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ABSTRACT 

The stable isotope and chemical compositions of water samples 

from several Upper Cretaceous and Quaternary aquifers in Saskatchewan 

were measured to determine the source of recharge within the 

individual aquifers and the various factors that have affected the 

waters in these aquifers since their formation. 6D and s 18o values of 

waters from near-surface aquifers in Saskatchewan plot near the global 

Meteoric Water Line indicating that the waters present are meteoric in 

origin and generally have not been involved in appreciable evaporation 

or water-rock exchange reactions, as both processes enrich the samples 

differentially in D and 18o. Isotopic compositions in conjunction 

with water level records for the aquifers indicate that the 

predominant recharge occurs in the spring, coinciding with melting of 

winter snow accumulations in the province. Minor recharge is also 

expected from high intensity summer rain storms, however, the 6D and 

s18o values suggest that this input is minimal. Variations in the 

isotopi~ compositions of water samples from individual aquifers 

studied suggest that little or no interaction occurs between aquifers, 

even those located within the same stratigraphic zones. 

The dissolved constituents, which range from 200 to 3700 mg/1, 

are derived from the interaction of the recharging waters with 

sediments during infiltration to, and residence in, the aquifers, so 

that the chemical compositions of subsurface waters are controlled by 

the local geology. Due to the low temperatures and pressures near the 

earth's surface and the relatively rapid rate of infiltration, only 
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the most soluble ions available within the sediments will dissolve. 

Aquifers within Quaternary and Upper Cretaceous sediments in 

Saskatchewan are saturated or nearly saturated with respect to several 

mineral phases including calcit·e, dolomite, anhydrite and gypsum, all 

of which are present in the local sediments. 

The isotopic compositions of surface waters in Saskatchewan vary 

substantially. Variations in the &D and &18o values result from 

differences in the source of recharge (i.e. summer versus winter 

precipitation), surface temperature, size of the water body, and 

degree of evaporation that occurs in each body. More pronounced 

enrichments of D and lSo are recorded in the smaller lakes and creeks 

relative to 

evaporation. 

the larger river systems as a result of surface 

Because the amount of evaporation that occurs is 

dependent on temperature and degree of saturation of the local air 

masses, enrichments in D and 18o can be considerable during the summer 

months in Saskatchewan when temperature~ are high and relative 

humidities low. 
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1. GEOLOGY 

The Phanerozoic sedimentary rocks of Saskatchewan are located in 

the northeast section of the Western Canadian sedimentary basin in the 

Interior Plains region of western Canada (Fraser, et al., 1935; 

McCrossan and Glaister, 1964; Douglas, 1976). These sedimentary units 

are bounded by the Precambrian Shield to the north, the Appalachian 

Mountains to the east and the Cordilleran geosyncline to the west. 

The Proterozoic, Paleozoic, Mesozoic and Cenozoic strata which compose 

the Interior Plains slope gently to the northeast and are widespread 

suggesting deposition on a stable craton. The aquifers considered in 

this study are contained within the Upper Cretaceous Judith River, 

Eastend, Whitemud, Battle and Frenchman Formations and the Quaternary 

Saskatoon, Sutherland and Empress Groups (Figure 1). 

The Upper Cretaceous Judith River Formation is composed of grey, 

non-marine sandstones, which thicken to the south and west. This 

sandstone unit is interbedded with silt and clay and is locally 

carbonaceous (Gordon and Burk, 1964). The lower portion of the Judith 

River Formation is complicated by the inter-fingering of eastward

thinning sand tongues of the Formation with silty-clay tongues of the 

underlying Lea Park Formation (McLean, 1971). One such sandstone 

tongue in the Judith River Formation from which water samples were 

collected is the Ribstone Creek Member, a massive, medium-grained 

sandstone unit that is locally carbonaceous. The lower contact of the 

Ribstone Creek Member, which is non-marine in the west and marine in 

the east, is gradational with the Lea Park Formation (McLean, 1971). 

A possible correlation exists between the Judith River Formation of 
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Figure 1. 
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Generalized stratigraphy of Quaternary, Tertiary and 
Cretaceous Formations in southern Saskatchewan. Figure 
modified from McCrossan and Glaister (1964). 
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Saskatchewan and Montana and the Belly River Formation of Alberta, 

even though the Judith River Formation contains a marine shale zone 

near its base that is absent in the Belly River Formation. McLean 

(1971) concludes that the distinction between the Judith River 

Formation and the Belly River Formation is sufficient to retain the 

name Judith . River Formation for these sandstone units. Water samples 

collected by the Saskatchewan Research Council from the Judith River 

Formation are limited to the southwestern portion of the province. 

Stratigraphically above the Judith River Formation (and the 

overlying Bearpaw Formation) are the Eastend, Whitemud, Battle and 

Frenchman Formations. The Eastend Formation is an estuarine to non-

marine deposit composed of fine-grained sandstone, mudstone and 

siltstone and is locally carbonaceous. The Formation is gradational 

between the underlying marine shales of the Bearpaw Formation and the 

overlying non-marine sandstones of the Whitemud Formation. The 

Whitemud Formation is composed of fine- to medium-grained, kaolinitic 

sandstones and sandy-siltstones. The Formation is commonly subdivided 

into upper and lower sandstone members that are separated by a 

carbonaceous shale member (MacDonald, 1980). Argillaceous sandstones, 

siltstones and bentonitic shales comprise the overlying Battle 

Formation (Kupsch, 1956), whereas the Frenchman Formation consists of 

interbedded fluviatile and lacustrine sandstones with silty-clay 

facies. The Frenchman Formation is locally carbonaceous and 

kaolinitic (Fraser, 1935; MacDonald, 1980). Water samples within 

these stratigraphic units were collected by the Saskatchewan Research 

Council from the observation wells Garden Head and Shaunavon. 

3 



Glacial Pleistocene sediments in Saskatchewan are subdivided into 

the Saskatoon, Sutherland and Empress Groups. The Empress Group 

consists of up to 30 meters of gravel, sand, silt and clay (Whitaker 

and Christiansen; 1972). The basal gravel of this group is composed 

of rounded chert and quartzite pebbles with minor amounts of carbonate 

(Whitaker and Christiansen, 1972). Water samples were collected from 

within the Empress Group by the Saskatchewan Research Council from the 

observation wells Bangor A, Blucher, Lilac, Nokomis, Tyner and 

Vanscoy. 

The overlying Sutherland Group is composed of till and stratified 

drift and reaches a thickness of 40 to 85 meters. Both calcite and 

dolomite contents increase slightly with depth within a range of 2 to 

6 percent (Figure 2). Montmorillonite, illite and kaolinite (with 

minor chlorite) dominate the clay mineralogy. The Sutherland Group is 

generally more clay-rich with less sand and silt than the overlying 

Saskatoon Group (Christiansen, 1968). 

The Saskatoon Group is divided into the Floral and Battleford 

Formations. The basal unit, the Floral Formation, is commonly 

oxidized, jointed and stained which differentiates it from the 

massive, unstained till of the overlying Battleford Formation 

(Christiansen, 1968). Although the calcite content of the Saskatoon 

Group is similar to that of the underlying Sutherland Group (4 to 8 

percent), the two Groups are readily separated by their dolomite 

contents: 8 to 20 percent in the Saskatoon Group compared with 2 to 6 

percent in the Sutherland Group (Figure 2). This difference in 

dolomite content of the two Groups indicates deposition during 

4 



different glaciations. The partial leaching of the carbonates in the 

upper till of the Sutherland Group also suggests a period of 

interglaciation between the two Groups (Christiansen, 1968). Several 

water samples were collected from observation wells completed in the 

Saskatoon and Sutherland Groups in southern Saskatchewan by the 

Saskatchewan Research Council.
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0 5 10 

STRATIFIED DR. 
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Figure 2. 
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'· ' ~' 

Geological and mineralogical features of Pleistocene 
deposits in Saskatchewan. Data for the reference section 
at Saskatoon (SW11-34-36-5-W3) illustrated in the figure 
were obtained from a cored testhole. Figure modified from 
Christiansen (1968). 
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2. EXPERIMENTAL PROCEDURE 

Oxygen isotopic ratios were determined using 

equilibration technique described by Epstein and Mayeda (1953). A 10 

ml water sample was equilibrated with approximately 100 micromoles of 

dry C02 for 48 hours. Hydrogen isotopic ratios were determined using 

the method developed by Friedman and Woodcock (1957). Approximately 

three micromoles of water were converted to H2 gas by reaction with 

uranium metal at 800°C. The hydrogen gas produced through the 

reaction between water and heated uranium metal was absorbed at -196°C 

in sample vessels partially filled with charcoal. 

All isotopic results are reported in delta notation: 

s18o per mil 

SD per mil 

180/160 sample - 180/160 SMOW x 1000 
180/160 SMOW 

D/H sample - D/H SMOW x 1000 
D/H SMOW 

Hydrogen and oxygen isotopic ratios are reported in units of per 

mil relative to the standard SMOW (Standard Mean Ocean Water). 

Reproducibility of results, based on duplicate analyses, was 0.3 per 

mil for oxygen and 2.0 per mil for hydrogen (2 sigma errors). The 

measured s18o values are in agreement with 6 duplicate samples run at 

the University of Waterloo (Appendix IV), however, SD values are 

consistently lower by approximately 5 per mil, possibly due to 

differences in measurement techniques or experimental error. Mass 

spectrometers in the stable isotope laboratory at the University of 

Saskatchewan are calibrated to the internationally accepted standards 
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for hydrogen and oxygen, V-SMOW and V-SLAP (Standard Light Arctic 

Precipitation) (Friedman and O'Neil, 1977), with an additional 

correction for H3+ in hydrogen analyses. Measurements of V-SMOW and 

V-SLAP are completed periodically to ensure accuracy of results. 

The chemical compositions of subsurface water samples collected 

from the Saskatchewan Research Council's Observation Well Network from 

1964 to 1977 are reported by Meneley et al. (1979). 

included with other selected analyses in Appendix I. 

These are 

The subsurface water samples used in this study were collected by 

the Saskatchewan Research Council from July to November, 1983 and in 

November, 1984 (Appendix IV). Surface waters were sampled thoughout 

Saskatchewan during 1983 and 1984 (Appendix III) at depths greater 

than 15 centimeters below the water surface to reduce the effects of 

surface evaporation on the isotopic compositions. Precipitation, 

collected in Saskatoon and Regina during 1983 and 1984, was sampled 

several minutes into the storm to allow saturation of the local air 

masses to occur prior to sample collection (Appendix II). Also 

included in Appendix II are mean monthly SD and s18o values determined 

by the International Atomic Energy Agency for precipitation in 

Wynward, Saskatchewan during 1975 to 1980. 

7 



3. STABLE ISOTOPE HYDROLOGY - BASIC PRINCIPLES 

Substantial variations in the 18ot16o and D/H ratios of meteoric 

waters are due to fractionations which occur during condensation and 

evaporation. These fractionations are due to differences in the 

chemical and physical properties of the isotopes and are proportional 

to differences in the masses of the atoms involved. The vapor 

pressures of the different isotopic molecules of water are inversely 

proportional to their masses. Hn16o and H218o have lower vapor 

pressures at 20°C than H216o by factors of 1.085 and 1.010, 

respectively (Siegenthaler, 1979). 

