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ABSTRACT 

The South Saskatchewan Dam is impounding a reservoir in the 
valley of South Saskatchewan River, which will eventually be 140 miles long, 
with a depth of water at the dam of 187 feet. Piezometers were installed 
near Riverhurst, Sask., in 'three sandstone aquifers in the Upper Cretaceous 
formations underlying the reservoir, to determine l} the natural ground­
water movement; 2) aquifer parameters on which to base a prognosis for 
future changes in the groundwater regime that will result from filling of the 
reservoir; 3) the actual changes when they occur, during and after filling. 

Aquifer tests yielded hydraulic conductivity values between O. 1 
and 1.0 inch/hour; storage coefficients between 1x10-4 and 3.3 x 10- 5 ; 
barometric efficiency values ranging from about 20 to around 40 per cent. 
Discharge from these aquifers to the river was calculated to be 214 cubic 
feet per day per 100 feet l ength of the valley. The i ncreased surface-water 
head is expected to reduce this amount by up to 57 per cent. 

The hypothetical distribution of increases in total head for the 
three bedrock aquifers was determined through an electric analog model. 
The time needed to reach a new equilibrium (higher water levels in we lls in 
both surficial deposits and bedrock} will be fairly long for areas not imme­
diately adjacent to the reservoir. Additional reservoir effects may be 
water logging and increased soil salinity in some areas, improved moisture 
conditions in others. 
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THE INFLUENCE OF THE SOUTH SASKATCHEWAN 
RESERVOIR ON THE LOCAL GROUNDWATER R EGIME. 

PART I. A PROGNOSIS 

INTRODUCTION 

In their treatise "Geologie de s b ar r ag es et des amenage ments 
hydrauliques " G ignoux and Barbier (19 55) state o n p age 2 17: 

"The creation of a storage reservoir m ay result i n a n 
increase in the e l evation of the water table in the neigh ­
bouring area , both upstream and downstream from the 
dam. The increase in the watertable eleva tion may have 
important agricultural consequences, making the terrain 
too moist for some c rops, or e ve n inundating some areas; 
or converse ly , improving conditions in areas that w ere 
originally too d ry . Thi s is a frequent source of litigation. 
In order to determine the responsibility of the construc ­
tion agency it is often a dvantageous to carry out a series 

of watertable measurements before the start of con struc­
tion. Also, in the case of a reservoir with strongly 
fluctuating storage level, the influence of rapid variations 
on the watertable and on slope stability should be inves­
tigated. In that case it should be kept in mind that the 
ve locity of transmi ssion of such variations is much higher 
than the velocity of ordinary groundwate r flow; as a matter 
of fact we have to do here with the transmission of a 
'floodwave', a phenomenon that has been little studied 
sofar". 

The South Saskatchewan River Dam, under construction on the 
South Saskatchewan River between Elbow and Outlook, will impound a huge 
storage reservoir for irrigation and generation of electric power. A study 
was undertaken to determine the influence this reservoir will have on the 
groundwater regime in the reservoir area. 

This is essentially a "new" problem in hydrology i n the sense 
given to that term by Kazman (1 964), in that it is concerned with a n extensive 
man-made occurrence of hydrologic non-equilibrium. 

The p resent report h as five m ain sec tions. In the fi rs t section 
a short description of the physiographic setting and the geologic framework 
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for the problem under investigation is followed by a summary of the present 
groundwater regime in the reservoir area as a whole. 

The second section deals with the piezometer installation near 
Riverhurst, Sask. It describes the parameters pertinent to the present, 
undisturbed groundwater regime that were determined at Riverhurst (poten­
tial gradients, flow pattern, groundwater chemistry, grain size and permea­
bility, and discharge quantities} as well as additional parameters needed for 
an evaluation of the influence of the South Saskatchewan Reservoir (baro ­
metric efficiency and, de rived from that, the loading efficiency, coefficient 
of storage, and bulk modulus of compressibility of the bedrock aquifers }. 

The third section is a theoretical discussion of the influence of a 
storage reservoir on groundwater in unconfined and confined aquifers. 

In the fourth section these theoretical considerations are used to 
determine the boundary conditions for the case of the South Saskatchewan 
Reservoir. These boundary conditions are applied to an analog - model study 
aimed at a prognosis of the distribution of the reservoir 1s influence on the 
local groundwater regime. 

The final section reviews the changes to be expected as a result 

of flooding in the Riverhurst area, which will be checked against the progno­
sis by continued observations. 
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J. S. Scott of the Engineering and Groundwater Geology Secti on have great ly 
contributed to this study. 

Drilling and insta llation of piezometers for the project were 
carried out by Sedco Explo ration , Calgary , Alber t a ( 1962), Hall Drilling, 
C algary, A lberta (1 963), and Stewart Dri lling, Moose J aw , Saskatchewan 
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Physiography 

The area under study is outlined in Figure I. It lies partly in 
the Saskatchewan Plains and partly in the Alberta High Plains regions of the 
Great Plains physiogr a phic province (Acton et al., 1960). 

Uplands within the Alberta High Plains region are Great Sand 
Hills (elevations between 2, 200 and 2, 500 feet). The Coteau (eleva tions from 
2, OOO feet to over 2, 700 feet) a nd Vermilion Hills (ele vations from 2, OOO to 
2,500 feet). The last two are part of the southeast-trending The Missouri 
Coteau. The gently to strongly rolling topography of the se upland s is pro­
duced by hummocky moraine. 

Uplands of the Saskatchewan Plains region within the area of 
study are Hawarden Hills (1,950 to 2,050 feet}, and Allan Hills (2,000 to 
2, 250 feet). Hawarden Hills is a gently ro lling plain p roduced by undulating 
moraine; Allan Hills has a gently to strongly rolling topo graphy , caused by 
both undulating and hummocky moraine. A ll uplands mentioned reflect highs 
in the underlying bedrock topography , a lthough bedrock exposures do occur 
only on the west flank of The Coteau and in various places in the valley of 
South Saskatchewan River. 

The remainder of the area co nsists of the undulating to gently 
rolling surface of the Saskatchewan Plains, ranging in elevation from 1, 85 0 
to 2, OOO feet; and the Albe rta High Plains, with elevations up to 2, 300 feet. 

South Saskatchewan River, the m ain drainage featu re, enters the 
area near The Forks, at the Alberta - Saskatchewan border. From there it 
flows in a general eastward direction until it reaches the Vermilion Hills, 
where the direction changes to a general northw a rd one . The average gra ­
dient is about 1. 3 feet per mile in the upstream part; 1. 7 feet per mile 
through The Coteau, and 1. 2 feet per mile north of The Coteau. 

The dimensions of the valley vary from 2 miles wide and a maxi­
mum depth of 550 feet in The Coteau area, to 4 1/2 miles wide and 60 feet 
deep in the north of the area , near Dundurn . The ac tua l river channel is 
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generally close to 1/2 mile wide. It is filled completely only in the periods 
of maximum run-off, in late June and early July. At other times the river 
has the appearance of a br aided stream . 

Integrated drainage is lacking in large parts of the uplands. 
Great Sand Hills, Old Wives L ake area , and a part of The Coteau constitute 
interior drainage basins, without visib le surface run-off. Tributary d rain ­
age to South Saskatchewan River is scarce and intermittent, with the excep ­
tion of Swiftcurrent Creek. 

Beaver Creek drains the area betwee n H awarden H i lls a nd A lla n 
Hills, meandering north from its origin near Hawarden . It flow s through 
the Brightwater Marsh area and becomes tributary to South Saskatchewan 
River just north of the 52nd parallel, after flow ing th rou gh an extensive area 
of sand dunes. 

Eaglehill Creek, an unde rfit stream in a Pleistocene drainage 
channe l , drains the southern and eastern slopes of The Bear Hill s . It flows 
east and north from the vicinity of Rosetown, generally paralle l with South 
Saskatchewan River, and b ecomes tributary to North Saskatchewan River . 

Macdona ld and Stonyridge Creeks drain the l ow areas northwest 
of The Coteau. Both are underfit streams in Pleistocene drainage c h a nnel s . 
They empty in the swampy area around Goose Lake. 

Aiktow Creek enters South Saskatchewan River from the south ­
east, near Elbow. It drains the northeastern s lopes of the Vermilion Hills. 
A number of small creeks and coul ees, draining the southern s lopes of The 
Coteau, and the northern and northwester n slopes of the Vermilion Hills, 
enter South Saskatchewan River between A iktow Creek and Swiftcurrent 
Creek. Among these are Snakebite Creek (fr om The Coteau) and Cruikshank 
Coulee (from the Vermilion Hills). 

The only tributaries of any importance between Swiftcurrent 
Creek and Red Deer Forks are Antelope, Miry and Spring Creeks, joining 
South Saskatchewan River from the south near Cabri, Saskatchewan. 

Stratigraphy and Geo logy 

The surficial geology of Elbow map - area (NTS 72 0) has been 
described by Scott (1962). The g lacia l geo logy of the Swiftcurrent area 
(NTS 72 J/w est) was described by Christiansen (1959). 
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The Pleistocene and Recent deposits in the South Saskatchewan 
Reservoir area are underlain by shales, sandy shales, and sandstones 
belonging to the Uppe r Cretaceous Bearpaw and Belly River Formations. 
The scarcity of bedrock exposures, combined with the incidence of slumping 
and landsliding along much of the valley of South Saskatchewan River, makes 
correlation in the Cretaceous formations difficult. Additional information 
obtained from drilling and electrologging of testholes has proved to be 
extremely useful in this regard. 

Maddox has reported details on the artesian aquifers in the 
reservoir area , with emphasis on the Darmody-Riverhurst artesian area 
( 1932) and on the Beaver Creek artesian area ( 1933). 

Descriptions of bedrock stratigraphy of various parts of the area 
were given by Fraser et al. (1935) and Evans (1961). Information obtained 
from cores and electrologs from testho les near Beechy (SW corner sec. 27, 
tp. 21, rge. 9, W. 3) and Riverhurst (SW corner sec. 5, tp. 23, rge. 7, 
W. 3, andNWcornersec. 32, tp. 22, rge . 7, W. 3)waspublishedby 
Meyboom ( 1961). A bedrock topography and water probability map for the 
Elbow map-area (72 0) was published by the author (1965). 

The 850 to 900 feet of shales, sandy shales, and sandstones 
forming the Upper Cretaceous in the area between Saskatchewan Landing 
and Snakebite Creek were subdivided by Evans (1961) into five members. 
A generalized description of these in descending order is given below, while 
their correlation with the Beechy and Riverhurst testholes is shown in 

Figure 2. 

Vermilion Member - up to 250 feet of dark grey, si lty shale, containing 
two bentonite seams , 1 inch and 3 inches thick, at 6 feet and 
7 1/4 feet, respectively above the base of the member . Only 
about 30 feet of the Vermilion shales are exposed in Evans 1 

sections . 

Cruikshank Member - 40 feet of moderately well compacted sand, light 
brown in exposures. The upper contact is gradational through 
2 feet of sandy shale, the lower contact through about 10 feet of 
sandy shale. A nodule bed occurs about 12 feet below the top of 
the member. 

Snakebite Member - 250 feet of dark grey shales, with seams of bentonite, 
horizons of nodules and layers of calcite - aragonite. The lower 
55 feet are quite silty. Approximately 210 feet of this member 
were encountered in the testholes near Beechy and Riverhurst. 
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Ardkenneth Member 70 to 10 9 feet of fine to very fine, well-compacted 
sand. Light brown in outcrops, greenish grey in fresh drill­
cuttings. The lower 40 feet of this sand is cross bedded and con­
tains some scattered nodules and an ironstone laye r . The upper 
30 feet contain ironstone partings. A nodule bed occurs from 2 
to 3 feet below the top of the member, both in Evans ' section on 
the north bank of South Saskatchewan River in ranges 11 and 12, 
and in the River hurst testholes. The upper contact of the mem ­
ber is sharp, t he lower contac t is transitional through sandy 
shales. 

Beechy Member - the total thickness of this member is approximately 300 
feet. It is subdivided into three shale units and two sand unit s. 

Upper shale (5) - approximate ly 110 feet of dark grey, silty 
shale, containing a bentonite s earn of 3 inches, at about 7 feet 
above the base of the unit. The thickness in the Riverhurst 
section is about 65 feet. 

Upper sand (4) - 25 to 45 feet of fine to very fine, well­
indurated sand, with discontinuous ironstone partings. Light 
brown in outcrops, greenish grey in fresh drill-cuttings. The 
upper contact is sharp, the lower contact is transitional through 
10 to 15 feet of sandy shale. 

Middle shale (3) - 50 to 85 feet of dar k grey silty shales, con­
taining an abundance of selenite. 

Lower sand (2) 15 to 20 feet (and farther west up to 40 feet) 
of very fine, well -c ompacted 
feet below the upper contact. 
grey in fresh drill-cuttings. 
appear to be sharp. 

sand, with some nodules about 5 
Light brown in outcrops, greenish 

Both the upper and lower contacts 

Lower shale (1) 105 to 120 feet of dark grey shale in the 
Riverhurst section. Onl y about 25 feet of this unit is exposed in 
Evans 1 section. It seems to belong in part a l ready to the Belly 
River Formation, 

Belly River Formation - Approximately 50 feet of fine, greenish grey sand 
with partings of dark grey to black, hard shale were penetrated 
in the deepest holes in the Riverhur st section. This sandstone 
is probably the equivalent of the 60 feet of sand described by 
Fraser et al. ( 1935) from the upper part of the Rush Lake we ll , 
and attributed by them to the Belly River Formation. 

In the Rush L ake well this sand is underlain by 230 feet of shale 
and a further 80 feet of sandstone. 



- 7 -

Evans (1 96 1) has pointed out the diachronous nature of the sands 
in the Upper Cretaceous in this area . Farther west , near Gabri , the lower 
part of what Evans de scribed as Beechy Member of the Bearpaw Formation, 
is part of the Belly River -Oldma n F ormation. A s imilar diachronous t rend 
was demonstrated by Meyboom ( 196 1, Fig . 2) for the Ar dkenneth Membe r 
in the area between Darmody and Beaver Creek (see Fig . 1), based on 
information contained in Water Supply Papers o f th e Geological Survey (1 936). 

The main bedrock aquifer in the D armody artes i a n area corre­
lates with the Ardkenne th Membe r as described b y Evans ( 1961) . Its top is 
encountered a t elevations around 1, 500 f e et above s e a -level, and it is over ­
lain by up to 225 feet of shale, the equivalent o f Evans 1 Snakebite Member. 
South and w e st o f Darmody the sand s tone a qu ifer is found a t i n creasing l y 
higher elevations; the rate of rise varies from 5 to 12 feet pe r mile. The 
e l evation of the aquifer a t C haplin is 1, 71 0 feet above sea-level (M addox, 
193 2). Another sandstone aquife r is found 200 to 300 feet above the 
Ar dkenneth Member in this area, correlating with Evans 1 Cruiksha nk 
M ember farther west. 

