible chemical reactions involving mandatory and optional phases are 
summarized in Table 4.
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Figure 29. Concentrati ns of issolved SO  versus a  in gro  d 4 lkalinity n s so beoundwater a d springwater amples, uth-central Al rta. 
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Figure 30. Valu s sol 2 undwater and springwater samples, south-central Alberta. es of field pH versus concentration of dis ved SiO in gro
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Figure 31. Values of field pH versus calculated saturation indices of quartz and chalcedony in groundwater and springwater samples, south-central Alberta.
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 Table
south

 3. Saturation indices of selected solid phases, calculated using NETPATH, for groundwater and springwater samples,  
-central Alberta. 
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Table 4. Plausible chemical reactions involving mandatory and optional phases used in NETPATH modelling. 

Reaction 
Number Plausible Chemical Reactions 

1 1.2kaolinite + 0.33Na+ + 0.33HCO3
- + 1.4H4SiO4 = Na-smectite + 4.2H2O + 0.33CO2  

2 2albite + 11H2O + 2CO2 = kaolinite + 2Na+ + 2HCO3
- + 4H4SiO4 

3 illite + 1.1CO2 + 4.2H2O = 1.2kaolinite + 1.2H4SiO4 + 0.60K+ + 0.25Mg2+ + 1.1HCO3
- 

4 calcite + CO2 + H2O = Ca2+ + 2HCO3
- 

5 dolomite + 2CO2 + 2H2O = Ca2+ + Mg 2+ + 4HCO3
-
 

6 pyrite + CO2 + 3.5O2 + 2H2O = siderite + 2SO4
2- + 4H+  

7 Ca-(Na-smectite) + 2Na+ = Na-(Na-smectite) + Ca2+ 

8 Mg-(Na-smectite) + 2Na+ = Na-(Na-smectite) + Mg2+ 

9 SiO2(a) + 2H2O = H4SiO4
 

10 CO2 + H2O = H+ + HCO3
-  

3.2.3 Development of Initial Conditions and Results of Phase I Mass-Balance Modelling 
The initial condition (initial water) in Phase I modelling consisted of an aqueous solution containing 
0.01 millimole per kilogram (mmol/kg) of Ca and 0.02 mmol/kg of HCO3 in which δ13C(DIC) was set t
−7‰. This initial condition was intended to be a reasonable proxy for the composition of precipitatio
entering the groundwater system at land surface. Calcite and dolomite were assumed to have δ13C val
of 0‰. Sensitivity analyses performed on completed Phase I simulations showed that varying the init
condition δ13C(DIC) value between −7‰ and −25‰ resulted in changes of the calculated values of δ13C ) 
in final waters (δ13C(DIC)calc) by ≤0.02‰. 

Mass-balance models containing SiO2 dissolution uniformly resulted in δ13C(DIC)calc >> δ13C(DIC)obs. 
Therefore, SiO2 was ruled out as a potentially reactive phase. Mass-balance models can be found that
not contain alteration of albite to kaolinite but do describe the geochemical evolution of Laurentide-
derived glacial-drift and shallow Paskapoo Formation groundwater in terms of carbonate dissolution,
alteration of Na-smectite to kaolinite and cation exchange. However, agreement between δ13C(DIC)calc 
δ13C(DIC)obs in mass-balance models that do not contain alteration of albite to kaolinite require δ13C val
of CO2 gas (δ13CCO2(g)) ≤ −40‰ in 77% of simulations. These unrealistically negative δ13CCO2(g) value
argue for the presence of albite as a required phase. Two unique mass-balance models were found during 
Phase I, neither of which can be excluded on geochemical, thermodynamic, or isotopic grounds. Both
mass-balance models incorporate alteration of albite to kaolinite, alteration of kaolinite to Na-smectite
alteration of illite to kaolinite, dissolution/precipitation of calcite, oxidation of pyrite to siderite, and 
dissolution of CO2(g). Model 1 (Table 5) derives Mg from dissolution of dolomite, whereas model 2 
(Table 6) derives Mg from Na/Mg cation exchange. Keller et al. (1991) reported values of δ13CCO2(g) f  
three soil gas samples and δ13C(DIC) from 13 groundwater samples, all associated with sulphide-minera
bearing glacial till in southern Saskatchewan. Values reported by Keller et al. (1991) ranged from 
−20.8‰ to −21.9‰ for δ13CCO2(g) and −11.9‰ to −14.9‰ for δ13C(DIC).Values of δ13C(DIC)obs used in 
models 1 and 2 range from −7.6‰ to −17.2‰ with the exception of sample P3-13 (Grasby et al., 201
which has a δ13C(DIC)obs value of −0.5‰. Values of δ13CCO2(g) required in Phase I modelling, with the 