Isotope fractionations that occur between phases are defined by 

the fractionation factor (a): 

a Ra 6a + 1000 
Rb 6b + 1000 

where Ra is the ratio of 18ot16o or D/H in molecule or phase "a" and 

Rb is that ratio in phase "b". 

Several variables affect the fractionation of stable isotopes 

between phases which, in turn, affect the isotopic compositions of

meteoric waters. The most important of these is the strong

temperature dependence of the fractionation factor between liquid-

water and water-vapor. At relatively high temperatures, the 

fractionation of isotopes between these phases decreases dramatically 

(Figure 3). Other variables that affect isotopic compositions of 

meteoric waters include altitude, latitude, amount of precipitation 

and distance from the origin of the water vapor. The s18o and 6D 

8 
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Figure 3. Relationship between temperature and fractionation factors 
for water liquid-water vapor. The fractionation factor 
(a) for oxygen is defined as the ratio of 18o/16o in the 
liquid to 18o/1 6o in the water vapor in equilibrium with 
the liquid, and the fractionation factor (a) for hydrogen 
is defined as the ratio of D/H in the liquid to D/H in the 
vapor. Note that at higher temperatures, fractionation 
factors between phases decrease. Figure from Dansgaard 
(1964). 
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values of precipitation decrease with a corresponding increase in 

altitude, the amount of 18o and D depletion dependent on the local 

climate and topography. Yurtsever (1975) reported typical gradients 

for North America of 0.15 to 0.5 per mil per 100 meters for sl8o and 

1.2 to 4.0 per mil per 100 meters for SD values. An inverse 

relationship also exists between latitude and sl8o and SD values. At 

higher latitudes the sl 8o and SD values decrease, reflecting the 

generally lower temperatures of condensation (Dansgaard, 1964). 

Figure 4. 
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Variations in the sl8o (and [6D]) values of water as it 
moves through the hydrologic cycle. During evaporation 
from the ocean the liquid phase preferentially retains 
deuterium and !So resulting in a depletion of deuterium 
and 18o in the escaping vapor. As the water vapor moves 
inland, the sl 8o and 6D values continue to decrease 
because, during condensation, the liquid condensate formed 
from the water vapor is enriched in deuterium and 18o, 
leaving the rema1n1ng vapor further depleted. The 
continual removal of deuterium and 18o from the cloud 
vapor during precipitation results in lower s1 8o and 6D 
values for inland waters relative to coastal waters. 
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The isotopic compositions of natural waters within the hydrologic 

cycle are controlled by three processes - evaporation, condensation 

and precipitation (Figure 4). Ultimately, all natural waters are 

derived from the evaporation of ocean waters. As water evaporates, 

the liquid phase preferentially retains D and 180, reflecting the 

inverse relationship between vapor pressure and mass. Consequently, 

water vapor escaping is depleted in 18o and D relative to ocean water 

(Craig and Gordon, 1965). Evaporation is a kinetic pro~ess and, 

therefore, escaping water vapor is not in equilibrium with the ocean 

water from which it is derived (Eriksson, 1965). As the water vapor 

moves inland, s1 8o and SD values continue to decrease because during 

condensation, because the liquid condensate formed from the water 

vapor is enriched in lSo and D, leaving the remaining vapor depleted 

in these isotopes. The continual removal of heavy isotopes from the 

cloud vapor during precipitation results in a depletion of D and 18o 

in inland waters relative to coastal waters. 

s 18o and SD values of meteoric waters (i.e. waters directly 

involved in the hydrologic cycle), are directly related to each other 

(Figure 5). This relation exists because of the constant difference 

in vapor pressure between H20-HDO and H216o-H218o. The linear 

relationship is expressed in terms of the global Meteoric Water Line 

(Craig, 1961b): 

sn s s18o + 10 

11 



The slope of the Meteoric Water Line reflects the character of 

the liquid-vapor equilibrium during condensation and is approximately 

equal to the ratios of the vapor pressures of Hnl6o and H2
18o at 25°C 

(Craig, 1961b). At equilibrium, the difference in concentration 

between water and vapor is larger for D than for 18o by a factor of 

eight. The value of the intercept, sometimes referred to as the 

deuterium excess, depends on the origin of the condensating vapor and 

is controlled by kinetic effects that occur when water evaporates. A 

typical value for precipitation derived from evaporation of seawater 

is 10 per mil, however, in regions where precipitation is derived from 

closed or inland seas the intercept value changes (Craig, 196lb). 

+50 

g 0 
...... 

0 -
0 
(JJ 

Figure 5. 
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Relationship between 6D and s18o in meteoric waters. Most 
meteoric waters fall along the global Meteoric Water Line 
(MWL) defined by Craig (1961a) as; 6D • as 18o + 10. 
Evaporating bodies of water also fall on straight lines 
(EVAP.) but have variable slopes depending on local 
kinetic conditions. Figure from Fontes (1980). 
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Evaporation produces deviations from the Meteoric Water Line. In 

contrast to condensation, evaporation occurs under non-equilibrium 

conditions especially when the relative humidity is significantly less 

than 100%. Therefore, evaporating bodies undergo a kinetic or 

diffusional fractionation which is more significant for oxygen than 

for hydrogen. These kinetic effects, which become more important at 

lower relative humidities, are due to differences in the rate of 

diffusion of the isotopic molecules involved. As such, evaporating 

bodies of water fall on lines with slopes less than that of the 

Meteoric Water Line, the actual value of the slope being dependent on 

local evaporation rates (Figure 5). 

Because of the effects of evaporation and the different possible 

origins for the storms, the relationship between 5D and s18o values of 

precipitation for a particular region can differ from the global 

Meteoric Water Line defined by Craig (196lb). Friedman (1953), 

reporting for eight continental stations in North America, calculated 

the relationship between 5D and s18o to be: 

sn - 8 s1 8o + 6.03 

Dansgaard (1964), in an attempt to relate the isotopic 

composition of any water sample to the global Meteoric Water Line, 

defined a deuterium excess parameter (i.e. the intercept with the 5D 

axis at s18o = 0 of the line with slope 5D/ s18o = 8 that passes 

through this point). Issar et al. (1983) determined a range of 

deuterium excess values between +10 and +22 per mil for precipitation 

13 



in the Negev region in southern Israel and related these values to 

differences in the origin of the air masses. Deuterium excess values 

near +22 per mil were associated with air masses originating in Europe 

and entering the region from the west and northwest, whereas intercept 

values near +10 per mil were associated with air masses originating 

from the southwest. The deuterium excess parameter, therefore, is 

related to the vapor-forming process, whereas the location of 

precipitation along the Meteoric Water Line is determined by the 

condensation or rainout process. 

14 



4. PRECIPITATION IN SASKATCHEWAN 

Variations in the isotopic composition of precipitation with 

geographic locality result from a combination of related factors 

including physiography, meteorology and origin of the storm systems. 

For example, average D/H ratios of precipitation vary substantially 

with season and geographic location across Canada (Figure 6). In 

western Canada, a combination of low temperatures and the presence of 

the Rocky Mountains across the prevailing weather tracks from the 

Pacific result in inland precipitation that is strongly depleted in D 

and 18o as evidenced by the low SD and s18o values for precipitation 

in the plains east of the Rocky Mountains. Precipitation in eastern 

Canada is enriched in D and 18o relative to precipitation at 

comparable latitudes in western and central Canada because of higher 

mean annual temperatures and the absence of mountains barriers across 

the storm tracks from the Gulf of Mexico and North Atlantic that bring 

precipitation to the east. 

Factors that may influence the isotopic composition of 

precipitation from a partic'ular storm include intensity and duration 

of the storm, the altitude at which precipitation occurs and the 

origin of the air mass. Brown (1970) showed that the source of the 

air mass has the most significant correlation with isotopic 

composition of precipitation. Storms originating from the north and 

west are depleted in D and 18o relative to those originating from the 

south and east. Predominant wind and storm tracks in Saskatchewan 

originate from the west and northwest of the province (Environment 

Canada, 1983-1984). As a result, precipitation in Saskatchewan is 

15 



generally derived from Pacific air masses which have low &D and s 18o 

values. Southern air masses from the Gulf of Mexico and the North 

Atlantic Ocean occasionally reach Saskatchewan, especially from April 

to mid-June. 

Figure 6. 
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localities across Canada. 

Seasonal variations in the isotopic composition of precipitation 

result, in part, from the different origins of st·orms, but also from 

the effect of air temperature on the degree of condensation and, 

therefore, on the degree of D and 18o depletion. As seasonal 

temperature fluctuations in Saskatchewan are extreme, variations in 

the isotopic compositions of precipitation are substantial (Appendix 

III). Winter precipitation (weighted mean &D and s1 8o values of -199 

and -26.0 per mil, respectively} is substantially depleted in D and 

16 



18o relative to summer precipitation (weighted mean SD and s 18o values 

of -97 and -12.4 per mil, respectively). The large seasonal variation 

in the isotopic composition of precipitation is evident from the 

relation between SD and s18o for precipitation samples collected in 

Regina and Saskatoon during 1983 and 1984, and those collected by the 

International Atomic Energy Agency in Wynward, Saskatchewan during 

1975 to 1980 (Figure 7). The line defined by Saskatchewan 

precipitation generally parallels the global Meteoric Water Line, 

although some samples depart from the trend of the Meteoric Water 

Line. The departure of some samples from the Meteoric Water Line, and 

the corresponding enrichment in D and 18o, is the result of 

evaporation of rain drops during their descent (Ehhalt et al., 1963). 

A rain sample collected on July 29, 1984 having a SD value of -53 and 

a s 18o value of -4.0, illustrates the magnitude of this effect. 

During the week of July 24 to 30, 1984, maximum record temperatures 

were measured in Saskatoon (the weekly maximum was 38°C; Environment 

Canada, July 1984). The high temperatures and low weekly 

precipitation (1.2 mm) provided ideal conditions for the evaporation 

of rain drops during their descent, resulting in precipitation 

enriched in D and 18o and plotting off the Meteoric Water Line. 

In his study of Canadian precipitation Brown (1970) concluded 

that geographic factors (i.e. latitude, altitude) also affect the 

regional isotopic values of precipitation. However, because both 

latitude and altitude are directly related to temperature and because 

precipitation samples studied in Saskatchewan do not vary 

significantly in latitude, these effects are minimal. 

17 
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Saskatchewan. Data compiled from samples collected in 
Regina and Saskatoon during 1983 and 1984, and monthly 
mean isotopic values for samples collected by the 
International Atomic Energy Agency in Wynward, 
Saskatchewan during 1975 to 1980 (Appendix II). 
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5. SURFACE WATERS IN SASKATCHEWAN 

Surface waters in Saskatchewan are recharged directly from winter 

and summer precipitation which, as discussed in the previous section, 

have very different isotopic compositions due to seasonal temperature 

fluctuations. Therefore, the relative proportions of summer and 

winter recharge will affect the 5D and s18o values of surface waters 

in addition to evaporation and other fractionation mechanisms. For 

the present study, approximately fifty surface waters were collected 

during 1983 and 1984 from various lakes and rivers throughout 

Saskatchewan (Figure 8 and Appendix IV). 