North a nd northea s t of D a rmody the top of the Ar dkenneth 
Member is encounte re d at successively l ower e l evations (e . g . 1 ,350 feet 
a b ove sea-level in a well in SW 1/4, sec . 30, tp . 23, rge. 3, near the 
Qu 1Appelle dam site ) . Around Craik it seems t o merge with the underlying 
sands tone of the Beechy Member equivalent. Still far the r no r th, in the 
Beaver C reek artesian area , there a re two sep arate sandstone sequences 
again , the top o f the upper one h aving an e levation around 1, 500 fe et a b ove 
sea -leve l, whereas the t o p o f the lower one lie s at elevations around 1, 330 
feet above sea-level. The upper sandstone in thi s area is plainly the equi ­
v a lent of the Ar dkenneth Member, as designated by Eva ns, a ltho u gh in this 
area we are no longer de a ling with the B earpaw F orm ation but wi th the Belly 
R i ver F ormation (Fr aser et a l., 1935), 

The artesian aquifer encountered in drill - h o les at the site of the 
South Saskatchewan River Dam, and designa ted b y the P. F. R . A . staff as 
Be lly River aquife r , must a l so be equ ivalent to E vans 1 Ardkenneth Member . 
Its top lies at an elevatio n of approximately 1, 450 feet above sea-leve l (see 
Fig. 17). In that case the sandstone encountered at the dam site near eleva­
t ion 1, 700 fee t would be th e e quiva lent of Evans 1 Cruiksh ank Member. 

The sandstones described by Evans in his North Elbow section 
(SE 1/4, sec . 5, tp. 26 , rge . 6, W. 3) and south of the Outlook bridge (west 
bank in sec . 16 , tp . 29, rge . 8, W. 3) m u s t also be equivalent to the 
Cruikshank Member. In b oth locations they occur too low fo r simple corre ­
la tion. It is, h owever, apparent from th e examination of aerial photographs 
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that the outcrops in both locations are part of slumped blocks. Field measure­
ments at Outlook indicate an outcrop elevation of approximately 1, 650 feet 
above sea-level, which combined with probabl e slump subsidence of 80 feet 
wou ld indicate an original elevation of around 1 , 7 30 feet above sea-level. 

The stratigraphic information available indicates that the sand­
stones in the wes tern part of the area under study h ave a dip of 10 t o 12 feet 
pe.r mile in an east -northeaster ly direction; in the Darmody area they show a 
c o mparable dip to the north or northeast, whereas in the Beaver Creek ­
Hawarden Hills area a small dip t o the south or southeast is apparent. 

Depending on location and topographic elevation, each of the 
sand stone beds in turn may have a certain importance as the aquifer supply­
ing most domestic, municipal, and farm we lls. I nsofar as th e sandstones do 
occur below the future storage level of the South Saskatchewan Reservoir, 
they constitute potential avenues of leakage from the reservoir. Further 
reference to this aspect will be made in that part of this report dealing with 
the influence of the reservoir on groundwater. 

GENERAL GROUNDWATER REGIMEN 

Groundwater Potentials and Groundwater Movement 

Hubbert (19 53 , p. 1959 ) stated - " an e l ement of water at any 
point possesses energy with respect to its environment whic h, when referred 
to unit mass, we m ay speak of as its potential ~." 

The total fluid potential ~ is expressed as total hydraulic head 
(h ), defined as the sum of pressure head _P_ and elevation he ad z: 

h z + p 

Pg 

Pg 

( 1) 

where z e l evation of the p oint o f measu:t'ement above an arbitrary datum 
plane; 

p hydrostatic pressure at the point of measurement; 

p density of the fluid (vo lume per unit m ass ); 

g acceleration due to gravity. 

Losses in total hydraulic head from one point to another indicate energy con­
sumed in overcoming frictional resistance to flow. Kinetic energy is disre­
garded in the above equation because it is usually negligible in groundwater 
systems. 
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In a groundwater system total hydraulic head can be measured 
for any point P. In a tightly cased well, ending at that point P and open at 
the bottom only, total hydraulic head is the sum of the elevation of the bottom 
of the well, and the height to which the water will rise in that well. 

When tota l hydrau lic head is known in a sufficiently large number 
of points in a groundwater system, surfaces of equal hydraulic head at a 
particular time can be constructed to illustrate the variation of total head in 
th ree d imensions at that time. 

At the wa tertabl e where the flu id pressure is equal to the atmos­
pheric pressure that acts on t h e whole system, the term _ P_ is taken as 

Pg 
zero. Thus for any point on the watertable total hydraulic head is equal to 
th e e levation of that point above datum. Contour lines on the watertab le are 
thus lines of equal head , marking the intersection of s u rfaces of equal 
hydraulic head wi th the watertab l e . 

Steady - state flow of groundwater is governed by Darcy ' s law, 
expressed by Hubbert (1 953, p . 196 7) as 

_ P ' dh 
qz - - dz · · (2) 

for the case of vertical flow, where 

qz =flow vector in vertical direction; 

P' =permeability of the rock in vertical direction; 

dh 
dz = head gradient in vertical direction. 

The negative sign indicates that flow is in the direction of decreasing head. 

It follows that in a homogeneous - isotropic medium the lines of 
flow (flow vectors) are perpendicular to the surfaces of equal hydraulic head. 
In inhomogeneous and anisotropic media the situation is more complex, but 
a qualitative evaluation of the flow pattern can still be made on the basis of 
total - head data. 

In general, the earth provides an inhomogeneous and, to acer­
tain extent, anisotropic fr a mework for the flow of groundwater and other 
fluids. The flow system will tend to follow a route of least resistance 
through the framework, mainly by crossing beds of low permeability as 
nearly as possible at right angles to the bedding P,lanes, and travelling 
through the more permeable beds nearly parallel to the bedding planes over 
long distances. 
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In a flat-lying series of alternating shal es and sandstones, like 
the Upper Cretaceous in the area of the South Saskatchewan Reservoir, 
groundwater will have a decided tendency to flow nearly vertically throu gh 
the shales, and laterally through the sands tone beds, from the recharge 
areas to the stream valleys. The influence of a nis o tr opy will probably be 
slight because of the preferentia l di r ections of flow caused by the differences 
in permeability. Flow lines a nd lines of equal head will, therefore, be 
approximately perpendicular to one another within each bed; both are 
refracted more or less sharply at the contacts between permeable and le ss 
permeable beds. 

Topography in the reservoir area consists of a plain, w hich is 
roughly 200 to 250 feet above an incised river valley, and a number of 
uplands rising 150 to 600 feet above the plain. The r iver valley is filled to 
a depth of about 100 feet with unconsolidated deposits (gravel, sand, silt, 
clay, and till). It forms the main avenue of groundwater discharge. The 
groundwater may either enter th e stream and le ave the area as surface run­
off, or flow through the unconsolidated deposits as u nderflow. A part of the 
di scharge may be consumed by extensive vegetation on the flood-plain o f the 
river (evap.o - transpiration). The uplands and parts of the plain constitute 
the areas for recharge to the Upper Cretaceous aquifers; depressions and 
the valley s of inte r mittent creeks may ac t as further discharge areas for the 
aquifers. 

Thus the general pattern of the groundwater flow is downward 
under the uplands; horizontal and outwards from the uplands toward depre s -
sio ns and river va lleys; and upward under the va lleys. These 1local' circu ­
lation systems may be superposed on larger, regional systems, moving at 
greater depth and conditioned by topographic features of a higher order of 
magnitude. 

The difference between the recharge and d ischarge areas can be 
further demonst r ated by the performance of wells. Total hydraulic head 
dec reases with increasing depth in a recharge area, resulting in an increa­
sing dept h to water in cased we lls of inc reasing depth. Convers ely, in a 
discharge area total hydraulic head increases with depth, res ulting in a 
decre ase of depth to water in cased wells of increasing depth; even to the 
point wh ere a well may start flowing at the surface. Therefore deepening of 
an existing we ll in a recharge area will usually increase pumping lifts, 
whereas in a discharge area this procedure may decrease or even eliminate 
pumping lifts . 

Figure 1 s hows the app roximate pie zometric distribution for the 
Up pe r C r etaceous aquifers for the eastern part of the South Saskatchewan 
Reservoir area, ba sed on data collected by the Geological Survey of Canada 
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in 1935 and published in the form of Water Supply Papers. Most of the bed­
rock wells in the area tap the Ardkenneth Member (or its equivalent). Some 
wells, however, end in the Beechy Member (o r its equivalent) or even in the 
first sandstone of the Belly River Formation (see Figs. 2 and 6). Thus not 
all d a ta available on total hyd raulic head pertain to the same aquifer or to a 
plane of a fixed elevation. Besides, even the wells in the uppe r (Ardkenneth) 
aquifer do n ot all end at the same depth below the top of the aquifer. The 
errors caused by this are, h owever, lar ge ly restricted to the central part 
of the uplands and to the immediate vicinity of South Saskatchewan River. 
As few data are available in these par ticular places, and because no change 
in the piezometric contours was nece ssary for th e additio n of total- head 
measurements from recently drilled wells, it is felt that Figure 1 gives a 
good approximation of the pie zometric distribution for most of the area. 

The occurrence of groundwater dis c harge through bedrock 
aquifers towards the South Saskatchewan River valley indicated by the pie zo ­
metric distribution in Figu re 1 was demonstrated by the results of tritium 
analyses of South Saskatchewan River water, carried out by the Saskatch ewan 
Research Council 1. These res ults showed that grou ndw a ter contributio n to 
river flow occurs fairly uniformly a long the course of the r iver during the 
period from August to J a nu ary. They acco unt fo r up to 50 per cent of the 
mid- winter base -flow .. The groundwate r contributed is a pparently of good 
quality, w ith a chemical composition s u ggesting that it or iginate s in glacial 
d rift. The t ri tium content of these waters suggests, how ever , that they ar e 
generally o lde r th a n we ll- water samples of similar quality. A s urvey of 
m a j or artesian we ll wate rs in the p rovince revealed a uniform and consis­
tently l ow t ritium content fo r these waters. 

The lo n ger flow path to the river channe l may account for the 
higher a pparent age o f the di s charged water. On the other hand it may be 
as s umed th a t groundw a ter di sch arge is a lso de r ived from the artesian 
aquifers, wh ich would also account for the highe r age. Furthe r reference to 
the occurrence of groundwater di scharge from bedrock i s made in the des -
cription of the flow pattern for the Riverhurst pie zomete r installation. The 
general pie zometric distribution shown in Figure 1 forms the basis for the 
assumption made in the chapter o n manifestations of reservoir influence, 
that the ultimate potential gradients for the bed roc k aquifers will still be 
direc ted towards the South Saskatchewan valley (Reservo ir ) . 

1Saskatchewan Research Council, Annual Report 1963 , p. 19. 
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Hydrochemistry of the Upper Cretaceous Aquifers 

The small number of complete chemical analyses available fro1n 
bedrock aquifers in the area under study does not enable the construction of 
a detailed picture of the variations of ionic content. Ana lyses given in the 
Water Supply Papers of the Geological Survey of Canada enable the construc­
tion of a contour map for tot a l dissolved solids only for the northeastern 
part of the area, 

The contours for total dissolved solids shown in Figu re 1 in a 
general way confirm the flow directions indicated by the piezometric con­
tours, They indicate an increase from less than 2,000 to over 3,000 parts 
per million (ppm) from the topographic high of Allan Hills towards South 
Saskatchewan River. For the remainder of the area east and south of the 
river total dissolved solids usually range from 900 to 1, 600 ppm. In the 
southwest corner of the area concentrations of up to 3, 200 ppm have been 
recorded. 

Groundwater is generally of the sodium-sulphate type in the 
upper sandstone, and of the sodium-chloride type in the deeper sandstones. 
Waters from the deeper sandstones usually contain a higher concentration of 
total dissolved solids, In contrast, the waters from surficial deposits are 
mainly of the calcium and magnesium-carbonate or s ulphate type. The 
range of concentrations of total dissolved solids is quite large, from little 
over 500 to as much as 3, 500 ppm. The contrasting composition of the bed­
rock waters is regarded as the result of exchange of calcium and magnesium 
ions from the drift water for sodium ions from clays and shales. 

Details on the chemistry of waters from surficial deposits and 
bedrock in the Riverhurst area are discussed in the next chapter (the 
Riverhurst Piezometer Installation). They appear to fit very well in the 
general pattern described above. A tabulation of the chemical analyses 
from that area is presented in Appendix III. 

THE RIVERHURST PIEZOMETER INSTALLATION 

Introduction 

The piezometer installation near Riverhurst, Saskatchewan, 
described below, was designed to serve a dual purpose: (1) evaluation of the 
natural, undisturbed groundwater regime near the future South Saskatchewan 
Reservoir, and (2) assessment of the changes in the groundwater regime 
due to the creation of that reservoir. 
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Det errn.inatio n of the stratigraphy of the section, and pie zometr ic 
levels for the various aquifers enabled construction of a qualit a tive natura l 
flow pattern. Groundwate r chemistry was investigated to enab le detection 
of future changes, Grain-siz e analyses were made and permeability tests 
r un on some of the pi ezometer s to obtain permeability value s that enabled 
calculation of a pproximate amounts of grou n dwater discharge th rough the 
bedrock aquifers under natural condition s. 

In order to make a prognosis of future changes it is required to 
have a n unde rs ta nding of the additional a quife r parameters of loading e ffi ­
ciency, storage coefficient and bulk modulus of elasticit y that control the 
influence of a surf ace reservoir. Values fo r the barome tr ic efficiency (a nd 
the re lated loading effi ciency) reflect ing the reacti on of pressures in an 
aquife r to external lo adin g , were d etermined for the bedrock aquifers. They 
enabled calculation of the coefficients of storage for the aquifers, as well as 
values for the bulk modulus of compressibility of the aquifer skeleton. The 
l a tter are used in the chapter on the influence of the South Saskatchewan 
Reservoir to determine probable amounts of compaction of the aquifers 
under loading. 

In the Riverhurst ar ea the flat-lying Upper Cretaceous strata 
are overlain by unoxidi z ed (blue) till, the upper p a rt of which is commonly 
oxidized to a brown colour . On the east side of the valley some extensive 
beds or lerises- of coarse sand and gravel were encountered in the till. The 
thickness of these ranges up to 70 feet (location 4, Figs. 2, 3, and 6). On 
the west side of the valley only a few feet of surface sand and fine gravel 
are present. 

The central part of the valley is largely filled with till, containing 
some gravel lenses. The upper part of the valley fill consists of Recent 
alluvial sand, silt and some fine gravel. 

The depth to bedrock found in the valley is 120 feet in location 7 
and 148 feet in location 6, The slope of the bedrock surface from location 4 
to location 5 (see Fig. 6) indicates the existence of an old drainage channel 
in this area. 

Installation, Procedure and Measurements 

A total of 28 pie zometers in eight nests were installed in the 
Riverhurst-Lucky Lake area in the years 1962, 1963, and 1964 (see Fig. 3 
and Plate I). Nests 1, 2, a nd 3 are located on the west side of the valley, in 
a t riangular pattern; nests 4 and 5 on the east side of the valley; and nest s 
6 a nd 7 in the bott om of the valley, on a line at right angles to the general 
direction of the main section. 
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In a ll but nest 3, piezometers were placed in the d rift, in the 
sandstone of the Ardkenneth Member, in the upper sandstone (4) of the 
Beechy Member, and in the u ppe r sandstone o f the Belly River Fo rmation . 
Nest 3 contains only two piezometers, in the Ardkenneth Member and in the 
Belly River sandstone. Dis tances between a djacent pie zo meters in one nest 
range from 15 t o 30 feet. 