exception of sample P3-13, range between −7.9‰ and −22.4‰ in model 1 and −7.8‰ to −19.1‰ in 
model 2. A δ13CCO2(g) value of −0.4‰ was required to match the δ13C(DIC)obs value for sample P3-13 in
models 1 and 2. Values of δ13CCO2(g) required in models 1 and 2 range from those near present-day 
atmospheric CO2 to those slightly more depleted in 13C than reported by Keller et al. (1991). 
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3.2.4 Results of Phase II Mass-Balance Modelling 
Phase II modelling assessed the ability of models 1 and 2 developed in Phase I to accurately describe 
intersample geochemical changes in groundwater and springwater samples. Reactive phases identified in 
Phase I were used in Phase II modelling. The approach taken in Phase II began with ranking samples in 
terms of increasing alkalinity. Alkalinity was chosen as a proxy for the degree of geochemical alteration 
experienced by a given sample as it is modified during all reactions involving aluminosilicate or 
carbonate minerals in Phase I models (Table 4). Ranking by alkalinity was followed by NETPATH 
simulation of the geochemical evolution of the sample with the lowest alkalinity (P05-63) to each of the 
remaining Laurentide-drift groundwater samples. 

Model 2 proved to be the more robust under Phase II conditions, successfully producing simulations o
geochemical evolution of sample P05-63 to all remaining Laurentide-drift groundwater samples  
(Table 7). Values of δ13CCO2(g) required to match δ13C(DIC)obs values range from −4.3‰ to −24.2‰, with
the exception of sample P3-13, which required a δ13CCO2(g) value of +4.1. With the exception of sampl
P3-13, 83% of δ13CCO2(g) values fall within a reasonable range between values that approach present-da
atmospheric CO2 and values slightly more 13C-depleted than those reported by Keller et al. (1991). 

3.2.5 Discussion of Mass-Balance Modelling Results 
Rigorous application of mass-balance modelling to the geochemical evolution of water requires 
geochemical systems to be at steady state (Wigley et al., 1978). Though fundamentally important, this 
requirement is typically not tested in modelled natural systems. Further, net changes in the geochemic
composition of waters between arbitrary initial and final sampling points must be explained by the act
of a unique chemical reaction or set of reactions. Geochemical changes attributable to a unique chemi
reaction or set of reactions is most likely when water can be assumed to flow along a well-defined flow
path containing a uniform set of reactant phases. Typically, many differing chemical reactions or sets 
reactions can be identified that satisfy changes observed between initial and final sampling points. Ideally, 
all but one unique chemical reaction or set of reactions can be eliminated on geochemical, 
thermodynamic, mineralogical, or isotopic grounds. Simulations using NETPATH assume all reactive
phases have uniform and consistent isotopic compositions that lie within the expected ranges of natura
materials. Successful development of mass-balance models using NETPATH depends, in part, on how
well the modelled system conforms to the above requirements and assumptions. 