The isotopic compositions of these surface waters vary 

substantially (Figure 9). These variations result from differences in 

the source of the recharge, surface temperature, size of the water 

body, and the degree of evaporation that occurs in each body. 5D and 

s18o values of surface waters in Saskatchewan plot differentially to 

the right of the global Meteoric Water Line, reflecting the effects of 

evaporation that are prevalent in semi-arid and arid climates. During 

the summer months when temperatures are high and the relative humidity 

and amount of precipitation are low, evaporation can have a large 

effect on the isotopic compositions of surface waters. The 

enrichments in D and 18o caused by evaporation are more pronounced in 

small, shallow water bodies than in large river systems, so that 

samples collected from small lakes and creeks are enriched in D and 

18o relative to those from the larger river systems. In Saskatchewan 

the samples most enriched in D and 18o and plotting furthest from the 

Meteoric Water Line were collected from small lakes and creeks such as 
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Moose Mountain Creek, Lanigan Creek, Wascana Creek, SW Quill Lakes and 

Last Mountain Lake, whereas surface samples having the lowest oD and 

s18o values and plotting closer to the Meteoric Water Line were 

collected from the North and South Saskatchewan River systems. 

Annual fluctuations in the isotopic composition of surface waters 

result from annual variations in the isotopic composition of 

precipitation recharging surface waters and associated climatic 

factors. Samples collected from the Swift Current Creek and Frenchman 

River in southwestern Saskatchewan in July, 1983, and August, 1984, 

illustrate this effect (Appendix IV). In 1984, the oD and s1 8o values 

were enriched in D and 18o by 15 and 3 per mil, respectively, relative 

to the 1983 samples. These annual variations in the isotopic 

compositions reflect changes in the climatic conditions prevalent in 

southwestern Saskatchewan during these two years. During the summer 

of 1984, Saskatchewan was experiencing extreme drought conditions in 

the southern portion of the province, while in 1983 'normal' 

conditions prevailed in the region (Environment Canada, 1983-1984). 

Higher temperatures and concurrent evaporation, combined with low 

amounts of precipitation and, therefore, low relative humidity, were 

sufficient to shift the isotopic compositions of water in Swift 

Current Creek and Frenchman River in 1984 to slightly higher oD and 

o18o values relative to those in 1983. Blackstrap Lake in south 

central Saskatchewan sampled in July, 1983, and August, 1984, also 

shows an enrichment of 18o in 1984 relative to 1983. The magnitude of 

the shift, however, is less that that measured in the Swift Current 

Creek and Frenchman River samples, suggesting somewhat lower 
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temperatures and rates of evaporation for Blackstrap Lake. The lower 

rate of evaporation for Blackstrap Lake may be due to the growth of 

algae which covers this water body each year during the summer, or the 

large volume of water in the lake. 

During July, 1983, and June, 1984, samples were collected from 

the Churchill River, Weyakwin River, Waddy River and McLennan Lake in 

northern Saskatchewan. Differences in the &D and s1 8o values between 

each year were again recorded, on the order of 8 and O~S per mil, 

respectively. The trend, however, is the reverse of that recorded in 

southwestern Saskatchewan. The &D and s18o values for samples 

collected from the Churchill River, Weyakwin River, Waddy River and 

McLennan Lake in northern Saskatchewan are enriched in D and 18o in 

1983 relative to those in 1984. One possible explanation for this 

trend is that during the summer of 1984, while southern Saskatchewan 

was experiencing drought conditions, northern Saskatchewan was 

undergoing an extremely wet season (Environment Canada, 1983 and 

1984). Temperatures were lower, the amount of precipitation and 

relative humidity higher than normal for that region during the summer 

months so that evaporation would have been minimized. 

Variations in the isotopic composition of waters within 

individual river systems also can result from local climatic 

fluctuations. Both inflow and lake water samples were collected from 

several river systems in the province, including the McLennan, 

Montreal, Nemeiban and Weyakwin Lakes and Rivers. In each case, the

inflow waters have lower &D and s18o values than do the corresponding 

outflow waters of the system. This is due to the evaporation of water 
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at the surface of the water bodies that shift the isotopic 

compositions to higher SD and s1 8o values. As mentioned earlier, the 

amount of evaporation is dependent on temperature, relative humidity 

and size of the water body and, therefore, will vary from system to 

system. 

The North and South Saskatchewan River systems, which drain all 

of the central Canadian Plains into Hudson Bay, show variations in 

isotopic compositions. Samples collected during the summer of 1984 

from the North Saskatchewan River (&D and s18o values of -143 and-

17.6 per mil, respectively) are depleted in D and 1a0 relative to the 

South Saskatchewan River (&D and &18o values of -120 and -13.3 per 

mil, respectively). Several variables, including latitude, altitude, 

amount of precipitation and origin of the water vapor, can affect the 

isotopic composition of precipitation and, therefore, the &D and &18o 

values of surface waters. The lower &D and s18o values measured in 

the North Saskatchewan River, however, are most likely related to its 

geographic location relative to the South Saskatchewan River, because 

at higher latitudes the &D and sl8o values of precipitation (and 

associated evaporation) decrease, reflecting the generally lower 

temperatures of condensation. Brown (1970) also reported differences 

in D/H ratios between the North and South Saskatchewan Rivers, citing 

the decreased temperatures associated with higher latitudes as the 

cause of these variations. 

The large variation in &D and sl8o values for surface waters in 

Saskatchewan is largely the result of annual temperature fluctuations 

that, in turn, control the isotopic composition of recharge waters and 
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degree of evaporation. Variations in the SD and sl8o values, however, 

also can occur within individual river systems as a result of mixing 

between newly acquired recharge and water already present within the 

system. 
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6. SUBSURFACE WATERS IN SASKATCHEWAN 

6.1 Aquifers in Saskatchewan 

Aquifers considered in this study are located within both 

Quaternary and Upper Cretaceous sediments in Saskatchewan (Figure 1). 

Aproximately fifty percent of the subsurface water samples were 

collected from the extensive, Upper Cretaceous Judith River Formation, 

a non-marine sandstone deposit with interbeds of silt and clay, in 

southwestern Saskatchewan. Other Upper Cretaceous aquifers, from 

which water samples were collected, are located within sandstone units 

. 
of the Eastend, Whitemud, Battle and Frenchman Formations. Several 

water samples were also collected from aquifers within Quaternary 

sediments in Saskatchewan, including the till and stratified drift 

deposits of the Saskatoon and Sutherland Groups and the sand and 

gravel deposits of the Empress Group. A detailed description of these 

stratigraphic units is given in Section 1. 

Within these stratigraphic zones the aquifers are divided into 

several types including surficial, intertill, buried valley, blanket 

and bedrock aquifers (Meneley, 1972). The stratigraphic relationships 

between the various types of aquifers are illustrated in Figure 10. 

Pleistocene glacial deposits in Saskatchewan contain both surficial 

and intertill aquifers. The generally low permeability of the glacial 

tills, the low regional topographic relief and the presence of more 

permeable strata in the underlying bedrock (Brown, 1967) results in 

downward water movement throughout the surficial sediments. Surficial 

aquifers in Saskatchewan are located within the Saskatoon Group 

sediments and in the overlying surficial fluvio-lacustrine sand and 
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Figure 10. Stratigraphic relationships among aquifer types in 
Saskatchewan. Aquifer classification by Meneley (1972). 
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silt deposits. These aquifers are shallow with depths generally less 

than 15 meters. Intertill aquifers are located within the 

interglacial tills of the Saskatoon and Sutherland Groups. Aquifers 

sampled ra·nge in depth from approximately 15 to 30 meters. 

Two types of aquifer~ occur within the Empress Group sediments in 

Saskatchewan. The first type, the buried valley aquifers, occur in 

both glacial and preglacial valleys, and form long, relatively narrow, 

sand and gravel deposits. Water samples from this type of aquifer 

were collected in the glacial Battleford, Tyner and Hatfield Valleys. 

The second type, the blanket aquifers, are continuous sandstone 

deposits which are often associated with the buried valley aquifers 

but these will not be considered further because sampling did not 

include this type of aquifer. 

Bedrock aquifers are found within the Upper Cretaceous sediments 

of the Judith River, Eastend, Whitemud, Battle and Frenchman 

Formations. The latter three Formations are generally considered to 

be one hydrologic unit (Maathius, personal communication). The Upper 

Cretaceous aquifers are predominantly sand aquifers and occur 

throughout southern Saskatchewan, although sampling for this study is 

limited to the southwestern portion of the province. 

Several aquifer systems have been defined in Saskatchewan by 

Meneley, 1972 (Figure 11). System characteristics, compiled by the 

Saskatchewan Research Council, are included in Appendix VI for 

reference. Commonly, these systems combine several different types of 

aquifers resulting in "stacked" aquifers as in the Tyner Valley 

Aquifer System, which, at the cross section location, includes 
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Figure 11. Location of subsurface samples within major aquifer 
systems in Saskatchewan. Several aquifer systems have 
been defined by Meneley (1972): Battleford Aquifer System 
(red), Nokomis Aquifer System (blue), Regina Aquifer 
System (yellow), Tyner Aquifer System (green) and Yorkton 
Aquifer System (orange). Individual aquifer samples 
within these aquifer systems are further subdivided, based 
on stratigraphic location, into surficial (~), intertill 
( .6.), Empress Group - buried valley ( +), and bedrock (.) 
aquifers. 
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intertill (Tessier), buried valley (Tyner Valley) and bedrock (Judith 

River Formation) aquifers (Figure 12). The relationship between 

individual aquifers within stacked aquifer systems will be discussed 

in the following section. 

"' Ill 
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Judith River 
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Tessler Aquifer .__ 

Fm. Aquifer 

Lea Parle Fm. 

Dr lit --.... 

~Ya~ ul fer 

..-

Figure 12. The Tyner Aquifer System. Aquifer systems in Saskatchewan 
combine several different types of aquifers forming a 
"stacked" aquifer system. In the Tyner Aquifer System, 
intertill aquifers (i.e. Tessier Aquifer), buried valley 
aquifers (i.e. Tyner Valley Aquifer) and bedrock aquifers 
(i.e. Judith River Formation Aquifer) are all present. 
Figure from Meneley (1972). 
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6.2 Stable Isotope Analyses 

Sixty subsurface samples were collected by the Saskatchewan 

Research Council from various aquifers within Upper Cretaceous and 

Quaternary sediments in the province (Figure 11). Stable isotopic 

compositions of the aquifer samples·were measured to determine the 

source of water within the individual aquifers and the various factors 

that have affected these waters since their formation (Appendix IV). 

To understand the subsurface hydrologic regime, it is essential 

not only to understand subsurface aquifer characteristics but also the 

relation between the subsurface regime and the hydrologic cycle as a 

whole. Because subsurface waters are recharged from the surface, 

modifications in the isotopic composition of water as it moves through 

the hydrologic cycle may have profound effects on the isotopic 

compositions of subsurface aquifers. 

Clayton et al. (1966) and Hitchon and Friedman (1969) discussed 

several processes that can alter the isotopic composition of 

groundwater, including (1) fractionations related to membrane 

filtration, (2) mixing between meteoric and connate waters at depth, 

(3) climatic variations which alter the isotopic composition of 

precipitation and (4) water-rock exchange reactions. 

Ultra-filtration through overlying shale units can concentrate D 

and 180 in aquifers where a significant upward flow gradient exists 

(Clayton et al., 1966; Hitchon and Friedman, 1969). This mechanism, 

however, requires well compacted shale units which are absent in the 

shallow sediments of the Western Canada Sedimentary Basin and is 

therefore dismissed as a possible fractionation mechanism for this 
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study. 