The pie zometers in glacial drift are installed in till in nests 1, 
2 , and 7; in grave l in nests 4 and 5; and in sand and grave l in nest 6. 

In each of the nests 2 and 4 two pie zometers were placed in the 
Ardkenneth Member, in order to p rovide a link between nests 1 and 5 with 
pie zometers near the top of the sandstone, and ne sts 6 and 7 with piezometers 
near t he base of the sandstone. In addition this arrangement afforded a 
check on possible vertical gradi e n ts within the Ardkenneth Member. 

The installation procedure for the piezometers is illustr ated in 
Figure 4. The piezometers were inst a lled in rotar y- drilled holes with a 
diame ter of 41/2 inches. They consist of 2-inch steel pipe in 2 0-foot lengths, 
with a 3-foot, number 10, s lotted sandpoint (except in 4A, having a 5-foot 
sandpoint, and 4B, having number 12 slots). Above the sandpoint a metal­
petal basket or rubber basket was mounted to support the cement seal. The 
cement was pumped down the annulus through plastic hose or 3/4 -inch stee l 
pipe. In some cases part of the drilling fluid was washed out of the annulus 
before placement of the cement. After the cement seal had properly set, the 
inside of the piezometer was washed out, again using eith er plastic h ose or 
3/4-inch stee l pipe. The pie zometers were developed either by swabbing or 
a i r-jetting . Some water samples for chemical analyses were ob tai ned a t 
this time. 

After p roper development most of the piezometers were left t o 
recover . Piezometers in nests 4 a nd 5 were filled with river water and the 
regression of the water -level to static leve l was recor ded. 

M easurements of depth to water in the pie zome ters are made 
with an electric tape at 2 to 4 week intervals. Positive head on flowing 
pie zometers in nests 6 and 7 was measured with standard pressure gauges. 
Additional details regarding depths, elevations, etc. are given in Appendix II. 

Sensitivity of Piezometers 

The -sensitivity of o pen pie zometers is a functi on of the diameter 
of the pipe and the permeability of the material in w hic h they are placed. 
Inside a 2-inch pie zo meter fluctuati ons of the water - level of the order of 
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6A 
Dc\'Cloping through 
a lternation of water 
jetti ng (5) and ai r 
je ttin g (GA) . 

or: 

l i X~I 
l\Iuddy circulation water 

_J,~ 
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Cement plug 
It /, 

3 . 
In many cases : Wash­

ing of hole and casing 
through cement line 
and c asing. Hole fi I led 
with muddy c ircul a ii on 
water . 

Swabbrng tAoot._ 

Co\ r.. 

I , 

I I 

GB 
Swabbing with 211 

swabbing tool . 
Circulation \\'atcr 
swabbed out , fonna­
ti on \\'ater pulled in. 
When swabbing tool 
leaves casing water 
plw1ges back, 
providing surging 
ac tion . 

D 
Clear ci r culati on water 

4 . 
Cemen t plug placed 
on basket. Cement 
lin e pulled out. 

.-well cap 

7 . 
Cement plug placed 
at top of casing (on 
crnpty cement bags ). 
Water level estab­
lishes itself usually 
within h\'O days . 

GSC 

D 
Formati on water 

Figure 4 . Installati on method of deep piezomctcrs R.0. vE. 
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1 foot are accompanied by groundwater inflow or outflow of the order of O. 15 
gallon, Thus, open piezometers may be subject to a time lag varyin g from 
less than a minute to several days. 

Hvorslev {1 95 1) sta ted that " as a measure of sensitivity, an 
equalization ratio of 0. 90 may be considered adequate for many pract i cal 
purposes and corresponds to a time lag equal to 2. 3 times the basic time­
l ag. An equalization ratio of O. 99 requires twice as long as 90 per cent 
equ a li zation". For our purpose we use the 90 per cent equalization time E90· 
In the section dealing with the pe rmeability of th e bedrock aquifers the basic 
time -lag method is used for the determination of permeability. The E90 
times were determined from semi - log plots of water-level recovery in the 
pie zometers after the water-leve l has been drawn down a few feet; the results 
were checked against the theoretical re lation E90 = 2. 3 T the basic time-lag 
in minutes. 

For piezometers in the Riverhurst installation the E90 values 
obtained range from 8 to 78 minutes (see Table II, column 4). A ll but one of 
the nine determinations gave values for E 90 smaller than 20 minutes. 

Further reference to the significance of these low equalization 
times will be made in the subsection de a ling with the barometric efficiency 
of the bedrock aquifers. 

Natu ra l Flow Pattern 

Figures 5 and 6 illustrate the groundwater flow pattern for the 
Riverhurst section under natural conditions. The lines of equal head in 
these two figures are based on measurements taken during the fall o f 1964. 
They demonstrate in a more deta iled way the movement of groundwater 
through bedrock from both sides towards the valley of South Saskatch ewan 
River described on a previous page and i llustrated in Figure 1. 

No appreciab l e seasonal variations in total head were recorded 
in any of the piezometers in bedrock since their installation. Apparently the 
groundwater regime in the bedrock aquifers is not affec ted to any significant 
extent by seasonal variations in precipitation and evapo-transpiration. 

Fluctuatio ns of nearly 6 feet were recorded in piezometer 6, in 
sand a nd gravel in the centre of the valley, as a direct result of the passing 
of the crest of the 1964 spring flood, 
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The head distribution in Figure 6 indicates that groundwater 
movement in the Cretaceous sandstones is directed toward the valley from 
both sides, along appreciable lateral gradients. The existence of longitud i ­
nal flow components (parallel to the river) is suggested by the configuration 
of the lines of equal head in Figure 5. The small head difference between 
piezometers 4A and 4A 1 , near the top and the base of the Ardkenneth 
Member, respectively, points to nearly horizontal movement of water in 
this part of the aquifer. 

In addition to the horizontal movement of groundwater in the 
sandstones and in the grave ls on the east side of the valley, vertical move­
ment of groundwater must take place in the till and shales, because of the 
vertical gradients, both upward and downward. The horizontal and vertical 
gradients in the bedrock between points of measurement in the section are 
summarized in Table I. Downward movement prevails in the till almost all 
the way down both flanks of the valley. Thus the actual discharge area is 
restricted to the valley bottom, between elevation 1, 710 on the west side 
and elevation 1, 775 on the east side. 

Table I 

Range of Hydraulic Gradients in Bedrock, in ft . /ft., 
Based on Measurements During Septembe r 1964 

Horizontal gradients! West side of valley East side of valley 

Ardkenneth Member 0.5 x 10-3 3 x io- 2 

Beechy Member 1. 0 x 10-3 5 x 10-3 

Belly River sandstone 1. 0 x 10-2 1. 3 x 10 - 2 

Vertical gradients Between sandstones Between pie zometer screens 

Ardk enneth to Beechy, 
east side of valley 1. 37 - 2.48 0.59 - o. 94 

Others o. 10 - o. 87 0.07 - 0 . 71 

lrn part based on Figure 6. 



- 20 -

On the west side of the valley the downward gradient persists 
through the Snakebite shale in the Ardkenneth sandstone. An upward gradient 
exists from the Belly River sandstone, through the shales and sandstones of 
the Beechy Member, to the sandstone of the Ardkenneth Member. The 
Ardkenneth Membe r thus will receive some water both from above and from 
below. 

Under the centr al p art of the valley a continuous upward gradient 
is found , from the Be lly River sandstone , through the Beechy and Ardkenneth 
Members and through the fi ll of the bedrock valley, to the water table. 

On the east s ide o f the valley a more complicated pattern was 
encountered . A downward gradient from the watertable, through till, a nd 
an upward gradient from the Ardkenneth Member indicate that the grave l 
b eds wi ll r eceive some wat er from both the overlying till a nd the unde r l ying 
bedrock. A second downward gradient, from the Ardkenneth Member, 
through the upper Beechy shale (5), and a second upward gradient from the 
Belly River sandstone through Beechy shale, show that the Beechy sandstone 
also receives water from both sides. 

The lowest potential s measured for the Beechy a nd Belly River 
sandstones in the section lie under the central part of the valley as expected. 
F or the Ardkenneth Member the lowest potentials were found under the 
wester n slope of the valley. The upper, more pe r meable part of the mem ­
be r has be en eroded unde r the central part of t he valley. These two fac t s, 
combined with the very high potentials in the membe r o n the east side sug­
ge s t a high resistance to movement of groundwater from the Ardkenneth 
Membe r through the valley fill on the east side of the valley. R eference to 
these piezometric le ve ls and to the natural flow pattern in general will be 
made in the part of this repo r t on manifestations of the influence of the South 
Saskatchewan Reservoir. 

Chemistryof Groundwater in the Riverhu rs t Area 

The chemical composition of groundwaters in the Riverhur st 
area was dete r mined to enable detection of p ossible future changes in chem ­

istry owing to the creation of th e S o u th Saskatchewan Reservoir . Samples 
of water for chemical analysis were collected from the piezometers and 
fro m farm and municipal wells in d r ift and b e dr ock around Riverhurst. 
Results of the analyses of these samples are give n in Appendix III. Semi ­
logarithmic plots of the results, expressed in milli - equivalents , are shown 
in Figure 7, A to D . 
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8.L----C---j' 
4 
3 

3 . Spring from gravel- till contact; t . d . s . , 1763 ppm 
4. Si1ty cl ay, dug otLt east of town; t . d. s . , 114 1 ppm 
5. Gravel, piezometer 5; t. d. s., 1942 ppm 
6. Gravel and sand, piezo:neter 6 ; t . d. s., 2(}65 ppm 
8. Gravel, new mwci pal well ; t. d. s . , 2380 pp:n 

Total disso"ved solids , parts per million . . . t . d. s. 

Ca Mg Na Cl 
Ions 

HC03 

GSC 

Figure 7 A. Chemistry log plots of waters from Quaternary deposits, Riverhurst area . 
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3. Piezometer 3A; t. d. s ., 1322 ppm 
4 . Piezometer 4A; t. d. s., 1635 ppm 
6. Piezome ter 6A; t. d. s., 1541 ppm 
8. Old municipal weil, Riverhurst ; t. d . s., 1622 ppm 
9. Farm well, two miles south of town; t. d. s., 1323 ppm 

10. Farm well, three miles s outh of town; t. d. s., 1388 ppm 

10 
9 
8 

0.06 c__--"-"-~~~~~~-'-~~~~~~--'~~~~~~~-'-~~~~~~l~OCL.~~~~~~--'-~--' 
Ca Mg Na 

Ions 
Cl S04 HC03 

GSC 

Figure 7B . Chemistry log plots of waters from the Ardkenneth sandstone, Riverhurst area. 
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1. Plezometer lB; t. d. s. , 2·29'9 ppm 
2. Plezometer 2B; 
4 . Plezometer 4B; 
S. Piezometer 6B; 
7. Piezometer '7B; 

I 

t. d. s., 22S8 ppm 
t. d. s., 2118 ppm 
t. d. s.' 2247 ppm 
t. d. s.' 2281 ppm 

I 
Total dissolved solids, parts per million ... t. d . s . 

Mg Na Cl 
Ions 

HC03 

GSC 
Figure 7C. Chemistry log plot of waters from the Beechy sandstone, Riverhurst area. 
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l. Ftezometer lC; t. u. s., 4065 ppm 
2. Ftezometer 2·c; t. d. s . , 42 11 ppm 
3 . Piezometer 3C; t.d. s., 3662 ppm 
4. Ftezometer 4C; t.d. s., 3661 ppm 
6 . P>ezometer 6C; t. d. s . • 4339 ppm 
7 . Ftezometer 7C; t. d. s., 4542 ppm 
8. Abandoned flowing well, R. I; t. d. s. ,4465 ppm 
9. Abandoned flowing well, R. II; t.d.s., 3871 ppm 

10. Abandoned flowing well, R. IV; t. d. s., 4928 ppm 

Total dissolved solids, parts per million ... t. d. s. 

Mg Na Cl 
Ions 

~ 

HC03 

GSC 

Figure 7D . Chemistry log plot of waters from the Belly River sandstone, Riverhurst area. 
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The amount of total dissolved solids (TDS, also indicated in 
Fig. 5) increases only slightly in the direction of flow in each of the aquifers 
in the restricted area investigated. In bedrock the amount of TDS shows a 
dis tine t increase with depth. 

For the drift the TDS concentration ranges from 1, 140 ppm in 
the dugout (see Fig. 3, W. 7) east of the town of Riverhurst, to 2, 380 ppm 
in the gravel at 140 feet depth in the new municipal well at Riverhurst {W 5). 
For the Ardke nneth Member concentrations lie around 1, 500 ppm, for the 
Beechy Member around 2, 200 ppm, and for the Belly River sandstone 
between 3, 600 and 4, 900 ppm. The upward movement of groundwater 
towards the gravel on the Riverhurst side, suggested by the head distribution 
on Figure 6 is supported by the unusually high concentration of total dis sol­
ved solids found in the gravel. 

Not only the concentrations of TDS but also the relative concen­
trations of each ion present in the waters from the various aquifers are 
different, as shown by Figure 7. For the samples obtained from surficial 
material the main characteristics are fairly high amounts of calc ium (Ca), 
magnesium (Mg), and sodium (Na), low chloride (Cl) values, and high sul­
phate values {S04 , over 10 milli-equivalents). 

Compared to this the samples from the Ardkenneth Member on 
the west side of the valley , as well as those from wells W 9 and W 10 on the 
east side, show an increase in sodium, a marked increase in chloride , and 
a decrease in calcium, magnesium, and sulphate, the latter to less than 
1. 0 milli-equivalent. Water from the Ardkenneth Member in piezometers 
4A and SA, and in the old town well in Riverhurst (W 6) has the same cal­
cium, magnesium, and sodium concentrations as the other Ardkenneth sam­
ples, but the chloride and sulphate concentrations lie . somewhere between the 
values for these ions in driftwater and in the other Ardkenneth water. The 
composition shown by samples 4, 5, and 8 in Figure 7A seems, however, to 
be normal for the Ardkenneth Member and its equivalent, farther east. A 
similar chemical composition was found by Meyboom (oral communication) 
for water from the first Upper Cretaceous aquifer in the Arm River area . 

Waters from the Beechy and Belly River aquifers in the 
Riverhurst area contain much larger amounts of sodium and chloride, up to 
70 milli-equivalents in the Belly River sandstone. Values for calcium and 
magnesium are generally somewhat higher, and for bicarbonate {HC03) 
somewhat lower in the Belly River than in the Ardkenneth. 

Ion ratios for waters from drift and bedrock in the Riverhurst 
area are given in Appendix III and summarized in Table II. The ratio 
Mg/Ca apparently cannot be used to distinguish the source of the water, pos­
sibly because the sampling method allowed escape of C02, which would 
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influence the ratio for ions remaining in so lution after filtering. The ratio 
Na/Mg+ Ca makes it possible to recognize drift water (ratio smaller than 
2. 0 ) from bedrock water (r atio larger than 2. O). The other three ratios, 
Cl/S04, Cl/HC03 and Na+ K/Cl enable a further distinction among waters 
from the three bedrock aquifers in the area. The first two ratios increase 
with depth, while the rati o Na+ K/Cl decreases, approaching unity in the 
water from the Belly River sandstone. 

