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Preface 
The InternationalHydrologicalDecade (I.H.D.) 1965- 1974, is spon

sored by the United Nations Educational, Scientific and Cultural Organ
ization (UNESCO). The objective of the program is "to accelerate the 
study of water resources and the regimen of waters with a view to their 
rational management in the interest of mankind; to make known the need 
for hydrological research and education in all countries and to improve 
curabi l i ty to evaluate resources and to use them to the best advantage". 

A summary of the Canadian program for 1967, compiled by the 
Secretariat of the Canadian National Committee for the I .H.D. , lists 172 
separate projects.of which 31 are studies in representative or experi
mental basins. Work on these 31 projects has resulted in the estab
lishment of 43 research basins in Canada. The status of studies in these 
basins in 1967 is reported by the Secretariat in a separate publication, 
"Canadian Research Basins". 

This bulletin is concerned with a hydrological study being carried 
out in the Good Spirit Lake Drainage Basin. It is essentially a progress 
report on the f irst three years of a continuing study in the basin. The 
objectives of the project are to develop improved methods of estimating 
the groundwater component of the hydrologic balance; to investigate the 
mechanism of groundwater recharge and discharge; and to arr ive at a 
pre l iminary water balance for the basin. 

I.H.D. Reference Information 
I.H.D. File Index 

Basin 

Project area 

Geographic 
Information 

Physiographic 
description 

Climate 

Purpose of 
activity 

Organization in 
charge of activity 

Equipment 

IWB-RB-9, SASK-36 

Good Spirit Lake 

Drainage basin of Good Spirit Lake, Saskatchewan 

Longitude: 103° 00' W 
Latitude: 51° 30' N 
Catchment area: 435 square miles (1,127 krâ ) 
Altitude extremes: 1,587 ft - 1,935 ft (484m - 590m) 

Zone of rolling sandy prairie. Range land grazing and grain 
crops. Thick surficial deposits of outwash and glacial lake 
sand and t i l l overlying Upper Cretaceous sands and shales. 

Sub humid. About 16 ins (406 mm) annual rainfall. 

Hydrogeological study of internal drainage basin in sub 
humid prairie park land area. Study of groundwater flow 
systems and mechanism of groundwater recharge. Development 
of improved methods of estimating groundwater component of 
the hydrologic balance 

Groundwater Subdivision, Hydrologic Sciences Division, 
Inland Waters Branch, Department of Energy, Mines and 
Resources. 

Present: 1 recording stream gauge; 1 lake level recorder; 
27 piezometers in 8 nests; 3 groundwater wells; 
3 rain gauges; 3 air temperature stations; 3 soil 
moisture installations. 



Section 1 

Introduction 

The Good Spirit Lake drainage basin 
occupies an area o£ 435 square miles in the 
aspen parkland region of east-central Saskat
chewan (inset, Figure 1). The area is within 
Canada's great agricultural heartland; land 
use is given over almost entirely to grain 
growing and rangeland grazing. 

The topography and drainage of the 
study area are shown in Figure 1. Intermittent 
drainage is provided during the spring months 
from the northwestern upland into Good Spirit 
Lake via Spirit Creek and its tributaries. 
Good Spirit Lake has a maximum depth of less 
than 15 feet. In dry years, the lake does not 
overflow and the basin becomes one of internal 
drainage. After several wet years, in suc
cession, however, overflow to the south into 
Horseshoe Lake has.been recorded. Horseshoe 
Lake in turn drains into Whitesand River, a 
tributary of the Assiniboine. 

The boundary of the basin shown by the 
dashed line in Figure 1 is somewhat arbitrary. 
The lack of integrated drainage and the 
presence of considerable depression storage, 
which are coiranon features of the semi-arid, 
glaciated Canadian prairies, lead to fluctu
ations in the size of the drainage area under 
the influence of variations in annual rainfall 
and runoff. The uncertainty of the position of 
the topographic divide led the author to choose 
a study area which extends to the bounding 
streams on either side of Good Spirit basin. 
Reference to Figure 1 shows the large horseshoe 
encompassing the basin that is created by 
Vfliitesand River and Crooked Hill Creek. 