Dispersive mixing occurs when two miscible fluids come into 

contact with one another. Although mixing between meteoric water and 

water already present in the aquifers may occur, the chemical and 

isotopic compositions fail to support this mixing hypothesis. When 

two miscible fluids come into contact with one another a zone of 

mixing develops. This implies that if the waters are of different 

origins, there should be a correlation between isotopic and chemical 

compositions. Samples collected from various aquifers in southern 

Saskatchewan, however, show no correlation between their isotopic 

compositions and total dissolved solids (Figure 13a) or individual 

chemical constituents (i.e. Cl, S04, HC03, Na, Ca, Mg, K, etc.), 

suggesting that simple mixing does not occur. 

Climatic variations within recharge areas can cause shifts in the 

isotopic composition of precipitation and, therefore, in the aquifers. 

Using climatic variability to explain isotopic variations in the Upper 

Cretaceous Milk River Aquifer in southern Alberta, Schwartz and 

Muehlenbachs (1979) calculated that, in the past, the recharging 

waters were enriched in D and 18o by approximately 70 and 12 per.mil, 

respectively, relative to present day &D and s18o values. Recharging 

waters with these isotopic compositions would be expected if past 

temperatures were 

(Dansgaard, 1964). 

12° to 13°C warmer than present day values 

However, paleoclimate data (Dansgaard et al., 

1971) indicates that at no time during the last 300,000 years were 

mean annual air temperatures more than a few degrees above present day 

values, suggesting that climatic fluctuations cannot explain the 
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Figure 13. Relationship between isotopic compositions and total 
dissolved solids, depth, hydraulic conductivity and 
transmissivity. The lack of correlation between the 
isotopic compositions and chemical compositions, depth, 
hydraulic conductivity and transmissivity suggests that 
the 6D and s18o values of the individual aquifers reflect 
the source of recharge, rather than the chemical changes 
the waters have undergone. Symbols - (A) surficial, (~) 
intertill, ( ~) Empress Group - buried valley, and (II) 
bedrock aquifers. Total dissolved solids, depth, 
hydraulic conductivity and transmissivity measurements 
from Meneley et al. (1979). 
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isotopic variability measured in the Milk River Aquifer. The total 

isotopic variation measured in Saskatchewan aquifers is within the 

range of 6D and s18o values measured for present day winter 

precipitation in the province (Figure 14) and therefore, the isotopic 

variations in the aquifers can be explained by seasonal temperature 

fluctuations without invoking paleoclimatic shifts. 

As water percolates down into the aquifers, water-rock 

interactions can occur, causing shifts in both isotopic and chemical 

compositions. The amount of isotopic exchange is dependent on the 

rate of infiltration, pH, temperature, pressure and water/rock ratios. 

Because pressures and temperatures are low in the near-surface 

environment and assumed rates of percolation relatively rapid (average 

transmissivities of 4.4 cm2/sec, Meneley et al., 1979), the amount of 

isotopic exchange during infiltration is expected to be minimal 

because water/rock ratios are high. The lack of correlation between 

isotopic compositions and total dissolved solids (or individual 

chemical constituents), depth, hydr~ulic conductivity and 

transmissivity in the aquifers studied (Figure 13) indicate that the 

isotopic values of the individual aquifers reflect the source of the 

recharge, rather than changes the waters have undergone during 

migration to, or residence in, the aquifers. 

As discussed earlier, fractionations due to evaporation cause 

changes in the isotopic composition of recharge and, therefore, result 

in enrichments in both D and 18o of groundwater. Because the amount 

of evaporation that occurs is dependent on the temperature and the 

degree of saturation of the local air masses, it is expected that in 
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Figure 14. Relationship between &D and &18o for precipitation, 
surface and subsurface waters in Saskatchewan. WINTER -
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semi-arid climates such as Saskatchewan, isotopic fractionations 

related to evaporation can cause significant changes in the isotopic 

composition of water. Keller (personal communication), studying the 

recharging pond directly above the Dalmeny Aquifer in southern 

Saskatchewan, measured enrichments in 18o and D as a result of 

evaporation on the order of 10 and 55 per mil, respectively, from 

April to October, 1985. Keller's data and the works· of several 

authors including the study of isotope exchange effects during 

evaporation at low temperatures by Craig et al. (1963), the 

environmental isotope balance of Lake Tiberias, Israel by Gat (1970), 

and the stable isotope balance of Lake Neusiedl, Austria by Zimmerman 

and Ehhalt (1970), suggest that in the aquifers of this study, 

fractionations caused by evaporation may have a significant effect on 

the isotopic composition of the waters recharging the aquifers and, 

therefore, on the SD and s18o values of water samples from the 

aquifers. 

The range in isotopic compositions for subsurface aquifers in 

Saskatchewan fall primarily within the field of winter precipitation 

(Figure 14), indicating that the dominant source of recharge is winter 

precipitation, presumably during melting in the early spring. This 

argument is supported by water level measurements by the Saskatchewan 

Research Council on wells within the Observation Well Network in the 

province which indicate that, where seasonal fluctuations are evident, 

minimum well depths are generally obtained in the spring just prior to 

the onset of snowmelt (Figure 15). Wind driven snow tends to 

accumulate in topographic depressions, creating localized recharge 
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areas. However, since the ground is generally frozen from November to 

March, recharge can occur only once melting has begun. Recharge also 

occurs from high intensity summer storms and surface runoff. However, 

because approximately 60% of the mean annual precipitation in southern 

Saskatchewan occurs during May through August (Christiansen, 1965; 

Greer and Christiansen, 1963) when evaporation is at its highest·and 

meteoric waters have high SD and s18o values, the low D/H and 18otl6o 

ratios of the aquifers indicate that precipitation falling during 

these months is not a likely source for major aquifer recharge. 

A linear relationship, defined by the global Meteoric Water Line 

discussed in a previous section, exists between SD and s18o values of 

the aquifers in Saskatchewan (Figure 14). As with surface waters, 

however, subsurface waters plot slightly to the right of this line, 

reflecting the effects of evaporation on the recharge waters involved 

in these systems. A similar relationship is seen by Schwartz and 

Muehlenbachs (1979) for the Cretaceous Milk River Aquifer in southern 

Alberta. The Milk River Aquifer is a classic artesian system, defined 

as a dipping aquifer with confining beds above and below, and with 

major recharge occurring in the uplands where the aquifer outcrops. 

Waters from the upland or recharging portion of the aquifer fall very 

close to the Meteoric Water Line indicating they are meteoric in 

origin and represent recent recharge into the aquifer. Continuing 

down-dip towards the discharging portion of the aquifer, however, the 

water samples become progressively enriched in D and 18o and depart 

from the trend of the Meteoric Water Line. Schwartz and Muehlenbachs 

(1979) conclude that the departure of water samples in the discharging 
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portion of the aquifer from the trend of the Meteoric Water Line is a 

result of shifts in isotopic compositions caused by evaporation or 

water-rock interactions during migration to, and residence in, the 

aquifers. 

There is no correlation between the isotopic compositions of 

water samples from individual aquifers, even those located within the 

same stratigraphic units. For example, samples collected from 

aquifers within the Quaternary Empress Group show variations in SD and 

s 18o values of approximately 25 and 4 per mil, respectively (Figure 

16a), and samples collected from the Ribstone Creek Member of the 

Upper Cretaceous Judith River Formation in southwestern Saskatchewan 

have SD values from -166 to -142 per mil and s18o values from -20 to-

17 per mil (Figure 16b). The range in the isotopic compositions of 

samples studied from individual aquifers within the same stratigraphic 

units (i.e. the Quaternary Empress Group or the Upper Cretaceous 

Judith River Formation) suggest that little or no interaction occurs 

between the aquifers. 
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Figure 16. Plan views of the Quaternary Empress Group and the Upper 
Cretaceous Ribstone Creek Member of the Judith River 
Formation. Large variations in the isotopic compositions 
are measured from individual aquifers within the same 
stratigraphic units (i.e. Empress Group - Figure 16a and 
the Ribstone Member of the Judith River Formation - Figure 
l6b), suggesting that little or no interaction occurs 
between samples within these aquifers. 
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6.3 Chemical Analyses 

Although isotopic compositions are effective in determining the 

source of the recharge as well as tracing water movement within 

aquifers, isotopic compositions do not reveal the origin of dissolved 

constituents within the aquifers. Water-rock interactions, as 

discussed earlier, do not appear to affect the isotopic compositions 

of the subsurface waters in this study. These interactions, however, 

have a profound effect on the chemical compositions of the waters. 

The concentration of conservative tracers such as D and 180 change 

only in response to physical processes such as evaporation, diffusion, 

dispersion or mixing. However, the concentration of non-conservative 

tracers such as Ca, K, Mg, Na, etc. are dependent on chemical 

reactions, as well as physical processes. Thus, isotopic and chemical 

compositions of aquifers are independent variables and provide 

specific information on different aspects of the waters. The isotopic 

compositions determine the origin of the waters, whereas the chemical 

compositions provide information on the history of the waters. 

Groundwaters within the aquifers in Saskatchewan of this study 

are classified as either sulfate or bicarbonate (Figure 17). The 

dominant cations, excluding hydrogen, are calcium, magnesium, sodium 

and potassium. In general, the Upper Cretaceous bedrock aquifers 

(i.e. aquifers within the Judith River Formation, Eastend, Whitemud, 

Battle and Frenchman Formations) have higher sodium and potassium and 

lower calcium and magnesium concentrations than the overlying 

Quarternary Saskatoon, Sutherland and Empress Group aquifers. 

Bicarbonate and sulfate concentrations, however, are extremely 
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Figure 17. Normalized chemical compositions (in ppm) of subsurface 
waters in Saskatchewan. Groundwaters within the 
Quaternary and Upper Cretaceous sediments are classified 
as either sulfates or bicarbonates. Dominant cations, 
excluding hydrogen, are Ca, Mg, Na and K. Symbols - ( A) 
surficial, ( ~) intertill, ( ~ ) Empress Group - buried 
valley, and ( II ) ·bedrock aquifers. Data are from 
compilations by the Saskatchewan Research Council and are 
listed in Appendix I. 
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variable and characteristic ranges for individual aquifers types are 

absent. 

The total dissolved solids in the aquifers of this study range 

from approximately 200 to 3700 ppm (Appendix I). Because the source 

of recharge into the aquifers is local precipitation, which has low 

total dissolved constituents (less than 10 ppm; Junge,. 1958), the 

dissolved constituents must be derived from the soil zone and the 

local sediments during infiltration to, and residence in, the 

aquifers. In semi-arid climates, where capillary rise exceeds 

rainfall, precipitation rather than dissolution of salts can be the 

dominant process occurring in the soil zone (Schoeller, 1959). Water 

infiltrating downwards, redissolves these salts, resulting in 

mineralized recharging waters entering the aquifers. 