Ratio 

Mg/Ca 

Na/Mg+ Ca 

Cl/S04 

Cl/HC03 

Na +K /Cl 

Table II 

Ranges of I on Ratios for Waters From Drift and 
Bedrock in the Riverhurst Area 

Drift Ardkenneth Beechy Belly River 

0.13 - 1. 59 0.025- 7.57 0.62- 2 . 8 0 0.36 - 13. 1 

0.29 - 1. 53 2 . 55 - 89 .2 25.0 - 52.0 14. 8 - 63 . 4 

0.021- 0.089 0.54 - 0.59 27 .4 -14 8.0 49.2 - 542 .0 

1. 09 -117.0 

0.071- 0.29 0.30 - 2.20 2.30- 2.65 5 . 86 - 23.8 

7.53 -23. 0 1.64 - 6. 10 1 .34 - 1.42 1. 00 1- 1. 14 

Grain - Size Analyse s and Permeability Tests of the 
Upp er Cretaceous Sandstones 

Grain-size analyses and permeability tests were made to obtain 
values for the permeability of the Upper Cretaceous sandstones . These 
enabled an approximation of the quantities of groundwate r enter ing the South 
Saskatchewan Valley through the bedrock aquifers. In addition the permea­
bility of the aquifers is one of the controlling factors for the influence of the 
future South Saskatchewan Reservoir on piezometric levels in these aquifers. 

Grain-size analyses were made from samples taken from the 
various sandstones in the Riverhurst section. The locations of the samples 
are indicated by numbers on Figure 2 corresponding with the numbers on 
Figure 8. The results of the analyses (see Fig. 8 ) place the Uppe r 
Cretaceous sandstones in the fine to very fine sand to silt groups of the U .S. 
Bureau of Soils classification. The amounts of silt and clay in the analyses 
may be somewhat too high, because of contamination with drilling fluid 
(generated by disintegration of s h ale ) . 
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Figure SA . Results of grain size analyses, Ardkenneth sandstone, Riverhurst area. 
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Figure SB . Results of grain size analyses, Beechy sandstone 4, Riverhurst area. 
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The result s for the Ardkenneth Member s h ow that the upper part 
of the member is coarser than the lower part. The six analyse s for the 
Beechy Member a ll fall within a fairly narrow zone , we ll insid e the range 
for the A rdkenne th Member. The three samples from th e Belly River sand­
s tone are coarser , but the y a l so f a ll insid e the rang e f or the Ardkenneth 
Member. It is c le ar that grain- size distribution can not be u sed to distin­
gui s h the various sandstone members. 

Determination of permeability values from the grain- s i ze dis tri ­
butio n by H azan 1s formula 

P = 0.0116 (d 10) 2 , in metres per second, where d 10 i s expressed 

in m i llimetres , was not possible, bec a u se in a ll cases d 6o /d 10 is larger 
than 5. 

Permeameter experiments by P. F. R. A. ( 1963) consistent ly 
yielded highe r permeability values than would be expected from the grain­
size distributio n. This is proba bly caused by the presence of abundant 
aggregates of fine particles, greenish in colour, found by microscopic exam­
ination o f untreated sandstone sample s . None o f these aggregat es was found 
in samples p reviously treated for grain- size analys i s . In the undisturbed 
s tate these agg regates would account for the higher permeability (by gi ving 
a larg e r effective grain size), whereas they wo uld disintegrate and add to 
the a mount of s ilt and clay- s i zed particles in the g rain- s i ze analysis . The 
mineral fo r ming the aggregates is g lauconite, belonging to the c hlorite 
gro up (Mey boom 1961, P. F. R. A., 1963). 

Permeability Tests 

Three types of field test were used for the determination of per­
me a bility or hydraulic conductivity of the Upper Cretaceous sands tones in 
the River hurst piezometers. 

The test used initially, car r ied out directly after installation of 
the piezome ters, consisted of filling the piezometer wi th water to the top o f 
the co llar and recording the d ro p of the water-leve l in the pipe till static 
conditions were reached. 

The result s of this test gave onl y a n approximation of the per­
meability values. Besides, the r iver-water used for filling was left in the 
piezo meters, whic h caused inaccurate measurements when automatic water­
l evel recorders equipped with an electronic attachment were later used on 



- 31 -

the s e piezometersl. The advantage o f the te s t was that it demonstrated the 
existence of a proper conn ection between the piezometer and the for m ation. 

The second type of test, a l so carr i ed out directly after installa­
tion , did have this same advantage, and only one r.>f th e earlier disadvantages, 
n a mely the unknown amount of wate r involved in the test. Air -jetting was 
used to pump the piezometers; the last water produced was preserved as a 
sampl e for chemical analysis . Recovery of th e wate r- level in the piezo­
mete rs was recorded from the moment air- j etting stopped. At the end of 
these tests the pie zometers contained only formation water. 

The third type of test was carried out some time after static 
water-level s had been established in the piezometers. The water - sampling 
outfit of the Groundwater Section (van Eve rdingen, 1965 ) was used as a bailer, 
to take a small amount of water out of the piezometer (2 to 3 litres). The 
original s tatic water level , the maximu m drawdown , and the residual draw ­
down at s hort intervals after bailing stopped, were recorded. 

Values for hydraulic condu ctivity were calculated from the test 
data by the basic time- l ag method, described in detail by Hvorslev (1951). 
Hvorslev (p. 43 ) stated : "The simplest express ion for the coefficient o f 
pe r meability is obtained by dete rmination of the bas i c time-lag, T, of the 
installation, and use of the equation 

A 
k =F. T ....•• . ...•...• . . (3) 

where k hydraulic conductivity (dimension L/T); 

A ar ea of standpipe (dimension L 2) ; 

F shape factor (dimension L); 

T basic time lag (dimens i o n T) " . 

Equations to calculate s h ape factors for various t ype s of observation instal­
lation are given in Hvors le v 's Figure 12. Assumptio n s are that the water ­

beari ng material is of uniform permeability (k is kme anl and infinite depth; 
that water and aquifer are incompressible; that ar te sian conditions prevail, 
or that the flow requi red for pressure equ alization d oes not cause any 

1NaC l had to be added to the water in these piezometers to increase the low 
electric conductivity to a l eve l where the Keck attachment could o pe rate 
s u ccess fully. 
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perceptibl e c h ange in the groundwater leve l. For t h e c ase of a 2 - inch s teel 
pipe with a 3 - foot long sandpoint in a confined sandstone aquifer, case 8 in 

Hvors lev ' s Figure 12 gives 

F = 2TT L 

ln~ +~1 + (i5)
2J ••••••.• (4) 

where L length of intake (sandpoint , dimension L); 

D = diameter of intake (dimension L ) . 

Basic time-lag T is determined, by means of a semi-logarithmic 
p lot of ti1ne versu s head, as the time T corresponding to h = 0 . 37h

0
, i.e. 

when the residual he ad has been reduced to 0.37 of its original value. 
Result s o f the calculations of permeability by the basic time- lag m e tho d are 
given in Tabl e III, c o lumn 2, Column 4 of the same tab l e shows the 9 0 pe r 
cent equ a lization time s obtained for these pie zo meters, giving a measure of 
their sensitiv ity. 

A second calculation procedu re, used as a check on the results, 
is the var i abl e - head method, in which Hvors lev (1 95 1, Fig. 18 , case 9) 
expressed h orizontal p ermeability kh as 

h l mL _ for __ 

h2 D 

in which D diamete r of intake (dimension L); 

>4 

d diamete r of standpipe (dim ens ion L); 

L l ength of intake (dimension L); 

h 1 piezometric head for t t 1 (dimensio n L); 

pie zometr ic head for t 2 (dimension L); 

=time, in seconds; 

• • • • ( 5) 

m = / kh/kv (equa l to or l arger than unity for the upper part of the 
sandstone a quifer s ); 

kh and kv = horizontal and vertica l permeability (dimension L/ T ). 

Results of the calcula tio n s by the variable-head method are given in Tab l e 

III, co lumn 3 . 
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Table III 

Hydraulic Conductivity of Confined Aquifers in the Area of the South 
Saskatchewan Reservoir and Equali z ation Time-Lag for 

Piezometers in the Riverhurst Area 

kmean( l} kh(2) 

Aquifer and Location inches/hour inches/hour 

Gravel 

Piezometer 4, Riverhurst 0.23 0.26 

Ardkenneth Sandstone 

Piezomete r 3A, Rive r hurst 0.38 -
II 4A, II 0.43 - 0.49 0.59 
II 5A, II 0.49 - 0.86 0.23 - 0,38 

Lore burn, SE 1/4, sec. 23 0.15-0.31 -
tp. 26, rge. 5. (3) 

Strongfield, NE 1/4, sec. 26, 0. 17 - 0. 65 -
tp. 27, rge. 5. (3) 

Hawarden, SW 1/4, sec. 26, 0. 36 - 1. 00 -
tp. 28, rge. 5. (3) 

Beechy Sandstone 

Pie zometer 2B, Riverhurst 0.61 -
Belly River Sandstone 

Piezometer 4C, Riverhurst 0.38 0.36 
II 5C, II 0.09 0.09 

(1) Determined by Hvorslev 1s basic time-lag method. 

(2) Determined by Hvorslev's variable-head method. 

E90• minutes 

9.6 

18.4 

9 - 12 
8 - 13 

-

-

-

11. 5 

18 
7.8 

(3) Determined from pump test results by the equation P = .! = 264 Q 
m m. L'ls 

Determinations of vertical permeability were carried out by the 
P.F.R.A. on undisturbed samples of the Ardkenneth equivalent, to assess 
the relation between the permeability and the quantity of fine material in the 
samples. Results suggested that for samples containing 20 per cent or less 
smaller than O. 07 millimet r e, the permeability of these sandstones is larger 
than O. 72 inch per hour; for samples containing 25 per cent material smaller 
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than 0.072 millimetre the permeability is of the order of 0.36 inch per hour; 
and for samples containing 30 per cent or more material smaller than 0. 07 
millime t re the permeability is smaller than 0. 036 inch per hour. 

Grain- size analyses by the P.F.R.A. revealed two distinct zones 
in the Ardkenneth equivalent at thedam s ite: the main water-bearing zone, 
with 10 to 25 per cent smaller than O. 07 millimet r e, and a transition zone 
with 30 to 45 per cent smaller than O. 07 millimetre. Permeabilities for 
th ese zones range from 6. 5 x lo - 5 to 6. 5 inches pe r hour. 

A pump test carried out on the artesian aquifer at the dam site by 
the P. F. R. A. yielded the following aquifer characteristics: 

Permeability 3. 6 inches per hour 

Storage coefficient 0.0003 

Results of pumping tests on municipal wells, tapping the Ardkenneth equiva­
lent at Loreburn, Strongfield, and Hawarden, were obtained through the 
Saskatchewan Water Resources Commission. Permeability values calculated 
from the test data and based on a thickness of the main water-bearing zone 
of 30 feet, are added to Table III for comparison. 

For the purpose of late r calculations the average permeability of 
the Upper Cretaceous aquifers involved in this study will be taken as O. 4 
inch per hour. 

Discharge Quantities 

Using the value of O. 4 inch per hour for the permeability 1k 1 of 
the sandstone aquifers, and the hydraulic gradients 11 1 given in Table I, it is 
possible to calculate approximate quantities of groundwater that flow into the 
valley of South Saskatchewan River in the Riverhur st section through each of 
the three aqu ifers, by the equation 

Q = k.I.m.L ••••••••••• . • (6) 

where L is taken as 100 feet, 

Thus for the Ardkenneth Member: 

-3) 6 QA = QA west+ QA east= O. 8 x (0. 5 x 10 x 0 x 100 + 

0 . 8 x (3.0 x 10 - 2 ) x 60 x 100 = 146.4 cuft./day. 
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Similarly for the two sandstones in the Beechy Member: 

and for the Belly River sandstone 

QB =29 . 4cuft./day 

QBR = 73. 6 cu ft. /day 

This gives a total inflow of groundwater through the bedrock aquifers in the 
Riverhurst area of 249,4 cu ft,/day/100 feet, or approximately 2.9 x 10- 5 

cubic feet per second per foot of valley. 

A part or all of the water entering the valley area will be dis -
charged to the river. The amounts of water that can move upward through 
the shale and the river fill under the 1, 200 feet wide river channel can be 
approximated by using the equation: 

k x(h -h )xl,200xl00 • •.. ..•. (7) 
A B 

where k is the vertical permeability of the s hale or river-fill; 

ms is the thickness of the shale or river - fill; 

QA~B is the amount of warer moving between sands A and B; 

hA and hB are pie zometric heads in these two sands under the 

river channel. 

In order to use this formula it is necessary to assume values for the per ­
meability of the shales and till. For the Beechy shales a value of 
k = O. 0025 ft. I day was taken; for the till in the bedrock valley a value of 
k = 0. 015 ft. /day was used. Values for the thickness of the shale s and the 
till were taken from the electrologs, and minimum piezometric heads in the 
aquifers were derived from Figures 5 and 6. They are s hown in Table IV, 
together with the calculated values for the amounts of horizontal and vertical 
flow. 

The discharge figures in Table IV would indicate that most of the 
water from the bedrock aquifers is being discharged into the surface stream; 
approximately 15 per cent may move downstream as "underflow" within the 
Ardkenneth Member . 
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Table IV 

Approxima te Quantities of Groundwater Discharge from Bedrock 
Aquifers in the South Saskatchewan Valley Near Riverhurst. 

Thickness Minimum head Quantities in cu 
ft. ft. ft. I day/ 100 ft. 

River 1690 

Till 55 QAR 214.0 

t .... 33.9 
Ardkenneth sandstone 60 1697 QA 246.4~ 

Upper Beechy shale 77 QBA 101. 5 
1. 0 

t .... 
Beechy sandstone 30 1729. 6 QB 29.4~ 

Lower Beechy shale 205 QCB 7 3. 1 

-· 0.5 
Be lly River sandstone 40 177 9. 4 QC 73.6~ 

t 

(3) 

(2) 

( 1) 

(1) O. 5 cu ft. /day/ 100 ft. moves downstream in the Belly River sandstone . 

(2) 73.1 + 29.4 - 101.5 
Beechy sandstone. 

(3) 101.5 + 146 .4 - 214.0 
Ardkenneth sands tone . 

1. 0 cu ft . /day/ 100 ft. moves downstream in the 

33 . 9 cu ft. /day/ 100 ft. moves downstream i n the 

Barometric and Loadi ng Effi c iency 

Both the barometric efficiency and the loading efficiency reflect 
the influence of changes in external loading on pie zometric levels in a con ­
fined aquifer (e.g . the load applied by a full surface water re servoir). 
Determination of one of these characteristics further enab les calculation of 
the coefficient of storage and the modulus of compressibility of the aquifer. 

Barometric efficiency 

Water-levels in wells in a confined aquifer are affected by fluc­
tuations in atmospheric pressure. Jacob (1950) argued that these fluctua­
tions are an index of the e l astic properties of the aquifer . At the we ll the 



- 37 -

water is subjected to the full change in atmospheric pressure, whereas in 
the aquifer a part of the pressure change is accommodated by a change in the 
state of stress of the solid aquifer skeleton. Thus an increase in barometric 
pressure causes a decline of the water- level in the we ll and a decrease of 
the barometric pressure causes a rise of the water -level. The ratio between 
the net change in the water-level and the net change in barometric pressure, 
both expressed in the same units, is known as the barometric efficiency {BE) 
of the aquifer, given by: 

.•••••.• •••• ( 8) 

where Sw net change in water-level, in feet; 

sb net change in barometric pressure, in feet of water. 