Phase I mass-balance models are assumed to meet the requirements discussed above and the assumpti
that all reactive phases have uniform and consistent isotopic compositions. No physical flow path is 
defined for any of the Phase I simulations. However, the conceptual model that all groundwater and 
springwater in our study area originated from uniform precipitation that was geochemically modified 
subsequent interaction with reactive solid and gas phases is easily understood. Following application o
appropriate geochemical, mineralogical, thermodynamic and isotopic constraints, two sets of plausible
chemical reactions responsible for geochemical evolution of water samples remain. The two remainin
sets of chemical reactions differ only in their sources of dissolved Mg. The values of δ13CCO2(g) used in
NETPATH are not constant between simulations. However, the values of δ13CCO2(g) used fall within a 
reasonable range between those reported by Keller et al. (1991) for sulphide-mineral–bearing glacial drift 
and present-day atmospheric CO2. 

Phase II models fail in respect to a critical assumption in that no discernible flow path can be identifie
and likely does not exist, between initial and final waters. Therefore, Phase II modelling results must b
interpreted with caution. Phase II modelling confirms that initial and final waters used in simulations c
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Table 5. Results of Phase I, model 1 NETPATH simulations, groundwater and springwater samples, south-central Alberta. Amount (in millimoles per kilogram) 
transferred into or from (-) solution. 
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Table 6. Results of Phase I, model 2 NETPATH simulations, groundwater and springwater samples, south-central Alberta. Amount (in millimoles per kilogram) 
transferred into or from (-) solution. 
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Table 7. Results of Phase II, model 2 NETPATH simulations, groundwater and s
transferred into or from (-) solution. 

pringwater samples, south-central Alberta. Amount (in millimoles per kilogram) 



ERCB/AGS Open File Report 2012-05 (December 2012) • 47 

be linked through a unique set of chemical reactions identified in Phase I. However, the final waters 

 

 

ce of dissolved SO4 in Laurentide-derived glacial-drift 

 in 
trend in the relationship between dissolved 
 scatter in the relationship (Figure 29). Values 

ross our 

lved SO4 
 to 

rvals in the Paskapoo 
Formation 

 with 

l. 

 study area generally show that as depth increases values of field pH 

(Figure 5), dissolved SO4 (Figure 6) and alkalinity (Figure 7) show little change between shallow and 
deeper intervals. Saturation-state calculations made using NETPATH show that Paskapoo Formation 

almost certainly did not evolve from the initial water used in these simulations. Phase I modelling 
indicates a large degree of heterogeneity in δ13CCO2(g) values within the shallow Paskapoo Formation and 
overlying glacial drift in the eastern part of our study area. Therefore, δ13CCO2(g) values used in Phase II 
modelling represent, at least in part, quantities needed to ‘correct’ for simulated evolution of final water in
δ13CCO2(g) environments that differ from the initial water environments. Although it may be comforting 
that δ13CCO2(g) values required in Phase II modelling fall within a reasonable range, this should not be
taken as a confirmation of simulation validity. 

All models simulate oxidation of pyrite as the sour
and shallow Paskapoo groundwater and identify alteration of albite to kaolinite as the primary source of 
dissolved Na and dissolved SiO2 (Tables 8 and 9). Mass-balance budgets of Na and SiO2 are balanced 
principally by alteration of kaolinite to Na-smectite. All simulations that successfully reproduce 
δ13C(DIC)obs values consume CO2 gas. 

Phase I and II NETPATH simulations show alteration of albite to kaolinite as the primary source of 
alkalinity in solution. It is reasonable to assume that H+ generated by oxidation of pyrite plays a role
alteration of albite to kaolinite. Although there is a general 
SO4 concentrations and alkalinity, there is also considerable
of pH in glacial-drift and shallow Paskapoo Formation groundwater do not systematically vary ac
study area (Figure 18) suggesting that H+ produced during pyrite oxidation is largely consumed by 
mineral alteration or dissolution reactions. If SO4 is assumed to behave conservatively (no reduction of 
SO4 to sulphide or SO4-bearing mineral precipitation), and all H+ produced during pyrite oxidation is 
consumed by mineral alteration or dissolution reactions, one would expect a very strong relationship 
between alkalinity and dissolved SO4. Oxidation of varying amounts of organic S during glacial drift 
weathering, as suggested by Van Stempvoort et al. (1994), provides an alternative source of dissolved 
SO4 that would not produce a corresponding increase in alkalinity, potentially accounting for a degree of 
the observed scatter in Figure 29. The potential contribution of organic S oxidation to disso
concentrations suggests that our NETPATH simulations may be in error in attributing all dissolved SO4
oxidation of pyrite. 