In the aquifers studi~d there is no apparent relationship between 

depth and total dissolved solids (Figure 18), suggesting that the 

amount of dissolved constituents is dependent on the local geologic 

characteristics rather than depth. For example, a band of more 

mineralized groundwater is found in the Judith River Formation Aquifer 

parallel to the western limb of the North Saskatchewan River, along 

the southeast-trending glacial valley that runs through Biggar (Line 

A-A' in Figure 11). Total dissolved solids for samples along this 

trend range from approximately 2200 to 3300 ppm, relative to the 

average content for waters in the Judith River Formation Aquifer of 

approximately 1200 ppm (Appendix I). If depth rather than local 

g~ologic characteristics control the amount of dissolved constituents 

in the aquifers, these more mineralized samples would occur at the 
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greatest depths. However, this is not the c~se because some of the 

most mineralized samples occur at depths of less than 75 meters. The 

location of samples from the Judith River Aquifer along the NE

trending glacial meltwater channel that runs through Biggar, and the 

distinct chemical composition of water samples along this trend, 

illustrate the effect these channels may have on both water movement 

and chemical compositions within the aquifers. Drill stem tests in 

Saskatchewan, compiled by the Canadian Institute of Formation 

Evaluation, indicate that ·there is a substantial decrease in fluid 

potential in the vicinity of the South Saskatchewan River Valley and 

in other glacial and pre-glacial valleys where testing has been 

completed. The drop in fluid potential or formation pressure in the 

vicinity of these glacial valleys produce localized discharge areas 

that facilitate the concentration of dissolved constituents (Hitchon, 

1969a, b). 

The amount of exchange of chemical components between water and 

rock depends on the rate of infiltration, pH, temperature, pressure 

and availability of mineral phases that will dissolve quickly under 

these conditions. The solubility of a mineral is expressed in terms 

of the solubility product (Ksp). In the dissolution of calcite, 

the solubility product is defined as: 
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Ksp = (aca)(aco3) 

<acaco3) 

where a is the activity (or effective concentration). 

Although the solubility product for a compound is constant for 

all solutions no matter what their composition, the value varies as a 

function of pressure and temperature. For the dissolution of calcite, 

the solubility of calcite decreases as temperature increases. 

Activity diagrams, which theoretically calculate the degree of 

mineral saturation under various conditions of temperature, pressure, 

pH, etc., taking into account the presence of other mineral species 

(Appendix VII), indicate that the aquifers are saturated or nearly 

saturated with respect to several mineral phases including calcite, 

dolomite, anhydrite and gypsum and undersaturated with respect to 

thenardite, mirabilite, halite and sylvite (Figures 19 to 21).· The 

degree of saturation of the water samples with respect to calcite, 

dolomite, anhydrite, gypsum, etc. indicates that each of these mineral 

phases control, in part, the concentration of specific dissolved ions 

such as Ca, Mg, C03 and S04. 

The dissolved constituents in the water in the aquifers are 

acquired primarily from atmosphere and from chemical weathering 

reactions during infiltration to, and residence in, the aquifers. 

However, because the concentrations of Na, Ca, Mg, K, Cl, S04 and C03 

in rainwater are low, the dissolved constituents in the aquifers must 

largely be derived from water-rock interactions during infiltration. 

Calcium concentrations in the aquifers can be derived from 
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several mineral phases including calcite dolomite 

To 

determine which of the mineral phases controls·the concentration of 

calcium in the aquifers, the relationship between the samples and the 

calculated saturation curves for each of the mineral phases under the 

appropriate conditions of temperature, pressure, etc. must be examined 

(Appendix VII). A plot of the calculated saturation lines for calcite 

and dolomite at 10°C, and the calculated activities of Ca2+ and C03= 

in the aquifer samples are illustrated in Figure 19a. Samples 

plotting below the calculated calcite or dolomite lines at 10°C are 

undersaturated with respect to these mineral phases, indicating that 

dissolution of CaC03 and CaMg(C03 ) 2 is taking place, whereas samples 

plotting above the calculated lines suggest supersaturation with 

respect to these mineral phases and indicate precipitation s~ould be 

occurring. Water samples that plot on the calculated lines are 

saturated in calcite or dolomite, implying the water is in equilibrium 

with solid calcite or dolomite at 10°C. As illustrated in Figure 19a, 

the majority of samples are saturated with respect to calcite 

suggesting that this mineral phasa controls, in part, the Ca and co3 

concentrations in these aquifers. 

As mentioned earlier, the degree of saturation is dependent on 

the availability of this mineral phase and the amount of dissolution 

that can occur under specific conditions of temperature, pressure, pH 

and, in the case of the carbonate system, PC02 . Rainwater in 

equilibrium with atmospheric co2 has a partial pressure of lo-3 · 5 atm. 

As rainwater passes through the soil zone its co2 content increases, 
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due to the addition of biogenic co2 , to values of 10-2 . In a closed 

system, the amount of Caco3 that can dissolve is controlled by the 

initial PC02 . However, in an open system where co2 is continually 

replenished, the PC02 of the water remains constant and the amount of 

Caco3 dissolution depends on the availability of carbonate minerals. 

The Quaternary Saskatoon and Sutherland Groups contain 2 to 8% calcite 

(Christiansen, 1968), a sufficient quantity to produce saturation in 

the recharging waters provided physical conditions such as 

temperature, pressure, and pH favor dissolution. It should be noted 

that although the majority of the aquifer samples are ·saturated in 

calcite, a few are slightly supersaturated with respect to this 

mineral phase. Back and Hanshaw (1970) also report supersaturation 

with respect to calcite in groundwaters from central Florida and 

conclude that the supersaturation of the samples in calcite is due to 

kinetic factors which induce metastable equilibrium conditions. 

However, because only a few aquifer waters in Saskatchewan are 

supersaturated with respect to calcite and, because the degree of 

supersaturation is neglible compared to that reported by Back and 

Hanshaw (1970) and other authors, it is likely that the 

supersaturation with respect to calcite measured in Saskatchewan 

aquifers is a result of experimental error rather than kinetic 

effects. Supersaturation with respect to calcite may be due to 

increases in PC02 resulting from the decomposition of bacterial matter 

incorporated in the water sample during collection or increases in the 

ca2+ concentrations resulting from the dissolution of calcite 

particles incorporated in the water sample during collection. 
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Figure 19a also shows that the samples are supersaturated with 

respect to dolomite indicating that dolomite should be a precipitating 

phase. Rarely in sedimentary environments, however, does the 

precipitation of dolomite occur. The conditions under which dolomite 

will precipitate are not clearly understood, and attempts to 

precipitate dolomite in the laboratory from solutions supersaturated 

with respect to this mineral have been unsuccessful because the 

kinetics involved require high temperatures for the rapid formation of 

dolomite. In other words, precipitation of dolomite is kinetically 

unfavorable at temperatures typically found in sedimentary 

environments. The reaction for the precipitation of dolomite is as 

follows: 

Assuming pure phases (i.e. the activity of dolomite equals 1), the 

equilibrium constant for the reaction is: 

Although increases in Mg/Ca ratios appear to increase the rate of 

dolomite formation, recent dolomite occurrences reported by Gunatilaka 

et al. (1984) indicate that low concentrations of sulfate, which is 

believed to inhibit critical clustering, rather than high Mg/Ca ratios 

are essential for the formation of dolomite. Dolomite forms by 

homogeneous nucleation which requires a critical clustering of free 
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ca2+, co32- and Mg2+ ions (Fyfe and Bischoff, 1965; Lippmann, 1973). 

Because of the hydrated state of Mg2+ ions in solution, substantial 

amounts of energy must be added to the system in order to dehydrate 

the Mg2+ ions necessary for homogeneous nucleation and the formation 

of dolomite (Garrels et al., 1960; Lippmann, 1973). 

The other two mineral phases which potentially control the 

concentration of calcium in the aquifers are anhydrite and gypsum. 

The relationship between the calculated saturation lines for anhydrite 

and gypsum and the aquifer waters is illustrated in Figure 20a. 

Although some aquifers theoretically are saturated in gypsum and 

anhydrite (i.e. the water samples are theoretically in equilibrium 

with solid anhydrite and gypsum), most are undersaturated with respect 

to these minerals. This does not necessarily imply a lack of 

anhydrite and gypsum in the local sediments because both mineral 

phases are abundant in the Upper Cretaceous shales of the Bearpaw 

Formation and in the Quaternary glacial drift in Saskatchewan 

(Parsons, 1964; Rutherford, 1966, 1970; Brown, 1967). Undersaturation 

with respect to·gypsum or anhydrite in the waters of the aquifers is 

most likely due to the slower reaction rates of sulfates in 

combination with a loss of so4 to the atmosphere by bacterial 

reduction. Loss of sulfate by bacterial reduction and associated 

sulfide precipitation in sediments has been documented by several 

authors including Goldhaber et al. (1977) and Jones et al. (1977). It 

is assumed, however, that gypsum and anhydrite, in addition to calcite 

and dolomite, contribute calcium to the aquifers. 
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Calcium may also be derived from the hydrolysis of Ca-silicate 

minerals such as plagioclase and pyroxene and directly from rainwater. 

However, the amount of calcium derived from each of these sources 

would be significantly less than that derived from the dissolution of 

calcite, dolomite, anhydrite and gypsum. 

Magnesium can be derived from several mineral phases including 

brucite (Mg(OH)2), dolomite (CaMg(C03 ) 2 ) and Mg-carbonates. For this 

study, brucite is dismissed as a major phase contributing to dissolved 

magnesium because it is stable at a pH greater than 10.7, which is 

beyond the range of pH (6 to 8) measured in the aquifers. Also, 

brucite can exist only at low values of PC02 , typically less than 

10-5.7 (Robie et al., 1978). At higher values of PC02 , similar to 

those of the waters in this study, brucite is converted to magnesite. 

The calculated saturated line for dolomite at 10°C and the 

effective concentrations of Mg2+ and co3= in water from the aquifers 

are plotted in Figure 19b. The majority of samples are supersaturated 

with respect to dolomite (i.e. data points plotting above the 

calculated dolomite line at 10°C). Although there is a general lack 

of understanding concerning the precipitation of dolomite in natural 

systems and its importance in controlling carbonate equilibria, it is 

generally agreed that dissolution of dolomite plays a major role in 

controlling the chemical compositions of subsurface waters. Because 

the dissolution of dolomite is incongruent (i.e. part of the solid 

dissolves leaving behind a solid phase with a different chemical 

composition than the original), when dolomite dissolves, Mg2+ ions are 

generally released first (Fyfe and Bischoff, 1965), thereby increasing 
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the magnesium concentration of the solution, and leaving behind a 

residue of solid Caco3 . Dolomite, which is readily available in the 

tills and stratified drift of the Saskatoon and Sutherland Groups 

(Christiansen, 1968), and in limited amounts in the Judith River 

Formation (McLean, 1971), therefore, may be important in controlling 

the magnesium concentrations in the aquifers. 

There are several 

nesquehonite (MgC03 

MgC0 3 compounds such 

lansfordite 

as magnesite (MgC03), 

(MgC03 SH20), and 

hydromagnesite (3MgC03 · Mg(OH) 2 ) that, in theory, may be present in 

the soils and tills of Saskatchewan. The stability of each of the 

compounds is different and, depending of which phases are present, 

will result in waters with distinct chemical compositions. Because 

magnesite is the least complex and least soluble of these compounds, 

it is used as an example for this study. The relationship between the 

calculated saturation line for magnesite at 10°C and the chemical 

compositions of water samples from the aquifers (Figure 19b) indicates 

that the majority of samples are saturated with respect to magnesite. 

However, because magnesite and the other MgC03 compounds form at 

higher Mg/Ca ratios than those measured in the ·aquifers (Eugster and 

Jones, 1979), it is unlikely that these mineral phases are actually 

present in the local sediments. The magnesium concentration measured 

in the aquifers may, in fact, be due to the incongruent dissolution of 

Mg-calcite and dolomite, which are metastable 

conditions. 

at earth-surface 

Magnesium also may be derived from the weathering of Mg-

silicates such as pyroxenes, amphiboles and micas. However, the 
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absence of significant mafic and ultramafic rock units in the shallow 

sediments of the western Canada sedimentary basin suggest that only 

minor amounts of magnesium could be derived from these minerals. 