Measurements for the determination of barometric efficiency should be taken 
during a period when no pumping from the aquifer takes place nearby. 

Barometric efficiency i s a function of the bulk-modulus of com­
pressibility of the so lid skeleton of the aquifer (a); the bulk-modulus of com­
pressibility of the water (S); and the porosity of the aquifer (8): 

BE=----- {Jacob, 1950) ••••••..• (9) 
1 +a/Se 

This relation is used later in this report to derive v alues for a from the 
known value s of barometric efficiency, in o rder to enable calculation of prob­
able a mount s o f aquifer compaction to be expected as a result of flooding o f 
the South Saskatchewan Reservoir. 

Dur ing the summer of 1964 automatic water-lev el recorders 
(Stevens Type -F) were installed o n some of the pie z omete r s in the Riverhurst 
section. Keck SD - 62A reco r der attachments 1 were used to adapt the 
r eco r ders for operation on the 2-inch diameter well pipes. Recorders were 
left on the piezometers for periods ranging from 2 to 5 weeks. The records 
are on a 1:1 v e r tical scale, with a time scale in which 1 inch equals 24 hours 
(8-day chart). 

At the same time a record of barometric pressures was made 
with a recording barometer, installed in the Survey trailer near location 6 
(see Fig. 3). The inverse graphs of the original barograph records , con­
verted to feet of water, are shown in Figure 9, A to D, together with the 
piezometer hydro graphs. 

1Manufactured by W. G. Keck and Associates, Inc., East Lansing, 
Michigan, U,S.A. 
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Figure 9 suggests that the s urficial g ravels (pie zometer 5) have 
a ver y high barometric efficiency, followed in de creasing order by the Belly 
River sandstone (pie zomete rs lC, ZC, 3C, and 5C ); the Beechy sand s tone 
(piezom eter ZB); and the Ardkenneth s and stone (piezometers 4A and 5A). 
Apar t from BE, Figure 9 presents a nice demonstration of the concept o f lag­
time (descr ibed o n a previous page). It can be seen that the changes in 
atmospheric pressure are compensated in the pie zometers in a very short 
time , giving the impression, on the time-scale of Figure 9 that the response 
is nearly instantaneous. 

All maj or fluctuations in water -level, as well as some of the 
smaller ones , were plotted in Figure 10, A to D, against the corresponding 
changes in barometric p ressure , both expressed in feet of water. For each 
of the piezometers the straight line through the origin (y = ex) that best fitted 
the available points, was calculated by the least-squares method, u sing the 
equation: 

c = xy for the coefficient c . • • , • , , , • , • ( 13) 
~ 

where x barometric fluctuation, the independ ent variable; 

and y = ~ter-level fluctuation, the dependent variable; 

while Ss = L (y - cx) 2 , the sum of squares , should be a minimum for the 

best fit line, The best fit lines and the values for c ( = BE) obtained in this 
way are shown in Figure 10, A to D, The narrow spread of the observed 
points around the line of best fit is a further indication of the great sensiti v ­
ity of the pie z omete r installations. Figure 10 shows that piezometers ter­
minating in the Belly River sandstone are somewhat less sensitive than those 
terminating in the Ardkenneth sandstone, a fact that could be expected 
already from the E90 va lues mentioned in the section on sensitivity of the 
pie zometers and shown in Table III. 

Fo r later calculations the values for barometric efficiency (BE) 
shown in Table V will be u sed, 

Loa ding efficiency 

Water -lev els in wells may also be affected by fluctuations in the 
level of an adjacent surface-water body , becau se of a load ing effect, or 
be cause of hyd r aulic connec tion be tween the aquifer and the s u rface w ater'. 
A load applied at the surface will be transmitted partly to the water in the 
aquifer. Thus a rise in the stage of the s urface water produce s a rise in the 
piezometric leve l, a drop in the surface stage produces a d r op in the 
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pie zometric level. The ratio of the net change in piezometric leve l and the 
net change in surface stage is called tidal or loading efficiency (LE ) in the 
case of a confined aquifer without hydraulic connection to the surface water. 

Loading efficiency can be calculated from one of the two fo llow­

in g equations: 

LE 
s 

( 10) w . . 
St 

where Sw net change in water -leve l in the well , in feet; 

St net c h ange in the level of the surface water , in feet; 

or LE 
1 + et/ S e 

et / s e (J acob, 1950) . ... ....... (11) 

A comparison of equations (9) and ( 11) s h ows that loading effi ciency and 
barometric effic iency are related by the equation 

LE + BE = 1 ..........•....... ( 12) 

which thus enab l es the calcul ation of loading efficiency from a known baro­
metric efficiency. The loading efficiency is used in the nex t two sections to 
evaluate the i nfluence of a storage reservoir (S outh Saskatc hewan Reservoir) 
on confined aquife rs with out hydraulic connection t o the reservoir. 

Coefficient of S to rage 

The distribution, in time and space , of th e influence of a surface 
reservoir on piezometric l eve l s in confine d aqui fers in hydraulic connection 
with th at reservoir is a function of the permeabilit y and the coeffici e nt of 
storage of the aquifers . Values for t h e permeability of the Upper Cretaceous 
aquifers in the Riverhurst area were der ived earli er from t es t results. It 

is possib l e to de r i ve approxima te value s for the coeffic ient of storage f or 
the bedrock aquifers, o n ce the barometric efficiency is known. 

Ac co r ding to J acob (1 950) the storage coefficient Sand the bar o ­
metr ic e fficiency BE of a confine d aquifer are re lated by the equation 

s = ( y
0 

x e x m x S) 1 
B""E 

( 14) 
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where y
0 

specific weight of water (O. 0361 lb/ cu inch); 

8 =porosity of the aquifer, expressed as a fraction; 

13 =bulk modulus of compressibility of water (3. 3 x 10-6); 

m= thickness of the aquifer, in feet. 

It was assumed that values for the porosity of the bedrock aquifers would 
range between 20 and 25 per cent. Values for m for the three bedrock 
aquifers under study were derived from the available electrologs: 
Ardkenneth aquifer 60 feet; Beechy aquifer 30 feet; and the Belly River 
aquifer 40 feet. 

Using these values, and the values for barometric efficiency 
from the foregoing section, we find for the Ardkenneth aquifer: 

SA= 3.61 x 10- 2 x 0.2 x 7.2 x 10 2 x 3.3 x lo- 6 x (_l_) 
0.19 

9. 02 x 10- 5 for a porosity of 20 per cent, and 

SA = l. 13 x 10- 4 for a porosity of 25 per cent. 

Similarly for the Beechy aquifer (BE = 26 per cent, 8 = 20-25 per cent, 
m = 30 feet): 

SB = 3 • 3 0 x 10 - 5 to 4 . 13 x 10 - 5 . 

Finally, for the Belly River aquifer (BE 39 per cent, 8 20-25 per cent, 
m = 40 feet) we find: 

-5 66 -5 SBR = 2. 92 x 10 to 3. x 10 

For further calculations, averages of t he se values will be used as shown in 
Table V. 

The values found here for the Ardkenneth aquifer are a factor 4 
to 5 times smaller than the value for S determined from a pumptest by 
P.F.R.A. (1963; S = 3 x 10-4). It is po ss ible that the bulk modulus of 
compressibility (a) would be larger for the case of the pumptest, during 
which a new and considerably higher stress range was induced in place of 
the original one over which stress had fluctuated many times (under the 
influence of changes in barometric pressure). Jacob (1950) argued that 
differences between the coefficient of storage as determined from tidal or 
barometric efficiency and that derived from results of a pumptest in the 
same formation are caused by the imperfect elasticity of confined sands. 
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Bulk Modulus of Compressibility 

For a later evaluation of the importance of aquifer compaction 
(due to loading by the South Saskatchewan Reservoir) it is necessary to 
determine the bulk modulus of comp ress ibility of the aquifer ske leto n of the 
bedrock aquifers. It is possible to calculate the bulk modulus of compressi­
bility from the value s of barometric efficiency. Equ ation (9) can be written 
for this pur pose as: 

CY= (1- BE) .e.e ............ .. (1 5) 
BE 

Using the values for BE and 8 from Table IV we find for the Ardkenn eth 
aquifer: 

0. 81 x ( 0. 2 to 0. 2 5) x 3 . 3 x 10- 6 

o. 19 

to 3. 5 1 x 10- 6 sq. in/ lb. 

For the Beechy aquifer w e find 

z. 81 x 10- 6 sq. in/lb. 

a B = 1. 88 x 10-6 to z. 35 x lo-6 sq. in/lb. 

For the Belly River aquife r : 

CYBR = 1. 03 x 10 - 6 to 1. 29 x 10-6 sq. in/lb. 

The averages of these values for a are shown in Table V, and will be used 
later in this report to calculate the amounts of aquifer compaction to be 
expected near Riverhur s t and near the dam site as a result of reservoir 
flooding. 

INFLUENCE OF A SURFACE-WA TER RESERVOIR ON 
GROUNDWATER MOVEMENT 

General 

Every natural or artificial change in the stage of a surface -water 
body inevitably will have an effect on the movement of groundwater in the 
aquifers adjacent to that water body. A familiar effect of such a change in 
stage is bank-storage, occurring in river valleys at times of high water. 
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Table V 

Average Aquifer Characteristics for Bedrock 
Aquifers in the River hurst Area 

Characteristic Ardkenneth Beechy Belly River 

Thickness, ft, 60 30 40 

Porosity, % 20-25 20-25 20-25 

Permeability, in/hr 0,4 0.4 0.4 

Coeff. of storage 1 x 10 
-4 

3. 7 x 10- 5 
3. 3 x 10- 5 

Discharge, cu ft. /day 
per 100 feet 146,4 29,4 73,6 

BE, % 19 26 39 

LE, % 81 74 61 

O!, sq. in/lb. 3,2 x lo- 6 2. 1 x 10- 6 1. 2 x 10- 6 

Chemistry of water 

Max. T.D.S,, in 

p.p.m. 1,635 2,300 4,542 

Ratio Cl/HC03 0.3 -2,2 2.3 -2.7 5.9 -23. 8 

Ratio Na + K/Cl 6.10-1.64 1.42-1. 34 1. 14-1. 00 1 

In each case the type and magnitude of the effect depend on the 
relation between the aquifers and the surface-water body, and on the magni­
tude of the original change in stage. The principal types of effect are those 
for watertable aquifers, confined aquifers in direct hydraulic connection 
with the surface-water body, and confined aquifers not in direct hydraulic 
connection with the surface-water body. 

Various authors have treated the case of influence of a change in 
stage on the elevation of the water-table theoretically (Abramov et al., 1960; 
Abutaliev et al., 1962; Reed and Bedinger, 1961, 1962), Others have 
recorded changes in watertab le elevation as a function of spring flood 
(Cady, 1941), or the filling of a reservoir (Trainer and Salvas, 1962), The 
case of a confined aquifer in direct hydraulic connection with a river was 
treated theoretically by Abramov et al. (1960). and Jacob (1950), and 
demonstrated on the basis of actual observations by Trainer and Salvas 
(1962), Following is a brief summary of these studies. 
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Wa,tertable Case 

Reed and Bedinger ( 1961) considered the shape and position of 
the watertable to be the sum of two components: ( 1) the boundary compo­
nent, and (2) the accretion component. The boundary component is deter­
mined by the stream stage and the areal shape of the aquifer, the accretion 
component by the vertical gain or loss of the aquifer and by its areal shape. 
The houndary component may be obtained by electric-analog methods. The 
accretion component is then obtained by subtracting the boundary componen t 
from the known configu ration of the watertable. A change of stream stage 
will resu lt in a new boundary component that can again b e determined by 
e lectr i c - a n a log method. The resultant new position of the watertable is 
derived by adding the new boundary component to the accretion component . 

An alternative procedure was given by Reed and Bedinger in 
1962 . At many reservoir sites the change in stream stage i s near ly linear 
with di stance upstream from the dam site, and it extends from the dam to 
the ups t ream end of the pool. Farther upstream, as well as downst ream 
fro m the dam, the ch ange in average stage is considered to be zero . 

The change in h ead ( li h) in a semi- infinite a quifer du e to a change 
of head F(y) along the stream is given by: 

li h =.l 
TT 

- co 

+ co 
xF(z )dz •••••••• • •• ( 16) 

where y =di stance a long the stream; 

x distance normal to the stream; 

(x 0, y = 0) = the loc a tion of the dam; 

z variable of integration. 

Boundary co nditions along the reservoir (x = 0) are: 

a nd 

where H 

L 

F(y) 0, O>y>L, or the change in head along the channel 
upstream from the pool and downstream 
from the dam is zero ; 

F(y) = H - Hy , 0 <y<L, 
L 

change in stream stage at the dam; 

length of the reservoir. 
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The solution of the integral given by Reed and Bedinger for these boundary 
conditions is shown graphically in Figure 11. It is worthwhile to note that 
some rise in watertable elevation occurs on both sides of the river, both 
upstream and downstream from the reservoir. Estimates of head changes, 
based on this procedure, wi ll be in error if applied to the area near a mean­
dering stream. Therefore Reed and Bedinger (1962) proposed use of an 
electric-analog model to estimate head changes near the stream, in conjunc­
tion wi th the integral solution app lied to the remainder of the affected area. 

A butaliev et al. ( 1962) developed an electronic -computer pro­
gram, based on the equation of Boussinesq that governs non- s teady uni ­
di r ectional flow in a n aquife r: 

with: 

where 

dh = k 
dt 26 

o2h ....•.•.••••.. (17) 
o;;L 

h = f(x) at t = 0; 

h <li 1(t) at x O; 

h g;2 (t) at x L; 

h groundwater level, dimension L; 

k =filtration coefficient or hydraulic conductivity, 
dimen sion L/T; 

e =fillable porosity, expressed as a fraction; 

time; 

L length of section, dimension L. 

F or a u seful application of such a program detailed data on k and 8 are 
needed. 

An exhaustive treatment of the cas e of aquifers in hydraulic 
connection with the reservoir was given by Abramov et al. (1962). The 
main prin ciples demonstrated by them are the following. All changes that 
occur in the groundwater regime as a result of a change in stage of a 
surface - water body obey the laws governing potential fields. The ultimate 
equ i librium position of the watertable (being an average position between 
seasonal extremes) depends on the amounts of precipitation, evaporation, 
and transpiration, as we ll as on the magnitude of the change in stage and the 
characteristics of the aquifers affected. If the average annual values for the 
first three factors remain constant then the ultimate effect will be a function 
of aquifer transmissibility and magnitude of change-in-stage. 
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Variations in permeability and saturated thickness of the aquifers 
modify the effect. In areas of lower transmissibility the lines of equal 
secondary head {or effect) tend to lie closer together than in areas of higher 
transmi ssibility, other conditions being the same, The percentage distribu­
tion of the effect is independent of the magnitude of the change in stage. 
Poros ity or coefficient of storage of the aquifers affects the time required 
for the establishment of a new equilibrium, but not the spacial distribution 
of the influence. The time factor is further dependent on the rate of the 
change in stage. The rise of the watertable is limited by topographic e leva­
tion, If the water table comes too close to the surface, further rise is pre­
vented by an increase in evaporation and transpiration, and possibly by sur­
face run-off. 