3.3 Geochemical Evolution of Groundwater at Intermediate and Deep Inte

Groundwater geochemistry shows little to no systematic change between drift and shallow Paskapoo 
Formation samples collected at similar eastings across the study area. This lack of systematic change
depth carries two implications: (1) groundwater geochemistry of the shallow Paskapoo Formation is 
controlled largely by the results of chemical weathering of overlying glacial drift, and (2) there exists a 
downward component of groundwater flow in the shallow interval of the Paskapoo Formation. 
Implication 1 is consistent with the observations of Gabert (1975) and Grasby et al. (2008, 2010). 
Implication 2 is consistent with the observations of Meyboom (1961), Le Breton (1971) and Grasby et a
(2008, 2010). 

Changes in groundwater geochemistry between shallow and deeper intervals within the Paskapoo 
Formation in the eastern part of the
increase (Figure 18) and concentrations of dissolved Ca (Figure 8), dissolved Mg (Figure 10) and 
dissolved SiO2 (Figure 14) all decrease. Concentrations of dissolved Cl (Figure 11) and dissolved CH4 
(Figure 13) and values of δ18O (Figure 15) and δ13C(DIC) (Figure 16) are elevated in samples I1, I4, D2, D3 
and D4 relative to shallower samples collected at similar eastings. Concentrations of dissolved Na 
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Table 8. Geochemical budget for dissolved Na and SiO2 in Phase I modelling, groundwater and springwater samples, south-central Alberta. Abbreviation: mmo
millimole per kilogram. 

l/kg, 
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Table 9. Geochemical budget for dissolved Na and SiO2 in Phase II modelling, groundwater and springwater samples, 
south-central Alberta. Abbreviation: mmol/kg, millimole per kilogram. 
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t to gypsum and SiO2(a) (Table 3). A plot of chemical activities of H4SiO4 versus Na+/H+ (Figure 27) 
tes an approach to thermodynamic equilibrium between kaolinite and Na-smectite and that albite is 
odynamically unstable when in contact with Laurentide-derived glacial-drift and Paskapoo 
tion groundwater. 

es in the geochemistry of Paskapoo Formation groundwater between shallow and deeper intervals, 
he exceptions of samples I1, I4, D2, D3 and D4, can be explained by alteration of albite to kaolinite, 
brium between kaolinite and Na-smectite, precipitation of carbonate minerals and possible 
ution of SiO2. Alteration of albite to kaolinite consumes CO2 from and releases Na+, HCO3

- and 
4 to solution. Assuming the Paskapoo Formation is closed to atmospheric CO2 at intermediate and 
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deep intervals, consumption of CO2 would act to increase the pH of groundwater. Increasing pH and 
increasing HCO3

- produced by albite alteration could drive precipitation of authigenic calcite, thereby 
ucing concentrations of dissolved Ca. Incorporation of Mg into authigenic calcite or precipitation of 
 in an additional Mg-bearing authigenic carbonate mineral could explain the observed decrease in the 
centration of dissolved Mg. Production of Na+, HCO3

- and H4SiO4 on alteration of albite to kaolinite 
ld favour alteration of kaolinite to Na-smectite. The relative consistency of dissolved Na 

centrations and alkalinity suggest buffering by alteration of kaolinite to Na-smectite. Available Ca 
ly limits the ability of calcite precipitation to buffer pH in intermediate and deep intervals of the 
kapoo Formation. Concentrations of dissolved SiO2 at pH values of approximately 8.5 or less show a 
ng inverse correlation with values of field pH (Figure 30). The solubility of SiO2 is known to increase 
kedly as values of pH approach 9 (Drever, 1982,). Concentrations of dissolved SiO2 appear to 
ilize at field-pH values of approximately 8.5 (Figure 30). Dissolution of an increasingly soluble SiO2 
se may add H4SiO4 to solution, allowing alteration of kaolinite to Na-smectite to proceed without 
arent consumption of dissolved SiO2. 