Another potential source for magnesium may be the release of Mg from 

clay minerals as a result of the oxidation of pyrite in organic-rich 

shales. The sulfuric acid released attacks the clay m~nerals to form 

kaolinite, ferric oxides and dissolved Mg, Si02 and S04 (Garrels, 

1965). Although this mechanism is poorly documented in the 

literature, it may be a potential source for magnesium in the 

aquifers. 

The sodium concentrations in waters of the aquifers may be 

derived from mineral phases present in the local sediments such as 

thenardite, mirabilite, halite and Na-silicates such as albite. The 

relationship between . the theoretical thenardite and mirabilite 

saturation lines at 10°C and the water samples is shown in Figure 20b. 

Water samples from the individual aquifers are not in chemical 

equilibrium with either thenardite or mirabilite. Undersaturation 

with respect to these mineral phases is not due to the lack of 

availability of thenardite and mirabilite in the local sediments 

because both mineral phases are abundant in Saskatchewan soils (Moss, 

1965; Ballantyne, 1978; Bettany and S~ewart, 1983). However, the 

extreme thermal dependence of the solubility of both thenardite and 

mirabilite suggests that the presence of these phases in Saskatchewan 

soils should be transitory, with precipitation of thenardite occurring 

at low temperatures, followed by rapid dissolution as the temperature 

increases. Undersaturation with respect to thenardite and mirabilite 
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may result, in part, from the transitory nature of Na-sulfates in 

local sediments. However, the 1:1 correlation between Na and S04 in 

the aquifer samples instead of a 2:1 correlation expected from simple 

dissolution of most sulfate salts (Figure 19b) suggests that the 

sodium concentrations in the aquifers may be affected by additional 

processes, possibly the weathering of Na-silicates (Garrels and 

Mackenzie, 1967) or the exchange reactions involving clay minerals 

(Hendry et al., 1986). 

In near-surface environments, where pressures and temperatures 

are low, the weathering of silicates has been largely ignored as a 

potential source of dissolved constituents in surface waters and 

groundwaters. However, several studies, including the weathering of 

Sierra Nevada quartz-monzonites by Garrels and Mackenzie (1967)~ 

conclude that the concentrations of specific ions in groundwaters can 

be predicted by the alteration of feldspars in contact with waters 

high in C02. As mentioned earlier, the co2 concentrations in~rease as 

the recharging waters infiltrate the soil zone due to the addition of 

biogenic C02. The interaction between silicate minerals and soil 

waters with high co2 concentrations result in rapid w~athering of 

silicates. When dilute waters high in co2 come into contact with 

silicate minerals such as feldspars, the waters leach silica and 

cations leaving a residue of Al-rich phases such as kaolinite and 

other clay minerals by reactions such as:
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Albite is altered to kaolinite and the waters become enriched with Na+ 

and Hco3-. Although the amount of sodium derived from the weathering 

of silicate minerals is controlled by temperature, pressure, pH, COz 

concentrations and the rate of reaction, it is likely that weathering 

of silicate minerals could account for the low concentrations of 

sodium measured in the aquifer samples. 

The dissolution of halite may also contribute sodium to the 

system, however, undersaturation of the aquifers with respect to the 

calculated halite saturation line at 10°C (Figure 2lb) indicates that 

the availability of this mineral phase is limited. Halite is present 

in the glacial sediments of Saskatchewan (Ballantyne, 1978), but only 

in small quantities insufficient to produce saturation. 

Undersaturation of the aquifers with respect to halite also suggests 

that only limited upward, vertical movement of water occurs from the 

underlying strata. The extensive Devonian evaporate sequences and 

their associated formation waters, which are saturated with respect to 

halite, are stratigraphically below the aquifers studied. If upward, 

vertical movement of fluids was occurring, higher concentrations of 

sodium and chloride would be measured in the aquifers. Actual 

concentrations of sodium in the aquifers are low (generally less than 

500 ppm) suggesting that halite is not a major controlling phase for 

sodium. 

Potassium may be derived in small amounts from the weathering of 

K-silicates (i.e. K-feldspar) in the same way sodium is derived from 

the weathering of Na-silicates (i.e. albite). For example, the 

weathering of K-feldspar to kaolinite releases K+ and HCo3- into 
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solution by the reaction: 

The low and relatively constant concentrations of potassium 

measured in the waters from the aquifers of this study, and in 

groundwaters in general (Garrels, 1976), most likely reflect the 

resistance of K-silicates to weathering in near-surface environments 

and the fixation of potassium in the interlayers of clay minerals. As 

with sodium contents, the weathering of K-silicates and the fixation 

of potassium in clays most likely are responsible for the potassium 

concentrations measured in the aquifers of this study. 

An alternate source of potassium is sylvite from the underlying 

evaporite sequences. As in the case of halite, however, the samples 

are very undersaturated with respect to the calculated sylvite 

saturation line at 10°C (Figure 21a) suggesting only limited upward 

movement of fluids from the underlying reservoirs. 

Because the underlying evaporite sequences are at best only 

limited contributors of dissolved constituents to the aquifers, the 

concentrations of chloride measured in the aquifers (generally less 

than 30 ppm) may not be derived from these sequences. Rutherford 

(1970) studying surface waters in Saskatchewan, Eugster (1970) and 

Jones et al. (1977) studying the Lake Magadi Basin in Kenya, and 

Eugster (1980) studying evaporite lacustrine deposits, suggest that 

chloride concentrations in the waters of many aquifers are derived 

directly from precipitation, and that the evaporation of water during 
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precipitation and in the soil zone increases the concentration of 

chloride in the recharging waters. 

The chemical compositions of shallow aquifers in Saskatchewan, 

therefore, are controlled by the mineral phases present in the local 

sediments, their relative abundances, and the amount of dissolution or 

weathering that can occur in the near-surface environment. The 

heterogeneity of glacial sediments in Saskatchewan 

chemical variations measured in the aquifers. 
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7. CONCLUSIONS 

Stable isotope and chemical compositions can be use to trace 

surface and groundwater movement within the hydrologic cycle. In 

Saskatchewan, precipitation is derived largely from Pacific air masses 

which are depleted in D and 18o when they reach Saskatchewan. SD and 

s 18o values of shallow aquifers in Saskatchewan fall primarily within 

the field of winter precipitation, indicating that the predominant 

recharge occurs upon melting of snow in the spring. However, other 

processes are occurring which tend to alter the original isotopic 

values of the recharging waters. For the recharge waters of the 

aquifers studied, evaporation is the major cause of variations in the 

isotopic compositions of the waters. Enrichments in D and 1a0 are 

recorded in both surface and subsurface waters as a result of 

evaporation. 

No systematic correlations in the isotopic compositions of water 

in the aquifers considered in this study are evident, even for those 

waters located within the same stratigraphic zones. Water samples 

collected from within the same stratigraphic units (i.e. the Ribstone 

Creek Member of the Upper Cretaceous Judith River Formation) show 

large variations in SD and s18o values suggesting only very limited 

mixing occurs among the subsurface aquifers in Saskatchewan. 

The dissolved constituents, which provide information on the 

geochemical history of the waters, are derived from the interaction of 

the recharging waters with sediments during infiltration to, and 

residence in the aquifers, so that the chemical compositions of 

subsurface waters are controlled by the local geology. 
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The conclusions discussed in this study are a result of 

approximately two years of sampling. Determination of long term 

isotopic trends in the subsurface waters of Saskatchewan would require 

collection and analyses of samples over several years.
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Appendix I 

Chemical Analyses 

Subsurface Waters in Saskatchewan 

89 



TDS DEPTH HC03 S04 Cl Ca Mg Na K 
SAMPLE LOCATION ppm m pH ppm ppm ppm ppm ppm ppm ppm 

SURFICIAL AQUIFERS (.A) 

Conquest 501 NE04-23-30-10-W3 664 8 7.7 323 86 7 105 34 32 11 
Conquest 503 NW12-14-30-10-W3 3869 8 7.5 346 2434 32 666 234 130 11 
Goodale Farm SW01-04-36-04-W3 541 11 7.4 286 93 21 93 23 19 5 
Simpson 13-4 SW13-04-29-23-W2 354 7 8.2 212 22 1 55 17 9 3 
Simpson 16-5 SW16-05-29-23-W2 360 6 7.5 243 28 4 58 18 7 2 
Stenen SE16-07-33-03-W3 527 15 7.8 336 60 4 77 27 14 5 
Swanson SW04-15-31-08-W3 588 9 7.5 394 56 <1 97 24 14 2 
Verlo SW08-36-16-22-W3 603 13 7.6 285 20 16 77 37 23 10 

INTERTILL AQUIFERS (~) 

Bangor B NE16-13-22-03-W2 539 15 7. 7 330 60 15 95 30 5 4 
Conquest 500 SW13-14-30-09-W3 2352 19 7.8 265 1435 1 526 81 27 12 
Conquest 502 SW12-14-30-10-W3 1608 19 7.5 428 737 21 266 73 70 11 
Conquest 504 SW12-14-30-10-W3 3565 83 7.5 405 2092 18 422 128 475 15 
Dalmeny SE01-13-38-06-W3 2773 27 8.3 828 1250 10 377 181 104 13 
Hinch SW12-27-43-25-W3 1289 69 7.8 478 476 5 149 72 98 6 
Lane NE14-21-42-24-W3 1139 55 7. 7 503 346 4 130 68 77 6 
Odriscoll SE02-27-39-16-W3 909 22 7.7 395 250 33 127 66 26 6 
Rak SW12-17-42-21-W3 492 46 7.6 329 44 2 66 30 17 3 
Robinson NE09-10-39-18-W3 2478 74 7. 5 615 1130 32 233 102 352 10 
Salewski SW01-16-39-19-W3 2312 21 7.5 644 944 86 252 144 210 10 
Saskatoon NW16-08-37-04-W3 3256 27 7. 1 558 1820 32 390 248 175 18 
Tessier NW13-33-33-11-W3 1350 26 7.4 449 51~8 11 172 88 72 
Thrun NW05-08-36-25-W3 1154 49 7.8 605 256 5 1 H3 64 95 4 

Unity SE01-28-40-21-W3 917 27 . 7. 8 590 106 11 113 58 28 9 

EMPRESS GROUP AQUIFERS (.) 