The increase in the elevation of the watertable in the area adja­
cent to a surface reservoir is caused in part by infiltration of water from 
the reservoir, in a zone of 'reversed flow', and in part by obstruction of 
discharge. The part that is supplied by infiltration from the reservoir is 
indicated in Figure 12 by a broken line. 

The point of minimum elevation of the watertable {hmin) at any 
time {O<t <oo) marks the limit of the zone of reversed flow. At first hmin 
moves away from the edge of the reservoir; it approaches the reservoir 
again for t -+ oo. 

When the level in a surface reservoir drops rapidly after a 
prolonged high stage, a groundwater ridge is left behind near the edge of the 
reservoir, This phenomenon is an important factor in the occurrence of 
landslides after a rapid drawdown in a surface reservoir. The theoretical 
position of the watertable a short time after the reservoir level dropped to 
Hz, is indicated by curve 2 in Figure 13. The original zone of reversed 
flow is cut off and water is flowing from the ridge in both directions. 

These principles can be illustrated with the case of Flathead 
Lake, Montana (Cady, 1941; see Fig . 14), The situation on June 11 {high 
surface stage) demonstrates the presence of a zone of reversed flow. On 
August 7, when the level in the lake had fallen to near its original position, 
a groundwater ridge was found a short distance from the shore of the lake, 
On October 15 the watertable had returned to near its normal winter level. 

In general, the relative magnitude of the effect of a s u rface 
reservoir o n the watertable decreases in a direction perpendicular to the 
reservoir. The rate of decrease is smallest in the case of a semi-infinite 
aquifer, as demonstrated in Figure 15a. The area of influence is usually 
limited by the presence of hydraulic boundaries {drainage channels, imper­
meable formations) at various distances from the reservoir. This is illus ­
trated in Figure 15b, for the case where no surface recharge to the aquifer 
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takes place. Figures 15c and 15d demonstrate the effect when recharge 
(w>O) or discharge (w < O) affect the aquifer between the surface reservoir 
and the constant-head boundary. F or the area of the South Saskatchewan 
Reservoir the situations of either Figure 15b or Figure 15 c will be applic­
able. 

Figure 15c further demonstrates that the groundwater divide in 
the recharge area will shift toward s the reservoir, and that the elevation of 
the watertable at the divide will increase with increasing reservoir level, 
subject to the limitations imposed by topographic elevations. 

C onfined Case 

For confined aquifers, whether they are in hydraulic connection 
with the reservoir or not, both the character of the influence of a surface 
reservoir, as we ll as the boundary conditions differ from those for the 
watertable case . 

The influence will be a functio n of the permeability (k ) and the 
storage coefficient (s) of the a quifer if a h ydraulic connection exists between 
aquifer and surface water ; and a function of the loading efficiency of the 
aquifer if no such hydraulic connection is present. 

In the latter case the head increase under th e reservo i r can be 
calculated from the head of water in the reservoir, H, and the loading effi ­
ciency LE: 

llh = H x LE .••• • •.• ( 18) 

The distribution of the pressure effect in the aquifer at some distance from 
the reservoir depends on the areal boundaries and the physical properties 
of the aquifer. 

The maximum effect llhmax (= Hmax x LE) occurs at the dam 
site ; the minimum effect llh = 0 at the tai l end of the reservoir. The influ­
ence dec reases with distance upst ream from the dam, assuming that LE is 
constant for the whole aquifer. The dam does not constitute a boundary for 
the effect , which means that some effect may be found in the aquifer below 
the valley downstream from the dam. The effect also dec rease s with dis­
tance perpendicular to the reservoir, at a rate depending on the aquifer 
characteristics. If the a quifer o utc rops in an adj a cent surface-drainage 
channel, that channel will be a boundary of the character llh = 0 for the 
loading effect. 
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Figure 14 . Variations in water - table elevation with stage, 
Flathead Lake, Montana (from Cady, 1941) 
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Hz 

a. Constant recharge from large distance 

b. Constant head at distance L. Surface recharge W = 0 

W>O W< O 

2. 

c. Surface recharge W > 0 d. Surface recharge W < O 

GSC 

Figure 15. Basic types of boundary conditions for groundwater movement in a free 
aquifer ne ar a reservoir (after Abramov et al, 1960) 
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The loading effect should be practically instantaneous, because 
no movement of water is implied (Jacob, 1939). The effect will be dissipated 
with time, at a rate depending on the aquifer parameters of transmissibility 
and storage. Some compaction of the aquifer will accompany the dissipation 
of the loading effect. 

If, however, a confined aquifer has some form of hydraulic con­
nection with the river (reservoir ), then the loading effect on pie zometric 
levels will be replaced by a 'river effect'. The relative magnitude of the 
effect will then depend on the head-loss through the alluvial material or 
'leaky' confining beds (which may be described as the 'river efficiency'). 

The same principle applies to all cases where confined aquifers 
outcrop in a river valley below future storage level, There the river effi­
ciency will be 100 per cent, and the maximum effect at the outcrop is equal 
to the difference in elevation between the aquifer outcrop and the future stor­
age level. If the aquifer is covered by slumping or by glacial drift the 
river efficiency will have a value smaller than 100 per cent. 

Decrease or increase of the river effect in a direction parallel 
to the reservoir will depend on the behaviour of the aquifer outcrop in rela­
tion to the storage level. If the aquife r outcrop is horizontal the effect along 
the reservoir will have a constant value. If the aquifer has a certain dip 
parallel to the reservoir, then the effect will tend to increase in the direction 
of dip. 

The magnitude of the effect decreases with distance perpendicular 
to the reservoir, following the principles described for the true confined 
case. The effect, however, will not be dissipated with time. 

Groundwater divides in a confined aquifer in hydraulic connection 
with the reservoir will tend to shift towards the reservoir and the piezomet­
ric head at the new divide will be somewhat higher than it was at the original 
divide. 

Trainer and Salvas ( 1962) described the influence of Lake St. 
Lawrence, St. Lawrence county, N, Y., on water in a bedrock aquifer in 
hydraulic connection with the lake, through unconsolidated deposits. The 
full reservoir rise of 80 feet produced a rise in water-levels in the unconso­
lidated deposits ranging from 3 to 32 feet in about three months. In bedrock 
wells the rise ranged from 20 feet near the reservoir to 5 feet at a distance 
of about 3 miles. The piezometric contours for the area indicated a zone of 
reversed flow near the reservoir. The original movement of groundwater 
was towards the river; after filling of the reservoir, water moved from the 
reservoir into bedrock towards Grass River, approximately 2 miles south of 
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the reservoir. A rise in piezometric level was even registered in two wells 
beyond Grass River, demonstrating that the influence on the pressure in a 
confined aquifer is not limited by adjacent surface-drainage channels. In a 
topographic low 1. 5 miles south of the reservoir three wells in bedrock 
started flowing as a result of filling of the reservoir (Trainer and Salvas, 
Fig. 14, p. 50). The aquifer types, their relation to the reservoir and the 
types of reservoir influence, as described above, are summarized in 
Table VI. 

T a ble VI 

Summary of the Various Types of Reservoir Influence. 

1. Aquifer unconfined 

2. Aquifer confined, 
but in hydraulic connection 
with the river. 

3. Aquifer confined, 
no hydraulic connection 
with the river. 

Permanent effect due to infiltration of 
water from the reservoi r, and obstruc­
tion of discharge from the aquifer. 
Limited by the presence of surface­
drainage channels, and by topographic 
elevations. 

Permanent effect due to movement of 
water between the reservoir and the 
aquifer. May be partly due to loading 
initially. Not limited by surface ­
drainag e channels, unless aquifer out­
crops in such channel. (River effi­

ciency RE= 0 to 100 per cent.) 

Tempo r ary effect due to loading of the 
aquifer. Not limited by surface­
drainage channels, unless aquifer out­
crops. Effect is dissipated with time. 
Compaction of the aquifer. (Loading 
efficiency LE = 0 - 100 per cent.) 

THE SOUTH SASKATCHEWAN RIVER PROJECT 

General Description 

The South Saskatchewan River Dam, a rolled-earth fill under 
construction at Cutbank, 18 miles upstream fr o m Outlook, Saskatchewan, 
will impound a reservoir 140 miles long, in the valley of South Saskatchewan 
River, with an arm extending into the valley of Aiktow Creek. The projected 
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full-storage level for the r eservoir is 1, 827 feet above sea-level, with a 
maximum depth of water at the main dam of 187 feet. The two main purposes 
of the reservoir are supply of irrigation water and generation of power. 

A second, smaller dam will be constructed at the head of the 
valley of Qu 1Appelle River, approximately 12 miles southeast of Elbow, 
S a skatchewan. This dam is located near the divide between Aiktow Creek 
and Qu 1Appelle River; it will control diversion of water from the South 
Saskatchewan Reservoir into the Qu 1Appelle River system, supplying water 
to the cities of Moose Jaw and Regina. At full storage level the depth of 
water at the Qu 1Appelle dam will be appro ximately 70 feet. Additional pro­
ject statistics are given in Appendix IV. 

Boundary Conditions Governing the Influence of the South 
Saskatchewan Reservoir o n the Groundwater Regime 

Referring to Table VI the following classification can be made 
for aquifers in the area of the South Saskatchewan Reservoir. 

(1) Unco nsolidated (glacial and alluvial) deposits form the watertable or 
unconfined aquifers of type 1. 

(2) Other unconsolidated deposits (e. g. the- gravel tapped in the Riverhurst 
town well) form confined aquifers of type 2, that will have hydraulic 
connection with the future reservoir. 

(3) The Ardkenneth, Beechy, and Belly River sandstones are confined aqui­
fers, in part w ith hydraulic connection to the reservoir (type 2), in part 
with only a loading efficiency (type 3). 

Unconfined Aquifers 

The future influence of the South Saskatchewan Reservoir on 
watertable elevations in the surrounding area will be subject to the following 
boundary conditions. The maximum effect {lilimax> will occur at the dam site 
owing to the maximum rise in reservoir level Hmax = 187 feet. The effect 

will decrease from l'lhmax to l'lh = 0 along the valley upstream from the dam, 

at a rate depending on the rise in elevation of the river channel. All perma­
nent and semi -permanent surface-drainage channels including the river 
upstream from the reservoir and downstream from the dam, are boundaries 
of the type l'lh = O. These boundary conditions have been applied to a second­
ary flow-fie ld model, described in a later section of this report. 

Boundaries, caused by the inhomogeneous nature of the g lacial 
and alluvial deposits, have been disregarded in thi s first approximation of 
the reservoir influence. 
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Bedrock Aquifers 

Both the thickness and the hydraulic conductivity of the Upper 
Cretaceous sandstones are fairly constant over large parts of the reservoir 
area. The picture is, however, somewhat complicated by the dip of the 
aquifers, deduced from the available drill-hole and outcrop data. 

Figure 16 demonstrates that each of the sandstones in turn dips 
from elevations near present river level, or even above full reservoir level, 
to e levations be low the base of the bedrock valley. Actual outc raps of the 
aquifers are few, because of the extensive slumping that has occurred along 
the va lley of South Saskatchewan River. Some of the outcrops found at pre­
sent are part of slump blocks and have no longer any connection with the 
sandstone beds themselves. Glacial and alluvial deposits cover other poten­
tial outcrops, or 1subcrops 1 • 

Even if the 1subcrops 1 of an aquifer are covered by glacial till or 
by shale (through slumping), hydraulic connection with the reservoir is 
still possible. Loss of circulation encountered in drill-holes located in land­
slide topography near Riverhurst indicated that open fracture s must exist, 
at least in the s lump blocks, both in till and shale (Scott, 1964, personal 
communication). 

Hydraulic connection between the reservoir and the aquifers also 
exists where the aquifers are cut by the bedrock channel of the river, 
although the intervening fill of the bedrock valley will reduce the efficiency 
of the connection. 

Onl y approximate indications can be given for the reaches of the 
South Saskatchewan Reservoir where any of the sandstones occur (a) between 
future storage level and present river leve l; (b} between present river level 
and the base of the bedrock valley; and (c} below the base of the bedrock 
valley (see Table VII). 

The indications are based on the assumption of an approximate 
average dip of the sandstone beds of 10 - 12 feet per mile to the east­
northeast in the area between Saskatchewan Landing and Elbow, and a very 
slight dip to the south between Elbow and Outlook. 

Uncertainty is caused by local irregularities in the sandstone 
beds, especially in the Elbow area, as we ll as by lack of data on the depth of 
the bedrock valley. The future storage level and the approximate present 
river level at each of the available stratigraphic sections are indicated in 
Figure 16 . The depth of the bedrock valley is indicated for the sections at 
Riverhurst and the dam site. A few miles upstream from Elbow the base of 
the bedrock valley lies approximately 1, 485 feet above sea-level. 
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The influence of the reservoir on pressures in the bedrock aqui­
fers will have the character of a river effect in the reaches unde r (a) and 
(b) of Table VII, and the characte r of an initial loading effect and a later 
river effect in the reaches unde r (c). 

Boundary conditions can be described in general te r ms as follows. 
F or the reaches under (a) in Table VII the effect ll h = 0 lies at the point 
where the aquifers rise above the futur e s torag e level in the valley. The 
effect tends to increase downstream, because the dip of the aquifers will 
bring them farther be low the full storage level in that direction. The increase 
will be irregular, as a result of the varying degree of river efficiency. 

In the reaches under (b) the effect will probably be fair ly con­
stant in value, as the increasing head-loss through an increasing thickness of 
overburden will tend to compensate for the effect of greater reservo i r depth. 

In the reaches under (c) the initial (loading) effect will probably 
be dissipated as fast as it occurs, if filling of the reservoir proceeds at a 
fairly low rate . The magnitude of the ultimate river effect in these reaches 
will probablydecrease fairly rapidlydownstream because the rive r efficiency 
will decrease rapidly as the thickness of intervening shale increases, even 
though there wi ll be an increase in reservoir depth .in this direction. 

The maximum effect in the case of the Ardkenneth Member may 
occur anywhere between the dam and the upstream end o f reach (c) ; for the 
Beechy and Belly River sandstones it wi ll probably be found near the 
upstream end of the reaches (c) for these aquifers. The boundary conditions 
mentioned have been applied to a series of electric-analog models described 
in a later section of this report. 

Compaction of the Bedrock Aquifers 

As the initial loading effect on piezometric levels in the reaches 
shown under (c ) in Table VII is dissipated, a certain amount of compaction 

· of the aquifer s will result from the (permanent) increase in load applied on 
the aquifer skeleton by the reservoir water. The coefficient of compress­
ibility calculated for the three main aquifers in the foregoing section (see 
Table V), can be used to arrive at an estimate of the amount of compaction 
of the aquifers that will result from the application of a permanent load of 
187 feet of water at the dam site, and 135 feet of water at Riverhurst . 

The coefficient of compressibility can be expressed as 

et = unit strain = e 
unit stress s 

•..•• ( 19) 
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where unit strain can be written as 

l>.m 
E: =-- ••.••••••• (20) 

n1 

if m is the thickness of the aquifer and l>.m the compaction, or reduction in 
thickness. 