 presence of authigenic pyrite (Grasby et al., 2007), decreasing SO4 concentrations along groundwater 
 paths (Meyboom, 1961), and decreasing values of SO4/Cl with increasing depth (Gabert, 1975) 

gest that SO4 reduction may play a role in the geochemical evolution of Paskapoo Formation 
undwater. However, our data show no systematic shifts in δ34S(SO4) values indicative of SO4 reduction 
er with easting (Figure 17) or with concentrations of dissolved SO4 (Figure 25). Thus, our data do not 
firm SO4 reduction to be currently operating within our study area. However, SO4 reduction may be an 
ve process outside the study area and/or may have occurred in groundwater within the study area at 
e time in the past. 

Processes Affecting the Compositions of Samples I1, I4, D2, D3 and D4 
ples I1, I4, D2, D3 and D4 show enrichment in δ2H and δ18O relative to other groundwater and 
ace water collected in our study (Figure 21). Observed increases in δ13C(DIC) values with increasing 
centrations of dissolved CH4 (Figure 23) suggest that samples I1, I4, D2, D3 and D4 have been 
osed to, or mixed with groundwater exposed to, a methanogenic environment. Samples I1, I4, D2, D3 
 D4 show correlation between values of δ18O and δ13C(DIC) (Figure 22) and are slightly elevated in 
centrations of dissolved Cl (Figure 11). Additionally, samples I1, I4, D2, D3 and D4 show lower 
(DIC) concentrations than samples collected at similar eastings (Figure 9) and similar alkalinities 
ure 24). 

erved patterns in δ18O, δ2H, δ13C(DIC), dissolved Cl, dissolved CH4 and 14C in samples I1, I4, D2, D3 
 D4 could be explained by mixing of Paskapoo Formation groundwater with groundwater from depth. 
 correlation of increasing dissolved CH4 concentrations with increasing δ13C(DIC) values indicates that 
olved CH4 did not enter samples I1, I4, D2, D3 and D4 as a free gas phase. Rather, dissolved CH4 is 

sent in association with a methanogenically CH4-charged groundwater of external origin. Groundwater 
 depth would need to meet criteria including enrichment in 2H, 18O, 13C, dissolved Cl and dissolved 
nd depletion in 14C with respect to Paskapoo Formation groundwater. High-salinity subsurface 
meeting these criteria exists within Lower Cretaceous to Devonian geological units in the Western 
a Sedimentary Basin (Connolly et al., 1990a, b). A plot of reciprocal dissolved Sr concentrations 
 87Sr/86Sr values (Figure 32) indicates that the compositions of samples I1, I4, D2, D3 and D4 
t be explained by simple mixing of Paskapoo Formation groundwater with groundwater from Lower 
eous to Devonian geological units in central Alberta. Further, available Br and Cl data (Figure 33) 
ically eliminates the Mannville Group as a potential source of water modifying the composition of 
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 I1, I4, D2, D3 and D4 and in Mannville Group water as reported by Cheung et al. (2010), south-central Figure 33. Concentrations of dissolved Br and Cl in samples
Alberta. 
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Similarly, relationships between dissolved SO4 concentrations and δ34S(SO4) values (Figure 25) and 
between reciprocal dissolved SO4 concentrations and 34S/32S ratios (Figure 26) indicate that the 
compositions of samples I1, I4, D2, D3 and D4 cannot be explained by simple mixing of Paskapoo 
Formation groundwater with groundwater from the Horseshoe Canyon Formation or Belly River Group. 
Potentially methanogenic environments exist within the modern-day Paskapoo and Scollard formations. 
However, no modern-day processes are known to exist in either the Paskapoo or Scollard Formation that 
could account for the apparently covariant δ2H and δ18O enrichment observed in samples I1, I4, D2, D3 
and D4 (Figure 21). A satisfactory explanation for the compositions of samples I1, I4, D2, D3 and D4 
cannot be formed from currently available information. 