Bangor A NE16-13-22-03-W2 1986 39 7.5 637 808 31 271 93 132 11 
Banting NE16-31-44-17-W3 650 101 7.8 410 73 4 65 25 66 4 
Blucher SW04-27-35-02-W3 3681 79 7.2 501 2050 77 285 131 620 11 
Lilac NE01-02-44-14-W3 1188 122 7.8 604 276 10 131 47 108 8 
Nokomis SE -03-29-22-W2 2806 100 7. 3 484 1180 304 171 81 570 12 
Tyner SE01-10-24-18-W3 2819 114 .7.0 712 1150 141 128 72 600 12 
Vanscoy SW12-14-35-08-W3 2431 89 7. 7 562 850 270 54 25 660 7 

BEDROCK AQUIFERS ( .) 
FRENCHMAN, BATTLE, EAST END AND WHITEMUD FORMATIONS 

Garden Head SW13-21-09-19-W3 1114 21 7.0 538 280 1 53 35 195 12 
Shaunavon NE13-34-08-19-W3 1125 16 7.5 460 334 7 5 3 312 4 
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TDS DEPTH HC03 S04 Cl Ca Mg Na K 
SAMPLE LOCATION ppm m pH ppm ppm ppm ppm ppm ppm ppm 

JUDITH RIVER FORMATION 

Carruthers SW04-13-36-16-W3 2634 195 8.2 417 1380 26 49 15 741 6 
Chase NW13-23-40-25-W3 1602 71 8.0 895 231 26 18 4 425 3 
Cornish SW04-31-41-27-W3 941 75 7.5 503 179 4 57 17 174 5 
Gartner 14-31-38-27-W3 1030 100 8.1. 599 134 16 32 9 235 
Germsheid NW14-07-36-19-W3 1514 125 8.0 578 472 14 10 3 432 4 
Goetz SE09-15-36-18-W3 2142 161 8.1 688 786 35 43 20 562 7 
Gottfried SE16-16-36-25-W3 1285 172 8.6 595 267 30 2 1 387 1 
Hango SE01-05-36-20-W3 1740 110 8.2 710 509 14 10 3 489 3 
Hearts Hill NE14-07-36-25-W3 1090 77 8.9 508 105 8 15 2 270 48 
Lantz SE08-34-38-26-W3 1068 85 7.9 581 133 51 45 15 233 6 
Leibel NE -09-39-28-W3 770 95 8.0 468 88 6 40 16 146 4 
Mawbey SW12-03-40-26-W3 1189 98 7.8 593 186 69 37 12 285 4 
Mintz NE01-20-41-26-W3 960 86 8.0 532 156 19 61 41 141 6 
Rewerts SE03-14-42-22-W3 2244 92 7.7 520 1040 18 104 37 515 8 
Slater NW16-21-36-22-W3 1488 132 8.2 811 78 164 3 1 428 2 
Sumner NE14-30-39-27-W3 968 81 8.4 538 67 51 12 3 293 2 
Thompson SE02-09-42-21-W3 1955 107 8.2 461 824 70 18 4 572 4 
Welter NW13-22-35-21-W3 1838 125 8.2 811 452 37 16 3 515 3 

RIB STONE CREEK MEMBER ~JUDITH RIVER FORMATION) 

Cunningham SW08-27-45-27-W3 2869 46 7.6 615 1360 26 80 36 789 
Ducherer 02-16-46-26-W3 2385 82 7.2 673 1050 37 257 133 218 7 
Klassen SW04-04-45-25-W3 3005 124 7.6 527 1480 116 124 68 676 10 
Thiessen SE02-16-46-26-W3 2438 89 7. 7 644 1080 12 88 34 559 9 
Tindall SW05-25-45-27-W3 2606 90 7.7 666 1140 44 63 41 640 8 
Toews SE02-17-46-25-W3 1893 89 7.9 717 634 14 48 27 444 6 
Waring SW02-12-46-28-W3 1362 42 7.5 615 392 5 108 66 167 7 
Wells SW04-16-45-26-W3 2970 92 7.9 790 1230 81 22 20 818 6 
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Appendix II 

Stable Isotope Analyses 

of 

Precipitation in Saskatchewan 
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REGINA AND SASKATOON, SASKATCHEWAN 

AVERAGE WEEKLY T0TAL WEEKLY 
5D 518o TEMPERATURE PRECIPITATION 

SAMPLE (per mil) (per mil) (OC) (mm) 

Saskatoon 
10/11/83 -197 -25.~ -1 6.2 

Regina 
25/12/83 -197 -22.0 

Saskatoon 
13/07/84 -94 -10.5 19 7.0 

Saskatoon 
21/07/84 -105 -13.3 19 4.4 

Saskatoon 
29/07/84 -53 -4.0 25 1.2 

Regina 
08/08/84 -96 -12.2 22 11.0 

WYNWARD, SASKATCHEWAN 

(Data provided by the International Atomic Energy Agency) 

1975 1976 1977 1978 1979 1980 

Summer Mean (Apr-Sept) 

SD -101(2) -94(5) -102(6) -98(6) -106(6) -83(3) 
sl8o -13.3(2) -12.2(6) -13~0(6) -13.0(6) -14.5(6) -12.3(3) 

Winter Mean (Oct-Mar) 

SD -212(3) -201(4) -182(6) -170(6) -191(6) -195(3) 
518o -27.3(3) -23.4(6) -21.9(6) -22.3(6) -18.8(5) -25.2(3) 

(Note: ( ) indicates number of samples.) 
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Appendix III 

Stable Isotope Analyses 

of 

Surface Waters in Saskatchewan 
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5D s18o 
NO. SYMBOL SAME'LE DATE (per mil) (per mil) 

1 A Big Stone Lake 16/07/83 -104 -11.6 
2 A Blackstrap Lake 28/07/83 -12.8 
3 A Blackstrap Lake 06/07/84 ~114 (-114) -12.0 
4 • Carswell.Lake 30/04/84 -127 
5 A Churchill River 15/07/83 -113 -12.6 (-12.7) 
6 A Churchill River 20/06/84 -119 -12.5 
7 A Crean River 20/06/84 -114 -11.8 
8 • Diefenbaker Lake 31/07/84 -134 -16.3 (-15.9) 

(N. Gartiner Drum) 
9 • Diefenbaker Lake 31/07/84 -129 -15.5 

(S. Gartiner Drum) 
10 • Diefenbaker Lake ?1/07/84 -132 -15.6 

(Riverhurst Ferry) 
11 A Frenchman River /07/83 -14.6 
12 A Frenchman River 01/08/84 -119 (-117) -11.9 
13 A Katepwa Lake 03/07/84 -106 -11.1 
14 A Lac La Ronge 20/06/84 -104 -11.1 
15 A Lanigan Creek 08/08/84 -79 -6.2 
16 • Last Mountain Lake 06/07/84 -88 -9.0 

(Regina Beach) 
17 • Last Mountain Lake 08/08/84 -85 -8.3 

(Holdfast) 
18 • Last Mountain Lake 08/08/84 -79 -7.2 

(Imperial) 
19 A Maple Creek 08/07/83 -120 (-121) -12.0 
20 A McLennan Lake 15/07/83 -12.0 
21 A McLennan Lake 21/06/84 -108 -11.5 
22 A McLennan River 20/06/84 -117 -13.3 
23 A Montreal Lake 21/06/84 -96 -10.1 
24 .. Montreal River 20/06/84 -105 -10.8 (-10.9) 
25 • Moose Mountain Creek 07/08/84 -73 -3.7 
26 • Moose Mountain Lake 07/08/84 -90 (-89) -7.8 
27 A Nemeiban Lake 21/06/84 -88 -9.5 
28 .. Nemeiban River 20/06/84 -99 -9.5 
29 • North Saskatchewan River 23/07/84 -143 -17.6 
30 .. Qu'Appelle River 03/07/84 -105 -10.7 

(near Katepwa Lake) 
31 .. Qu'Appelle River 03/07/84 -103 -11.0 

(Fort Qu'Appelle) 
32 A Qu'Appelle River 08/08/84 -98 -10.2 (-10.2) 

(Lumsden) 
33 .. Souris River 07/08/84 -79 (-77) -9.3 

(Weyburn) 
34 .. Souris River 07/08/84 -82 -8.2 

(Cedoux) 
35 • South Saskatchewan River 14/08/84 -138 -17.3 

(Leader) 
36 • South Saskatchewan River 23/07/84 -120 -13.3 

(Sask. Landing) 
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sn s18o 

NO. SYMBOL SAMPLE DATE (per mil) (per mil) 

37 ~ Spring Creek 19/11/83 -100 -12.1 
38 ~ Swift Current Creek /07/83 -129 -14.4 
39 ~ Swift Current Creek 14/08/84 -112 -11.4 
40 • SW Quill Lakes 09/08/84 -77 -5.6 
41 A Thunder Creek 19/11/83 -98 -11.1 (-10.9) 
42 A Waddy River 21/06/84 -116 -13.3 
43 • Wascana Creek 07/08/84 -67 -8.5 
44 • Wascana Lake 08/08/84 -93 -8.5 
45 ~ Waskesiu River 20/06/84 -98 -10.7 
46 A Weyakwin Lake 20/06/84 -106 -10.8 
47 A Weyakwin River 16/07/83 -98 -11.5 
48 A Weyakwin River 20/06/84 -114 -10.0 

(Note: ( ) indicates duplicate analyses). 
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Appendix IV 

Stable Isotope Analyses 

of 

Subsurface Waters in Saskatchewan 
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SD s18o 
SAMl?LE LOCATION DATE (per mil) (per mil) 

SURFICIAL AQUIFERS (A) 

Conquest 501 NE04-23-30-10-W3 01/11/83 -133 (-132) -16.2 (-16.0) 
Conquest 503 NW12-14-30-10-W3 01/11/83 -183 -24.0 
Goodale Farm SW01-04-36-04-W3 11/09/83 -153 -18.7 
Simpson 13-4 SW13-04-29-23-W2 26/08/83 -156 -20.0 
Simpson 16-5 SW16-05-29-23-W2 . 25/08/83 -166 -21.1 
Stenen SE16-07-33-03-W2 22/07/83 ~141 -17.7 
Swanson SW04-15-31-08-W3 01/11/83 -152 -19.4 
Verlo SW08-36-16-22-W3 27/09/83 -150 -18.8 

INTERTILL AQUIFERS. (~) 

Bangor B NE16-13-22-03-W2 22/07/83 -137 -17.0 
Conquest 500 SW13-14-30-09-W3 02/11/83 -160 -20.1 
Conquest 502 SW12-14-30-10-W3 01/11/83 -162 -20.7 
Conquest 504 SW12-14-30-10-W3 01/11/83 -159 -19.0 
Dalmeny SE01-13-38-06-W3 15/08/83 -149 -18.7 
Hinch SW12-27-43-25-W3 /11/84 -173 -20.6 (-20.7) 
Lane NE14-21-42-24-W3 15/11/84 -165 -19.7 
Odriscoll SE02-27-39-16-W3 16/11/84 -150 -19.0 
Rak NW13-17-41-21-W3 15/11/84 -149 -17.6 
Robinson NE09-10-39-18-W3 16/11/84 -147 -19.0 
Salewski SE -16-39-19-¥13 15/11/84 -148 -19.9 
Saskatoon NW16-08-37-04-W3 18/07/83 -158 -19.3 (-19.3) 
Tessier NW13-33-33-11-W3 21/10/83 -153 -19.1 
Thrun NW05-08-36-25-W3 /11/84 -146 -16.9 (-17.4) 
Unity SE01-28-40-21-W3 26/10/83 -135 -15.5 (-15.5) 

EMPRESS GROUP AQUIFERS ( +> 
Bangor A NE16-13-22-03-W2 21/07/83 -140 (-139) -17.0 
Banting NE16-31-44-17-W3 14/11/84 -148 (-149) -17.1 
Blucher SW04-27-35-02-W3 08/09/83 -152 (-151) -19.1 
Lilac NE01-02-44-14-W3 25/10/83 -142 -16.5 
Nokomis SE -03-29-22-¥12 ·26/08/83 -149 -18.3 
Tyner SE01-10-24-18-W3 28/09/83 -164 -20.5 
Vanscoy SW12-14-35-08-W3 18/10/83 -156 -19.3 