Thus combining equations ( 19) and (20) the amount of compaction can be 
derived from 

l>.m mxE: mxaxs •••••.••..• (21) 

The unit stress from the reservoir load for the Ardkenneth 
aquifer atRiverhurst, sA' equals 109 feet of water , or 47.3 lb./sq. in.; 
for the Beechy aquifer sB is approximately 100 feet of water, or 43. 2 lb. /sq. 
in.; for the Belly River aquifer sBR is about 82 feet of water, or 35. 6 

lb. /sq. in. 

Using these values for sand the value s form and a from Table 
V, we find for the amount of compaction of the Ardkenneth aquifer: 

l>.mA = 60 x 12 x 3.2 x 10 - 6 x 47.3 = 0.109 inch. 

Similarly for the Beechy aquifer: 

l>. mB = 30 x 12 x 2. 1 x 10 -
6 

x 43. 2 O. 0326 inch. 

and for the Be lly River aquifer: 

!>. m = 40 x 12 x 1. 2 x 10 - 6 x 3 5 • 6 
BR 

O. 0205 inch. 

For the Ardkenneth equivalent at the dam site the compaction, based on an 
assumed aquifer thickness m = 30 feet, a bulk modulus of compression 
Cl' = 2.5 x 10- 6 , and a stress increases equal to 57.6 lb./ sq. in. (131 feet 
of water ) is l'l mA(d) = O. 0510 inch. Values for sand l>.m are listed in 
Table VIII. 

The reduction in permeability and porosity resulting from com ­
paction by the reservoir load is thus negligible. 
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Model Study 

Assumptions , secondary flow field, infinite model 

A model study was carried out to obtain a first approximation 
of the magnitude and distr ibution of the potential influence of the South 
Saskatchewan Reservoir on the groundwater regime. The models used 
were electric-analogs of the continuous -solid-conductor type, using 
Teledeltos paper with a resistivity of approximately 2,000 ohms per square. 

The assumptions inherent in the u se of this type of model are: 

1. Groundwater flow is steady-state flow in two dimensions. 

2. Changes in watertable e levation due to accretion are not a functio n of 
time. 

3. The coefficient of t ransmissibi lity of the aquifer is constant, both in 
time and space. 

4. Hydrologic boundaries are well define d. 

For the type of model used the assumptions are fairly well 
satisfied by the bedrock aquifers unde r study . In the case of the effect on 
the watertable, however, any change in the position of the watertable 
changes the saturated thickness of the aquifer and thus the transmis sibility. 
We may only disregard this effect if the thickness involved is small com­
pared to the thickness of the aquifer. A further error is introduced by dis ­
regarding the variable character of the Pleistocene and recent deposits. On 
the other hand ins ufficient data are available to warrant the use of a more 
accurate (but more complicated) resistor-capacitor network that would 
represent the variations in transmissibility. 

The models were set up as secondary-flow-field models. In 
such a model the changes i n boundary conditions in the fie ld (d rawdown in a 
drainage channe l; increase in reservoir l evel) form the boundary conditions 
for the mode l, The distribution of the secondary-potential field obtained 
with the model is then added to the original watertable elevations or piezo­
metric leve l s in th e case of a reservoir rise, or subtracted in the case of a 
d rainage channel. 

Figure 17 A shows the p otential distribution o btained with a sim ­
ple Teledeltos paper model for the influence of a straight surface reservo i r 
on th e e levatio n s of the a dj acent water tab le. The edges of the mode l pape r 
act as impermeable bo undar ie s ; second ary flow is parallel to these 
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boundaries, and the equipotential lines terminate at r ight angles to the edges. 
This is in marked contrast with the numerical solution given by Reed and 
Bedinger ( 1962), shown graphically in Figure 11. 

In order to eliminate the influence of the arbitrary model -
boundaries a conformal transformation used by de Jong (1962, see van 
Everding en and Bhattacharyya, 1963, p. 17) was applied. A point P outside 
a circle of radius R, at a distance r from the centre of the circle can, 
through conformal transformation, be represented by a point P 1 , inside the 
circle, at a distance r ' from the centre, such that 

(22) 

The transformation of the area outside the main model (a) is represented by 
the second model part (b) in Figure l 7B. The two parts were interconnected 
at points along their edges, spaced approximately 2 1/2 inches apart in this 
example. A comparison of Figures 17 A and l 7B shows that this procedure 
compresses the potential field and at the same time largely eliminates the 
influence of the arbitrary (impermeable) boundaries, 

Instrumentation and arrangement of models 

The following instruments 
Servomex field plotte r Type FP-92 (C 
source and as measuring instrument. 
was an ordinary 2H lead pencil, 

were used for the models. A 
in Figure 18), served both as power 
The probe used with the field plotter 

A potential divider (D in Figure 18), for the supply of fixed poten­
tials to the various potential e lectrodes on the mode ls, was made up of a 
bank of 40 selected 1/2-watt resistors of 2. 7 ohms each (tolerance 5%), pro­
viding potential steps of 2 1/2 per cent each. The total resistance of the 
divider was 108 ohms, at least 10 times smaller than the resistance of the 
model. Wires from the potential divider to the model were arranged over a 
horizontal bar, suspended about 15 inches above the model. This eliminated 
much of the confusion of wires and facilitated easy access for measuring to 
all parts of the model. 

The main model (A in Figure 18) was mounted on a sheet of 
3/4 -inch plywood of 19 by 26 inches, supported on four 8-inch long posts, 
The second model part (B in Figure 18) was attached to a piece of heavy 
cardboard below the platform that carried the main model. Interconnecting 
wires were draped over the edges of the platform; this arrangement made 
assembly of the model easy and prevented confusion, 
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Figure 17. Influence of a storage reservoir on grom1dwater levels in an 
GSC aquifer that is in hydraulic c onnection with the river 
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C onne ctions to both p arts were m a d e e asier by l e a v ing small 
str ips of the p a p er (app roximat e l y 1/8 i nch} pro t r uding fro m the e d ge s at the 
connec t in g po ints . T h es e s t r ips were pain ted w i t h s ilv e r paint. The tw o 
m o d e l p a rt s wer e fas tened to platfo rm and cardboard, re spective ly, by 
ordina ry s te e l pins d r iven throu gh the pro t r uding s trips . A small amount of 
silve r paint w a s the n a pplied to the base of t h e pins to ens u r e good contact 
be twe en the p ins a nd the paper . Wi res were attached to the pins by minia ­
ture alli gato r clips. 

Fo r the m odels of the South Saskatchewan Res e rvo ir the spacing 
of the inter connecting points was 1 inc h fo r m os t o f the a r e a and 1 1/2 to 2 
inches for the narrow er we s ter n part of the m o d e l (small dashes along the 
edg e s of Figu r es 19 and 20). In the w a te rtable c ase the surface-water 
cour ses (zero elec t ro de s } fr om the m a i n m o d e l (C) continue on the second 
model part (D), also a s z er o e lect r odes. Elec trodes on the main mode l 
were made of thin copper wi r e embedded in s ilv er paint; those on the second 
model part were made from o r dinary s taples e mbedded in silve r paint. 

Watertable case 

F o r the watertable case, th e river downstream from the dam and 
upstream from the tail end of the reservdr is represented by a z ero - per­
cent potential electrode, because no change in water level e levatio n will 
take place there. The same applies fo r all o th er surface - wate r channels in 
the area. Dams are cut out of th e pape r , becaus e they form impermeable 
boundaries. 

On the upstream side of the main dam, whe r e the maximum rise 
of water level will take place, a one-hundred per cent electrode is located. 
Between this and the zero-per-cent electrode at the upstream end a number 
of electrodes with decreasing potentials are arranged to represent the 
decreasing rise in water level with distance from the main dam. Steps in 
potential between adjoining electrodes are 2 1/2 per cent, corresponding to a 
decrease in reservoir head of 4. 625 feet. Steps in potential along the 
Qu 1Appelle arm of the reservoir are larger, because of the steeper slope of 
the reservoir bottom. 

The distribution of the effect on watertable elevations, obtained 
with the electric-analog model, is i llustrated in Figure 19 . Each step of 
10 per cent effect represents approximately 10 feet potential increase in 
watertable elevation at the time full equilibr ium is reached, based on a 
maximum increase of 100 feet at the edge of the r eservoir near the dam. 
This is regarded as a more reasonable figure than the 187 feet increase that 
will take place over the centr al channel at the dam site. 
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Figu re 18. Electric - analog model , South Saskatchewan Reservoi r 
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The actual increases at any given point will probably be less than 
those indicated by Figure 19, because of variations in the transmissibility of 
the water-bearing deposits; increase in evapo-transpiration where the water­
table comes near the surface; and insufficient elevation to accommodate the 
indicated rise in watertable. On the other hand the indicated effect may be 
exceeded in irrigation areas, due to seepage from irrigation canals and infil­
tration from irrigated fields (recharge w > O). The time needed for the estab­

lishment of full equilibrium will probably be long, in view of the low per­
meability of much of the material involved. 

Confined cases 

For the confined aquifers in hydraulic connection with the reser­
voir (Ardkenneth Member, the sandstones in the Beechy Member, and the 
Belly River sands tone), separate models were run to evaluate the di stribution 
of the reservoir influence on piezometric levels . Another model was set up 
to investigate the theoretical distribution of the loading effect in a confined 
aquifer without hydraulic connection to the reservoir. The latte r model has 
little practical value, because the loading effect will probably be dissipated 
as fast as the load is applied. No model was made for the Cruikshank 
Member, because its hydraulic characteristics and its relation to r iver and 
reservoir levels are almost completely unknown. 

In the models for the reservoir effect due to hydraulic connec­
tion, equipotential electrodes were applied along the reaches (a) and (b) 
(Table VII) where outcrops and 1subcrops 1 of the aquifer are assumed to lie 
between full storage level and the base of the bedrock valley. The magni­
tude of the electric potentials applied to these electrodes was based on the 
future depth of water over the aquifers, which implied the assumption of a 
constant river efficiency fo r both reaches. Zero-potential electrodes were 
applied a long the upstream part of South Saskatchewan River where the 
aquifers lie above full storage level ( ll h = 0) . No direct influence was 
as s umed for the reache s (c). 

A conformal transformation of the area outside the main m odel 
was again u sed to avoid distortion of the potential field by the arbitr ary boun­
dar ies of the model paper. Apart from the interconnecting wires between the 
two model parts, the only electrodes on the transformed par t were those 
representing continuation of the aquifer outcrops (or ' subcrops ') above full 
storage level. 

The assumption of homogeneity, implied in the use of this type 
of electric-analog model, is probably better satisfied in the case of the bed ­
rock aquifer s than in the watertable case. Variations in transmissibility. 
appear to be les s sudden than in the glacial and alluvial deposits that form 
the watertable aquifers. On the other hand there is a t r end of decreasing 
permeability and thickness of the sandstones from west or southwest towards 
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east or northeast. Thus the lines of equal influence determined from the 
models, shown in Figure 20A to D, presumably lie somewhat too close 
together in the western part of the area, and somewhat too far apart in the 
eastern part. 

The models assume that there is no connection between the aqui­
fers. Figure 20 represents the distribution of reservoir influence at the 
time when full equilibrium has been reached. A fair amount of time will be 
needed to establish such equilibrium, because of the low transmissibility of 
the aquifers involved, although nearly instantaneous response of piezometric 
levels is to be expected in the immediate vicinity of the reservoir. The 
actual increases in pie z ometric levels will be less than those indicated on 
Figure 20, because the efficiency of the hydraulic connection between aquifers 
and reservoir will be smaller than 100 per cent almost everywhere . 

No attempt was made, at this stage in the investigation, to deter­
mine the probable time required for the establishment of a new equilibrium 
based on the presence of a full South Saskatchewan Reservoir. 

In the first place the time factor depends on the rate of filling 
of the reservoir, which in turn is a function of: 

( 1) the discharge of the South Saskatchewan River ente r ing the reservoir 
reach, unknown as far as the filling period is concerned; 

(2) the geometry of the reservoir, i.e. the slope of the reservoir bottom, 
and the irregular shape and size of the valley cross - section; and 

(3) the maximum storage level that can be safely maintained at any one 
time during the early stages, when construction of the dam is not yet 
completed. 

In the second place the time factor depends on the rate of response of the 
aquifer (to a given change in stage), which in turn is a function of: 

(1) the hydraulic conductivity of the aquifers; 

(2) the coefficient of storage for the aquifers; 

(3) the thickness o f the aquifers; and 

(4) the magnitude of the natural discharge through the aqui fers towards 
the rive r va lley (o r r echarge fro m the river to the aquifers ), because 
this factor c o ntr o ls the relative quantity of w ate r to be supplied from 
the reservoir for the increased groundwater storage under the new 
equilibrium conditions. 
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The potential field in a semi-infinite confined aquifer under non­
equilibrium conditions, like those created by the South Saskatchewan 
Reservoir, is described by the differential equation: 

2 2 2 
o h +o h+Oh T dh 

s dt (23 ) 

If we select a reach of the reservoir over wh ich a virtually constant change 
in stage may be expected, then we can restrict our attention to changes in 
pie zometric head in a p l a ne a t right ang les to the axis of th e reservoir. In 
that case oh is con stant for a constant x and z , and e quation (23) becomes: 

oy 

T. dh 
s dt 

..•. .•. . •• .• (24) 

We may further assume tha t the aquife r is ho rizo ntal a nd of res t r icted thick ­
ness m, and that oh is constant , within the aquifer, for x= constant. Equa­
tion (24) is then fJifthe r s implified to: 

T. dh 
s dt .• •.••• .•• (25) 

In principle it would be p ossible to obtain a solution for (25) when 
the change in stage in the surface water has a simple re lation to time (e.g. 
instant rise; sinu soidal increase) , fo r this would give a simple expression 
for dh at x= O (se e for example Jacob, 1950). It is felt, however, that it 

dt 
would be more rewarding not to introduce all the restrictions imposed by the 
simplifying assumptions, but instead to attempt a more generally valid solu­
tion of equation (23). A study is being made at present to dete rmine the 
feasibi lity of such a general solution . 

MANIFESTATIONS OF RESERVOIR INFLUENCE 

Watertable 

The predicted increase in watertable elevations may be benefi ­
cial in areas where the water table at present is to o far below the surface, 
by creating better m ois ture conditions and by redu cing pumping lifts in 
watertable wells. The influence may be harmful, on the other hand, in 
areas near the reservoir where the watertable is already close to the sur­
face unde r natural conditions. The se areas may become inte rmittently or 
permanently water-log ged , whic h would make them uns uitable as farmland; 
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soil salinity may increase through increased evaporation from a shallow 

watertable. One area that could be affected in this way is the NE-SW run­
ning depression southeast of Riverhurst. As the bedrock aquifers are the 
main object of this study, no observation wells were installed to determine 
actual changes in watertable elevation. 

A certain amount of reservoir water will be 1lost 1 during the 
filling stage of reservoir operation, because non-saturated material in the 
zone of reversed flow is being saturated by infiltration from the reservoir. 
Once equilibrium has been reached the lo ss will stop, and discharge of 
groundwater into the rese rvoir wi ll start again. The anticipated shifting of 
groundwater divides towards the reservoir, however, will reduce the amount 
of groundwater discharged into the reservo i r reach of the river. 