4 Implications of the Distribution of 3H and 14C in Groundwater and Springwater 
Tritium (3H) is a radioactive isotope of hydrogen with a half-life of approximately 12.3 years (Lucas and 
Underweger, 2000). Multiple factors affect the concentration of 3H in groundwater and springwater, 
including the initial concentration of 3H on infiltration, possible atmospheric contamination during sample 
collection or analysis, the degree of any mixing between ‘younger’ and ‘older’ waters, and the elapsed 
time since equilibration with atmospheric 3H. We will assume that initial atmospheric concentrations of 
3H across our study area have been uniform for any given time. 

Carbon-14 (14C) is a radioactive isotope of carbon with a half-life of approximately 5730 years (Godwin, 
1962). Factors affecting the concentration of 3H also affect the concentration of 14C(DIC). Additionally, 
14C(DIC) concentrations can be affected by water/rock geochemical interaction and microbial activity. 

4.1 3H 
All intermediate and deep groundwater samples, with the exception of sample I1, show 3H concentrations 
<0.8 TU (Figure 19). We interpret 3H concentrations <0.8 TU to represent waters having residence times 
in subsurface environments closed to atmospheric input for periods greater than the duration of detectable 
concentrations of 3H. Sample I1 (1.4 TU) may have accumulated a small amount of 3H from any of the 
potential sources described above but likely does not retain detectable amounts of 3H originally present at 
atmospheric closure. 

The preponderance of water samples from the eastern side of the study area show 3H concentrations 
<0.8 TU whereas all water samples from the western side of the study area show detectable 
concentrations of 3H (Figure 19). We interpret the observed distribution of 3H to represent longer 
residence times of water within the Laurentide-derived, clay-rich, glacial drift overlying the eastern part 
of our study area. This contrasts with shorter residence times within the Cordilleran-derived, relatively 
clay-poor, glacial drift overlying the western part of our study area. The differing 3H-based apparent 
residence times imply that water flows through the western glacial drift more rapidly than the eastern 
glacial drift, similar to the conclusion of Meyboom (1961). Shorter western residence times, coupled with 
a general east to west increase in annual precipitation in central Alberta (Barker et al., 2011), suggests 

 and 
rease from west to east across our study area (Figure 9), whereas alkalinity is 

tu 

increasing groundwater recharge rates from east to west across the study area. 

4.2 14C(DIC) 

Concentrations of 14C(DIC) in glacial-drift groundwater, shallow Paskapoo Formation groundwater,
springwater generally dec
generally greater in all samples within the eastern part of our study area (Figure 7). The strong negative 
correlation between alkalinity and 14C(DIC) in glacial-drift and shallow Paskapoo Formation groundwater 
and springwater (Figure 24) suggests that the 14C(DIC) pool is being diluted through addition of 14C-dead 
CO2 during aluminosilicate-alteration reactions. Keller (1991) suggested microbial degradation of in si
organic matter in glacial-drift sediments as a local source of 14C-dead CO2. Dilution of 14C(DIC) is likely 
more pronounced over the eastern part of our study area. Phase I modelling indicates a wide range of 
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values for 13C(CO2), suggesting an isotopically heterogeneous groundwater environment in which varyi
amounts of 13C have been locally added to the 13C(DIC) pool during aluminosilicate-alteration reactions. 
is logical to assume that similarly heterogeneous conditions exist with respect to 14C(DIC). Calculations of
groundwater residence times based on changes in 14C(DIC) along flow paths through radioactive decay of 
14C are possible if the compounding effects of changes on 14C(DIC) through water/rock/organic matter 
interaction are accounted for (Wigley et al., 1978; Plummer et al., 1983, 1994). Accurate 14C-b
residence time calculations require a quantitative model of water/rock interaction and accurate knowled
of the isotopic composition of all reacting phases. The variability in 14C(CO2) inferred from Phase I 
modelling precludes calculation of accurate 14C-based groundwater residence times within our study area.