BEDROCK AQUIFERS <•) 
FRENCHMAN, BATTLE, EASTEND AND WHITEMUD FORMATIONS 

Garden Head SW13-21-09-19-W3 27/09/83 -154 -18.9 (-18.6) 
Shaunavon NE13-34-08-19-W3 27/09/83 -139 -16.4 
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SD slBo 
SAMELE LOCATION DATE (per mil) (per mil) 

JUDITH RIVER FORMATION 

Carruthers SW04-13-36-16-W3 16/11/84 -150 -19.5 
Chase NW13-23-40-25-W3 /11/84 -172" -20.1 
Cornish SW04-31-41-27-W3 /11/84 -138 -18.1 
Gartner 14-;1-38-27-¥13 /11/84 -146 -19.0. 
Germsheid NW14-07-36-19-W3 15/11/84 -160 -19.9 
Goetz SE09-15-36-18-W3 15/11/84 -148 -18.8 
Gottfried SE16-16-36-25-W3 /11/84 -155 -19.0 
Han go SE01-05-36-20-W3 15/11/84 -156 -20.0 
Hearts Hill NE14-07-36-25-W3 26/10/83 -151 -18.3 
Lantz SE08-34-38-26-W3 /11/84 -152 -18.4 
Leibel NE -09-39-28-W3 /11/84 -159 -19.8 
Mawbey SW12-03-40-02-W3 /11/84 -140 -18.0 (-18.0) 
Mintz NE01-20-4l-26-W3 /11/84 -160 -19.1 
Rewerts SE03-14-42-22-W3 15/11/84 -160 -19.2 
Shapka NW13-01-41-28-W3 /11/84 -173 (-174) -20.6 
Slater NW16-21-36-22-W3 /11/84 -148 -19.3 
Sumner NE14-30-29-27-W3 /11/84 -140 -18.2 (-17.8) 
Thompson SW02-09-42-21-W3 15/11/84 -148 -19.2 
Welter NW13-22-35-21-W3 /11/84 -149 -18.6 

RIBSTONE CREEK MEMBER (JUDITH RIVER FORMATION) 

Cunningham SW08-27-45-27-W3 /11/84 -163 -19.8 
Ducherer 02-16-46-26-WJ /11/84 -157 -18.8 
Klassen SW04-04-45-25-W3 /11/84 -162 
Thiessen SE02-16-46-26-W3 /11/84 -162 -20.1 (-19.7) 
Tindall SWOS-25-45-27-¥13 /11/84 -161 -19.8 
Toews SE02-17-46-25-W3 /11/84 -142 -19.7 
Waring SW02-12-46-28·-W3 /11/84 -149 -17.4 (-17.3) 
Wells SW04-l6-45-26·W3 /ll/84 -166 -19.2 

(Note: ( ) indicates dup1lcate analysis). 

99 



Appendix V 

System Characteristics 

of 

Aquifers in Saskatchew
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AREA H GROUNDWATER YIELD 
AQUIFER SYSTEM (km2) (m) (hectare/m/year) 

BATTLEFORD AQUIFER SYSTEM (red) 

Battleford Valley Aquifer 
Baldwinton Segment 777 12 370 
Lilac Segment 1,295 12 740 

NOKOMIS AQUIFER SYSTEM (blue) 

Hatfield Valley Aquifer 
Damremy Segment 9,065 31 6,174 
Lebret Segment 1,813 15 617 

Pathlow Aquifer 518 31 617 
Wynyard Aquifer 3,108 15 3,211 
Strasbourg Aquifer 1,191 3 123 

REGINA AQUIFER SYSTEM (yellow) 

Regina Aquifer 3,626 3 3,087 

TYNER AQUIFER SYSTEM (green) 

Tyner Valley Aquifer 2,202 15 1,605 
Dalmeny Aquifer 907 6 741 
Tessier Aquifer 1,554 3 864 
Rosetown Aquifer 1,425 3 247 
Judith River Formation Aquifer 4,092 2 1,235 

YORKTON AQUIFER SYSTEM (orange) 

Yorkton-Bredenbury Aquifer 2,590 3 1,482 
Welby Aquifer 570 3 370 
Langeburg Aquifer 1,140 15 741 
Melville Aquifer 1,554 6 371 

Note: (red, blue, yellow, green, orange) refer to system locations in 
Figure 11. 

(Data from Meneley et al., 1979) 
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Appendix VI 

Activity Diagram Calculations 
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The equilibrium solubility product (Ksp) is defined as: 

Ksp = a products (1) 

areactants 

which is related to Gibbs Free Energy by: 

where: 

AG0 = -RTlnK r (2) 

G0 r = Standard state Gibbs Free Energy 
R = Ideal gas constant (1.987 cal/deg-mol) 
T = Temperature (°K) 
K = equilibrium constant 

Combining equations (1) and (2) allow us to calculate the equilibrium 
solubility of a mineral under measured conditions of temperature, 
pressure and chemical composition by: 

AGor = -RTln aproducts 
areactants 

(3) 

Standard state thermodynamic data (i.e. at 25°C and 1 
Drever (1982) from several sources including Wagman 
Parker et al. (1971), CODATA (1976), Helgeson et al. 
et al. (1978) were used in determining the change 
state Gibbs Free Energy for the reactions by: 

AG
0

r • Gproducts - Greactants ( 4 ) 

bar) compiled by 
et al. (1968), 

(1978) and Robie 
in the standard 

However, the average measured temperature of the samples during 
collection was 10°C. To calculate the change in Gibbs Free Energy at 
the temperature of interest, 10°C was substituted into equation (3) in 
place of 25°C, but because the thermodynamic data used is valid only 
at standard state conditions (i.e. 25°C and 1 bar), it was necessary 
to calculate Gibbs Free Energy and, in turn, the equilibrium constants 
at 10°C rather than the standard state condition of 25°C. SUPCRT, a 
computer program by Helgeson (1978) computes the thermodynamic 
properties of minerals and aqueous species at specified or incremented 
temperatures and pressures. Through this program it was determined 
that changes in the equilibrium constant between 10°C and 25°C are 
neglible (see table below) and, therefore, standard state 
thermodynamic data at 25°C was assumed to apply to all calculations at 
10°C. 
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Changes in standard state thermodynamic data as a function of 
temperature: (Thermodynamic data at 10°C and 25°C by Helgeson, 1978) 

REACTION T (oC) p (bar) logK 

Caco3 = Ca + co3 25 1 9.0 
10 1 8.9 

caco3 = ca + co3 25 1 8.9 
10 1 8.7 

CaMg(C03)2 = Ca + Mg + C03 25 1 19. 1 
10 1 18.6 

MgC0 3 = Mg + C03 25 1 8.4 
10 1 8.0 

caso4 = ca + so4 25 1 5.8 
10 1 5.3 

NaCl = Na + Cl 25 1 1.0 
10 1 1. 1 

KCl K + Cl 25 1 0.3 
10 1 0.3 

Note: The equilibrium constants calculated below in this study 
differ slightly from those computed using Helgeson's SUPCRT 
program because standard state thermodynamic data from 
different sources were used in the calculations below. 

The activities (or effective concentrations) of dissolved ions in the 
waters in this study were derived from the measured concentrations 
(m): 

a = ym 

where: a = activity 
y = activity coefficient 
m molality 

Activity coefficients are determined 
experimental and theoretical procedures 
The mean activity coefficients for 
strengths < 0.5 M) were calculated using 

logy= -Az2[-{; 0.2I] 

1 +.JT 
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by a number of different 
(Garrels and Christ, 1965). 

dilute solutions (i.e. ionic 
the Davies equation: 



where: y = mean activity coefficient 
A = 1.82 x 106 (£T)-3/2 (£ = diaelectric constant) 
Z charge of ion 
I ionic strength 

CARBONATE SYSTEM (Figure 19) 

CALCITE: 

AG
0

r • Gproducts - G t t reac an s 

= G<ca> + G(co3> - G(caco3) 

= (-132.30) + (-126.17) - (269.80) 11.33 

AG0 r -RTlnK 

-RT In aproducts 
areactants 

-RT In (ac 3 ) (ac03 ) 
<acaco3) 

If we assume pure solid phases, InK = a<ca> a(co3) 

Rearranging: 

log K = - AG£r 
2.303RT 

From the values for the standard state Gibbs Free Energies listed 
below: 

log K = -11.33 = -8.15 
1.30 

Therefore: 

log aca = -8.15- log aco3 

The saturation lines are then plotted by assuming an activity (or 
concentration) value for either Ca or co3 . 

The following values are used in calculating the change in Gibbs Free 
Energy (AG0 r) in the remaining reactions of the carbonate system: 

AG0 r (kcal) 

ca2+ -132.30 Parker et al. (1971) 
co 2- -126.17 Wagman et al. (1968) 
Mg~+ -108.70 Parker et al. (1971) 
CaC03 -269.80 Robie et al. (1978) 
CaMg(C03 ) 2 -517.98 Helgeson et al. (1978) 
MgC03 -245.66 Robie et al. (1978) 
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DOLOMITE: 

CaMg(C03)2 Ca2+ + Mg 2+ + 2C032-

aG0r = 24.64 

log K = -18.95 

log aca + log aMg = -18.95 - 2 log aco3 

Assume log aca • log aMg: 

2 log aca - -18.95 - 2 log aco3 

MAGNESITE: 

MgC03 = Mg2+ + co32-

aG0r = 10.79 

log K = -8.30 

log aMg • -8.30 - log a C03 

ARAGONITE: 

aGO == -8.50 r 

log K = -8.50 

log a Ca = -8.50 - log aco3 

SULFATE SYSTEM (Figure 20) 

The following values are used in calculating the Gibbs Free Energy for 
reactions in the sulfate system: 

AG0 r (kcal) 

ca2+ -132.30 Parker et al. (1971) 
so 2- -177.34 Wagman et al. (1968) 
Na~+ -62.59 CODATA (1976) 
H2o -56.69 CODATA (1976) 
Caso4 -315.89 Robie et al. (1978) 
caso4 x 2H2o -429.54 Robie et al. (1978) 
Na2so4 -303.50 Robie et al. (1978) 
Na2so4 x 10a2o -871.50 Robie et al. (1978) 
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ANHYDRITE: 

~G0 = 6.25 r 

log K = 04.80 

log aca = -4.80 - log aso4 

GYPSUM: 

caso4 x 2H2o = ca2+ + so4
2- + 2H2o 

~G0r = 6.52 

log K = -5.02 

log aca = -5.02 - log aso4 

THENARDITE: 

Na2S04 = 2Na+ + so42-

~G0r = 0.98 

log K = -0.75 

2 log aNa= -0.75- log aS04 

MIRABILITE: 

Na2S04 x 10 H20 = 2Na+ + S042- + 10H20 

~G0r = 2.08 

log K = -1.60 

2 log aNa = -1.60 - log aso4 
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CHLORIDES (Figure 21) 

The following values are used for Gibbs Free Energy in reactions of 
the chloride system: 

-62.59 
-31.38 
-67.51 
-91.83 
-97.65 

HALITE: 

NaCl = Na+ + Cl-

log K = 1.65 

log aNa = 1.65 - log acl 

SYLVITE: 

log K = 0.95 

log aK • 0.95 - log acl 

CODATA (1976) 
CODATA (1976) 
CODATA (1976) 
Robie et al. (1978) 
Robie et al. (1978) 
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