The geology of the area has been mapped 
by Cheriy (1966). Figure 2 shows his surficial 
geology configuration. There are three types of 
deposits: lake sediments of sand and s i l t , out- . 
wash gravel, and glacial t i l l . The lake de
posits overlie the glacial t i l l to a depth of 
up to 40 feet in the vicinity of Good Spirit 
and Horseshoe Lakes. Between the two lakes and 
to the west of Good Spirit Lake, the sand has 
been reworked into dune deposits. Farther 
west, the lake sediments interfinger with 
shallow outwash gravels which overlie the 
glacial t i l l . Throughout the remainder of the 
area, glacial t i l l is exposed at the surface, 
although in some places, i t is veneered with 
thin discontinuous outliers of lake s i l t or 
outwash gravel. The thickness of the glacial 
t i l l varies from 30 feet in the Whitesand River 
valley in the southeast to over 300 feet in the 
northern upland. It is underlain throughout 

the area by a very thick section (> 1,000 feet) 
of marine shale of Cretaceous age. The sur
face of the bedrock formation shows less relief 
than the present topography. 

OBJECTIVES OF STUDY 

The objectives of the project in the 
Good Spirit basin were threefold: 

1. To develop an improved method of 
estimating the groundwater com-̂  
ponent of the hydrologic balance, 
by coordinating field measurements 
with a mathematical modelling 
technique. 

2. To investigate the mechanism of 
natural groundwater recharge and 
discharge, by measuring the vertical 
unsaturated-saturated flow regime 
from the surface of the ground to a 
point beneath the water table. 

3. To arrive at a preliminary water 
balance for the basin. 

The first two objectives represent re
search goals. In both cases the field measure
ments in the basin were complementary to 
theoretical studies. The theoretical back
ground to the first objective was presented in 
a series of papers by Freeze and Witherspoon 
(1966, 1967, 1968). The resulting application 
of the method to the Good Spirit basin has been 
reported in a separate paper (Freeze, 1968a). 
The theoretical treatment associated with the 
second objective has been presented in two 
papers (Freeze, 1968b; Freeze, in press "a"). 
Preliminary field measurements were presented 
in the first of these papers and pertinent 
examples, based on more complete measurements, 
are presented in another paper by Freeze (in 
press "b"). These papers have largely 
fulfilled the research objectives in the basin. 
In this report the complete measurements, from 
which those in the above papers are abstracted, 
are presented. Only a summary of the interpre
tations given in the previous papers is 
included here. 

In this report the first water balance 
IS presented for the basin, although some pre
liminary calculations based largely on ground
water measurements, were included in Freeze 
(1968a). 
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Lake sediments, 
predominantly sand, 
somesilt, 0-25 ft. thick 
over till 

Lake sediments, as above 
25-40 ft. thick 

Outwash gravel, some sand 
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marine shale of Cretaceous 
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discontinuous lake 
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Meltwater channel 
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Good Spirit Lake drainage 
basin 
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figure 2. ueology. 
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The three objectives form the frame
work for this report. After the following 
subsection, which outlines the measurement 
network, the results of the three sets of 
studies are given independent treatment, each 
i n a separate section. 

MEASUREMENT NETWORK 

Figure 3 shows the locations of the 
measurement in s t a l l a t i o n s i n the Good S p i r i t 
basin. Table 1 l i s t s the pertinent details for 
each i n s t a l l a t i o n . 

The sites are designated by a confusing 
array of notations, since several of the 
measurement sites are components of larger net
works administered by the various recording 
agencies. 