5 Conclusions 
Groundwater in the Paskapoo Formation and overlying glacial drift show lateral and vertical changes in 
geochemistry within our study area. Lateral changes from west to east include increasing concentrations 
of dissolved solids, dissolved Na, dissolved SO

ng 
It 

 

ased 
ge 

 

4 and alkalinity and decreasing concentrations of dissolved 

 

lved Cl and dissolved CH4 and values of δ O and δ C(DIC) are elevated in samples 
I1, I4, D2, D3 and D4 relative to shallower samples collected at similar eastings. Values of field pH are 

 at similar eastings. 
g 

n of 
iO2 in 

nd shallow Paskapoo Formation groundwater and springwater. Mass-balance budgets of Na 
e -

 
 with increasing alkalinity in glacial-drift and shallow Paskapoo 

Formation groundwater suggesting that the 14C(DIC) pool is being diluted with 14C-dead CO2 during 
aluminosilicate-alteration reactions. 

Ca and 14C(DIC). Dissolved O2 concentrations, with the exception of one shallow groundwater sample, are 
all <3.0 mg/L and most were <0.01 mg/L. Most 3H concentrations in the eastern part of our study area
<0.8 TU; however, 3H concentrations are generally greater in the western shallow and drift samples. 
Values of 87Sr/86Sr are slightly greater in western drift samples, likely due to differing glacial-drift 
mineralogies. Vertical changes in groundwater geochemistry within the Paskapoo Formation are, in some 
instances, more subtle than lateral changes. Concentrations of dissolved Ca and dissolved Mg in 
intermediate and deep samples are less than those of shallower samples collected at similar eastings. 
Concentrations of disso 18 13

elevated in all intermediate and deep samples relative to shallower samples collected
Values of δ18O and δ2H in most water samples fall parallel to meteoric waterlines. Points representin
samples I1, I4, D2, D3 and D4 lie in a distinct group and are enriched in 2H and 18O relative to glacial-
drift and shallow Paskapoo Formation groundwater. Samples I1, I4, D2, D3 and D4 show increasing 
values of δ18O, increasing concentrations of dissolved CH4 with increasing values of δ13C(DIC), and 
decreasing concentrations of 14C(DIC) with increasing alkalinity from west to east across the study area. 

Mass-balance modelling of chemical weathering of Laurentide-derived glacial drift identified alteratio
albite to kaolinite as the source of dissolved Na and alkalinity and the primary source of dissolved S
glacial-drift a
and SiO2 are balanced principally by alt ration of kaolinite to Na-smectite. Processes including carbonate
mineral dissolution/precipitation and cation exchange play relatively minor roles in the geochemical 
evolution of glacial-drift and shallow Paskapoo Formation groundwater and springwater. All simulations 
that successfully reproduce δ13C(DIC)obs values consume CO2 gas. Dissolved SO4 in groundwater and 
springwater originates primarily from oxidation of pyrite with apparent local contributions from oxidation 
of organic S. Changes in the geochemistry of Paskapoo Formation groundwater between shallow and 
deeper intervals, with the exceptions of those evident in samples I1, I4, D2, D3 and D4, appear to be 
controlled by alteration of albite to kaolinite, alteration of kaolinite to Na-smectite, precipitation of 
carbonate minerals, and possible dissolution of SiO2. 

Differing apparent residence times, based on 3H concentrations, imply that water flows through the 
western glacial drift more rapidly than through the eastern glacial drift. Shorter western residence times, 
coupled with a general west to east decrease in annual precipitation in central Alberta, suggests 
decreasing groundwater recharge rates from west to east across our study area. Decreasing concentrations
of 14C(DIC) are strongly correlated
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