The area between Riverhurst and the river valley can serve to 

illustrate this point. Unde r natural conditions the watertable slopes from 
around elevation 1, 940 feet above sea- level in Riverhurst to near elevation 
1, 690 at the river, a drop of 250 feet, Once the reservoir is filled the water­
table at the edge of the reservoir will be at elevation 1, 825, while at 
Riverhurstthe watertable cannot go hi.gher than elevation 1,959, the present 
ground elevation, The future head loss will thus be only 134 feet. The dis­
tance over which the drop in watertable occurs will be reduced by about 20 
per cent. The gradient of the watertable betw een Riverhurst and open 
water in the South Saskatchewan Valley would thus be reduced by nearly 35 
per cent. The corresponding reduction in discharge to the reservoir would 
not be quite as large as this, because the increased saturated thickness of 
the watertable aquifers creates a larger transmissibility. 

After flooding of the reservoir area the losses by evapo­
transpiration from present vegetation in the valley will cease, at least until 
the time new vegetation has started along the new shore-line. The beneficial 
effect on the water budget of the area will largely be cancelled out by the 
increased evaporation that will result from the larger open-water surface of 
the reservoir and the higher elevation of the water surface. 

Confined Aquifers in Drift 

The piezometers in till and gravel in the Riverhurst area will 
give an opportunity to observe the influence of the reservoir on confined 
aquifers in drift. Piezometer 4, in grave l on the east side of the valley at 
elevation 1, 791 feet above sea-level, is dry at present. Piezometer 5 and 
the new town-well (W5) at Riverhurst tap the same grave l, with static levels 
of 1, 792 feet and 1, 901 feet above sea-level, respective ly (see Figures 3 and 
6). As piezometer 4 is situated close to the top of the gravels, a certain 
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rise in the water-level in the aquifer will presumably have to take place 
before water enters this piezometer. It is therefore possible that piezometer 
5, approximately 2, 600 feet farther up the slope of the valley, will register 
a rise in the piezometric level before any water enters piezometer 4. 

Water samp les for chemical analysis will be taken periodically 
from piezometers 4 and 5 and from the new town - well (W5), to endeavour 
determination of the extent of the z one of infiltration from the reservoir into 
this aquifer. If one of the piezometers lies within the zone of infiltration, 
the amount of total dissolved solids in the water should temporarily decrease; 
it should go back to ne ar its original value by the time equilibrium is reached 
and the original flow-direction re - established. 

The quantity of water discharged from this aquife r into t he South 
Saskatchewan Valley wi ll be reduced as a res ult of the head-increase in the 
reservoir. The original head-loss between the new t own-we ll in River hurst 
(W5 in Fig. 3) and pie zome ter 4 i s at least 110 feet ( 1, 901 - 1, 791). The head 
at the reservoir e nd of the aquifer will b e raised at least 34 feet, to elevation 
1, 825 feet. The head a t Riverhurst is expec ted to r ise b y about 85 per cent 
o f that amount or 29 feet, to elevation 1, 930 feet. The resulting head-loss 
between well W5 and pie zometer 4 wo uld thus be 105 feet, a reduction of 
4. 5 per cent. A corresponding reduction will t ake place in the a m ount of 
groundwater discharged from thi s aquifer to the South Saskatc hewan Valley. 

Bedrock Aquifers 

The anticipated increase in pie zometric head in the Ardkenneth 
sands tone m a y re-activate some arte s ian w ells that have stopped flowing. 
Examples are we ll W9, which was d r illed in 1929 and flowed at a rate of 2 
gallons per minute, and well WlO, which was drilled in 1925 and flow ed ini t ­
ially at a rate of 1 gallon per minute (Maddox, 19 32, p. 70). Static levels 
in these w ells are O. 5 and 2 feet respectively, below ground l eve l at present. 
The inc re a se in pie zo metric head will reduce pumping lift s in other non­
flo wing wells in the aquifer. 

No actual infiltration of reservoir water into the Ardkenneth 
Member is expected in the R iverhurst area. Such infiltration w ill only take 
p lace in the reaches (a ) where aquife r 1s ubcrops 1 occur at elevations between 
p r esent river lev el and future reservoir lev el. Perio dic sampling of wells 
and pie zometers in th e Ard kenneth sandstone near R i verhurst, and chemical 
analysis of such samples should indicate the validity of this assumption. 
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The m ode l study indicates a maximum ultimate rise in the piezo­
metric level for the Ardkenneth Member at Riverhurst (pie zometers A in 
nests 1 to 7 of 131 feet; for the Beechy Member (pie zometers Bin nests 1, 2, 
and 4 to 7) of 45 , 8 feet; and for the Belly River (piezometers C in nests 1 to 
7) of 22. 2 feet (see also Table VIII). 

The piezometric minima, in feet above sea-level, found in the 
Riverhurst sec tion would thus be changed as follows: 

River 

Ardkenneth sandstone 

Beechy sandstone 

Belly River sands tone 

':'Feet above sea-level. 

O r iginal heads':' 

1 ,69 0 

1, 697. 0 

1, 729. 6 

1,779.4 

Future heads':' 

1, 825 

1,828.0 

1,775.4 

1,801.6 

Upward movement of groundwater would thus continue to take 
place between the Belly River and Beechy sandstones, and from the 
Ardkenneth sandstone into the -surface reservoir. At the same time the 
upward flow from the Beechy sandstone would be reversed into downward 
movement from the Ardkenneth sandstone. The gradient between the Belly 
River and Beechy sandstones could be reduced by 47 per cent; from the 
Ardkenneth sandstone into the reservoir by 57 per cent; and the orig.inal 
upward gradient between the Beechy and Ardkenneth sandstones would be 
replaced by a downward gradient, with a magnitude approximately 1. 6 times 
as large as the original one (see Table VIII). 

In addition, the downstream gradients (parallel to the river) 
within the two lower sandstones under the reservoir will increase to varying 
degrees as demonstrated by the model results (-see Fig. 20, B to D). The 
original slight downstream gradient in the Ardkenneth sandstone will prac­
tically cease to exist in the Riverhurst area or it may be reversed. 

The expected changes in the groundwater regime in the Riverhurst 
area can be summarized as follows: a decrease in the gradients fl'.'om divide 
to reservoir will bring smaller amounts of groundwater to the reservoir are<.'. 
than before; reversal of the gradient between the Beechy a nd Ardkenneth 
sandstones will not o nly stop all contribution of g roundwater from the Be lly 
River and Beechy aquifers to the surface flow, but it will actually detract 



- 77 -

water from the Ardkenneth into the Beechy aquifer; increased gradients in 
the two lower aquifers, and especially in the Beechy sandstone, will carry 
the water in these two aquifers downstream as 'under-flow 1 in the bedrock . 

Measurements of water levels in all piezometers and in the 
above - menti oned wells near Riverhur s t will be continued at least till the full 
storage level in the reservoir has been reached. 

Tabl e VIII 

Changes in Groundwater Regime in the Riverhu rst Section, 
Expected as a Result of Flooding of the South Saskatchewan Reservoir. 

Ardkenneth Beec h y Belly River 

sandstone sand stone sand stone 

Increase in unit s t ress on 
aquifer( 1): 

-
s ' in feet 10 9 100 82. 

-
s, in lb. I sq. in. 47.3 43 . Z 35.6 

Compaction: 

6m, in inch o. 10 9 0.033 o.ozo 

Increase in total head: 

6h, in feet 131 45 . 8 zz . z 

Ratio of new and old upward 
gradients: 

I' -
I 0.43 -1. 61 0.53 

Reduction in discharge: Bedrock Grave l s Water table 
aquifers aquifers 

6Q , in per cent of 
original discharge Q 57 4 - 5 30 - 35 
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Effects of Sedimentation in the Reservo ir 

Because of the low velocity of flow in the reservoir the waters of 
South Saskatchewan River wi ll deposit most of their load of suspended solids 
on entering the reservoir. The coarser fractions will be dropped at the 
upstream end, while finer material is taken farther downstream before being 
'deposited. In the early filling st~e this will be close to the dam site. 

The sediment deposits will inc rease the load on the confined 
aquifers by varying amounts. The effect of the increased load on pie zo metric 
leve ls will presumably be diss ipated as fast as it occurs. The final effect 
will be some fu r ther compaction of the aquifers below the reservoir . 

Clay and silt deposits will reduce the storage capacity of the 
reservoir and at the same time they may reduce the poss ibi lity of leakage, 
both from and into the reservoir. Reduction of leakage from the reservoir 
would be potentially beneficial. It is , however, of little consequence in the 
case of the Sou th Saskatchewan Reservoir, because groundwater gradients 
and flow will be directed towards the reservoir in most areas, once equili­
brium has been established. Direc t loss from the reservoir thus will occur 
only during the filling stage, whi l e the zone of reversed flow in the water ­
table aquifers is being saturated by reservoir water; very little reduction of 
losses can be expected during that period, because sedimentation will only 
just have started, 

Increased resistance to discharge of groundwater into the reser­
voir, as a result of sedimentation, may enable build -up of p ress ure in the 
adjacent groundwater. At time s of drawdown in the reservoir, landslides 
along the shore -line would occur more easily under these conditions . 

A further effect of sedimentation in the r eservoir is the greate r 

potential eroding capacity of the silt-free water discharged at the dam. The 
resulting scouring in the downstream channel, combined with the high 
(increased) piezometric heads in the underlying artesian aquifer may lead to 
increased upward movement of groundwate r into this part of the river 
channel, and consequently to a lowering of the pie zometric head in the aqui­
fer. Piezometric measurements at the dam and farther downstream will 
provide information on this aspect of the influence of the South Saskatchewan 

Reservoir on the groundwater regime. 
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Appendix II. Well data. 

l Piezometer or Elevation of Total depth, 
well number collar in ft. in feet Formation 

Piezometer I 1931. 57 105 Till 
Piezometer IA 1931. 44 365 Ardkenneth sdst . , top 
Piezometer IB 1931. 88 570 Beechy sdst., (4) 
Piezorneter IC 1930 . 95 808 Belly River sdst. 

Piezometer 2 1869 . 89 105 Till 
Piezometer ZA 1870. 39 315 Ardkenneth sds t. , top 
Piezometer ZA 1 1870 . 15 400 Ardkenneth sdst., base 
Piezometer 2B 1870. 25 524 Beechy sdst. (4) 
Piezometer 2C 1871.36 748 Belly River sandstone 

Piezometer 3A 1883 . 23 330 Ardkenneth sdst. , top 
Piezometer 3C 1883, 01 740 Belly River sandstone 

Piezometer 7 1705. 70 105 Till 
Piezorneter 7 A 1706.39 1) 195 Ardkenneth sdst., base 
Piezorneter ?B 1106. 42 ll 285 Beechy sdst. (4) 
Piezometer 7C 170.J. 63! ) 530 Belly River s dst. 

Piezometer 6 1699 . 94 120 Gravel/ sand 

Piezometer 6A 1701.47 1) 195 Ardkenneth sdst., base 
Piezometer 6B 1101. 05 l) 285 Beechy s dst. (4) 
Piezometer 6C 1101. 88 1) 560 Belly River sands tone 

Well #I 1701.20 470 Beechy or Belly River sdst. 
Well # 2 1709.22 527 Belly River sandstone 
Well # 3 1695. 00 1112 Belly River sandstone? 

# 4, spring 1788. 70 2) - Gravel/till contact 

Piezometer 4 1860 . 66 75 Gravel 
Piezometer 4A 1861.00 300 Ardkenneth sdst. , top 
Piezom.eter 4A1 1860. 05 370 Ardkenneth sdst. , base 
Piezometer 4B 1860 . 38 485 Beechy sdst. (4) 
Piezorneter 4C 1859.70 740 Belly River sandstone 

Piezometer 5 1968 . 80 225 Gravel 
Piezometer SA 1969. 04 410 Ardkenneth sdst., top 
Pie zome ter 5B 1968. 65 560 Beechy sdst. (4) 
Piezometer SC 1968 . 46 860 Belly River sandstone 

Well # 5 1958 141 Gravel 
Well # 6 1953 386 Ardkenneth sdst ., top 
Well # 7 1945 6 Silty clay 

Well # 8 1969 364 Ardkenneth sdst ., top 
Well #9 1958 348 Ardkenneth sdst., top 
Well# 10 1963 352 Ardkenneth s d st. , top 

l) Top of fittings, collar elevation is about 5 inches lower . 

Z) Grormd elevation . 

3) Dry piezometer . 

Elevation of top 
of screen, 

in ft . 

1860 . 07 
1585 . 14 
1403,08 
1150. 50 

1785.49 
1571. 59 
14 85 . 65 
1407. 70 
1167. 86 

1563.73 
1173. 71 

1609 . 30 
1528. 98 
1437 . 83 
12 10. 97 

1592 . 49 

1525. 56 
1436.67 
1 196 . 85 

-
-
-

-

1794.41 
1577 . 00 
1503. 55 
1425. 88 
1172. 70 

1751.62 
1577.04 
14 14 . 15 
11 76 . 96 

1830 
1567 
1939 

160 5 
16 10 
16 1 1 

4
) Elevation of water - levels in 193 1: W9 -1 959 ; IV ! 0- 1965 (Maddox , 1932). 

Water-level in South Saskatchewan River fluctuated between 1967 1 

(spring- flood crest} and 1688 1 (low water in August 1964). 
Screens installed are 3 feet l ong , 2 inches inside diameter , No . 10 
slot , Johnson , except in 4A (5 feet long) and 4B (No . 12 slots) . 

Elevation of Fluctuations 
water - level , during 1964, 

in feet in ft. 

1909. 3 -
1698 . I 0. 6 
1746. 4 o. 3 
1866. l 0 . 7 

1851. 4 -
1697 . 0 0 . 4 
1707. 7 -
1744. 6 o. 7 
1841. 8 0 . 4 

1698 . 2 0.3 
1867 . 0 0.7 

!693. 5 -
1723 . I -
1729. 6 -
1779 . 4 -

l b88 . 4 min. 
1696. 9 max. 8 . 5 

1705. 0 -
1734. 2 -
1809 . 6 -

1705 -
1710 -
1705 -

1788.7 -

1792 . 13) -
1835. l 0.4 
1835 . 0 -
1746, 5 l. 0 
1823 . 7 0 . 5 

1791. 6 l. l 
1915.4 o. 3 
1761.8 -
1835 . 4 o. 9 

1902 -
1926 -
1944 -

1955 -
19584) -
196 14) -
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Appendix IV. Project Statistics, South Saskatchewan Dam and Reservoir. 

South Saskatchewan River Dam: 

Location: 18 miles upstream from Outlook, Saskatchewan. 

Height 
Length, overall 
Length, main fill 
Width at base 
Width at top 

Spillway: 

Length of crest 
Discharge capacity 

Qu 1Appelle Dam: 

210 feet 
16, 700 feet 
8, OOO feet 
2,600feet 

60 feet 

528 feet 
265, OOO c .f. s. 

Location: 12 miles southeast of Elbow, Saskatchewan. 

Height 
Length 
Width at base 
Width at top 

Reservoir: 

Area 
Total storage 
Usable storage 
Length 
Depth of water, main dam 

90 feet 
9, OOO feet 

700 feet 
70 feet 

109, 600 acres (5. 2% now cultivated) 
8, OOO, OOO acre-feet 
2, 750, OOO acre-feet 

140 miles 
185 feet 

Depth of water, Qu'Appelle dam 70 feet 

Drainage basin above dam site 48, 800 sq. miles 

Irrigation area (proposed) 500, OOO acres 

Power production, ave. 
ann. output 475,000,000 kwh. 
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