In summary: 

a) Rainfall-temperature stations are 
recorded by the Meteorological 
Branch, Department of Transport. 
They do not use a numerical notation 
system, but rely instead on the 
nearest town name, e.g. Canora. 

b) The main hydrometric station i s a 
part of the nationwide network of 
the Water Survey of Canada, Inland 
Waters Branch, Department of Energy, 
Mines and Resources. Notation: 5MB-7. 

c) The groundwater observation wells are 
t i e d i n with a national network 
being established by the Hydrologic 
Sciences Division, Inland Waters 
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Branch, Department of Energy, Mines 
and Resources. Notation: 62M/10-GS5. 
Only the GS portion of the notation 
is shown on Figure 3. 

d) The lake level gauge. No. 31-112, is 
in the notation of the Saskatchewan 
Water Resources Commission that 
carried out the measurements. 

e) All other notations have signifi
cance only in the Good Spirit basin. 
Piezometer sites are denoted by a 
single letter: A, J, R, etc. At 
sites A, B and C there is also soil 
moisture instrumentation, a ground
water observation well and a rain-
gauge. There are four isolated rain-
gauges denoted by Pl, P2, P3 and P4. 

As with most measurement networks, the 
one set up in the Good Spirit basin has been of 
a transient nature. It has constantly been 
under adaptation with new sites added and less 

successful ones abandoned. For example, the 
missing observation well numbers, GS2, GS3, etc. 
represent failures in terms of the sufficiency 
of the recovered data. The status of the 
measurement network as of June 1, 1968, is shown 
on the right hand side of Table 1. All 
temporary sites were closed out at this time 
and certain of the measurements discontinued. 
Only the basic network of sites, measured by 
the two extemal agencies or by the basin 
manager for the Hydrologic Sciences Division, 
will be continuously read throughout the 
remainder of the hydrological decade. 

This report comes at a turning point in 
the history of this basin. The research ob
jectives have largely been met and only long-
term measurements for the purpose of improving 
the water balance calculations remain. As of 
June 1, 1968, the administration of the basin 
will be taken over by an I.H.D. task force set 
up within the Hydrologic Sciences Division. A 
final report is anticipated at the end of the 
Intemational Hydrological Decade. 

Groundwater flow patterns 
Section 2 

Objective: To develop an improved method of estimating the groundwater component of the hydrologic 
balance, by coordinating field measurements with a mathematical modelling technique. 

GEOLOGIC LOGS 

Table 2 presents geologic logs taken 
from the deepest drillhole at eacli piezometer 
site. The location of the drillholes with 
respect to the surficial geology can be de
termined by reference to Figures 2 and 3. The 
actual depths of the contacts between sand, 
t i l l and shale deposits were determined with 
the aid of E-logs obtained for each hole. 

The logs were subsequently used to 
determine optimum depths for the installation 
of shallower piezometers, and in the interpre
tation of permeability measurements carried out 
in the piezometers. They also provide 
additional data to that presented by Cherry 
(1966) in terms of the basin-wide geological 
configuration. 

PERMEABILITY MEASUREMENTS 

In order to determine permeability 
values for each of the formations, recovery 

tests were carried out, lising the method of 
Hvorslev (1951), in each of 25 piezometers 
which bottomed in the various formations. The 
depths of the piezometers and the formations 
in which they bottom are shown in Table 3. Of 
the 27 piezometers listed in the piezometer-
nest configurations in Table 1, two failed to 
function properly and were abandoned (C-2, 
40 ft; D-2, 70 ft ) . In addition, piezometer 
U-1 gave anomalous permeability values, so its 
results should be considered questionable. 

Permeability values obtained from Hvor
slev tests are a combination of the vertical 
and horizontal components. However, the 
method does not indicate a value for the de
gree of anisotropy so it is possible to 
interpret the results in an infinite number of 
ways depending on the assumed anisotropy of the 
formation. In Table 3,three interpretations 
of the results of the permeability tests in 
the 25 piezometers are presented: (1) the 
isotropic case where the horizontal perme-
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Table 1., Measurement Network, Good Sp i r i t Lake I.H.D. Basin 

PURPOSE SITE LOCATION 
DESIGNATION 

Buchanan SW-6-32-6-W2 

Canora SW-32-30-3-W2 

Good Sp i r i t 
Lake 

P l 

NE-9-29-5-W2 

SW-19-32-7-W2 

P2 NE-20-32-6-W2 

P3 NE-29-31-6-W2 

P4 Nl\r-35-31-6-W2 

A, B, C 

5MB-7 

SE-3-32-7-W2 
SW-12-29-5-W2 
SW-14-29-6-W2 
SW-4-32-6-W2 

Sm-7a ** N1V-7-32-6-W2 

5MB-7b ** NE-8-32-6-W2 

62M/10-GS5 N1V-17-30-5-W2 

31-112 SE-17-29-5-W2 

62M/10-GS1 SE-14-33-6-W2 

62M/10-GS8 

62iM/10-GS9 

62M/10-GS11 

A 

SE-3-32-7-W2 
Si te A 

SW-14-29-6-W2 
Si te C 

SW-12-29-5-W2 
Si te B 

SE-3-32-7-W2 

J N1V-33-31-6-W2 

R N1V-31-31-5-W2 

C SW-14-29-6-W2 

U NE-9-29-5-W2 

B SW-12-29-5-W2 

E SW-4-29-4-W2 

D NE-27-28-4-W2 

A SE-3-32-7-W2 

CONFIGURATION 

Standard raingauge. Dry & wet 
bulb thermometers. 

Standard raingauge. Dry & wet 
bulb thermometers. 

Standard raingauge. Dry & wet 
bulb thermometers. 

Standard raingauge. 

Standard raingauge. 

Standard raingauge. 

Standard raingauge. 

Agr icu l tura l raingauge. 

Stage measurements i n s t i l l i n g 
we l l . Wier cont ro l . 

Stage measurements i n s t i l l i n g 
we l l . Natural cont ro l . 

Stage measurements i n s t i l l i n g 
we l l . Natural cont ro l . 

Observation wel l i n beach 30 feet 
from shore. 

Staff gauge on p ie r . 

Parm w e l l , 2 feet diam., 
40 feet deep. 

Observation w e l l , 8 inches diam., 
40 feet deep. 

Observation w e l l , 8 inches diam., 
35 feet deep. 

Observation w e l l , 10 inches 
diam., 6 feet deep. a\a4Sw j^V^v ' 

4 Piezometers, Depths: 182,' ^ 
100, 60, 30. 

4 Piezometers. Depths: 197, 
151, 80, 60. 

4 Piezometers. Depths: 200, 
100, 60, 30. 

2 Piezometers. Depths: 40, 
16. 

4 Piezometers. Depths: 149, 
100, 64, 22. 

4 Piezometers. Depths: 200, 
100, 60, 30. 

2 Piezometers. Depths: 60, 
30. 

3 Piezometers. Depths: 90, 
70, 30. 

16 Resistance C e l l s . 
8 Depths: 1,2,3,4,6,8,12,15 

5 Tensiometers. Depths: 1, 
2,3,4,10. 

Neutron Probe Access Tube, 
8 feet deep. 

8 Resistance C e l l s , 4 Depths: 1, 
2,3,4. 

4 Tensiometers. Depths: 1, 
2,3,4. 

Neutron Probe Access Tube, 
7 feet deep. 

14 Resistance C e l l s , 7 Depths: 
1,2,3,4,6,8,9. 

4 tensiometers. Depths: 1, 
2,3,8. 

Neutron Probe Access Tube, 
10 feet deep. ' 

METHOD OF RECORDING 

Prec ip i ta t ion 
and a i r 
temperature 

Ra in fa l l 

Streamflow 

Lake Levels 

Water Table 
Levels 

Groundwater 
Flow 

So i l Moisture 

SW-12-29-5-W2, 

SW-14-29-6-W2 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, da i l y readings. 

Non-recording, weekly readings, 
summer months'. 

Stevens and Leopold A-35. 

Stevens and Leopold F type. 

Stevens and Leopold F type. 

Stevens and Leopold F type. 

Dai ly readings. 

Stevens and Leopold F type. 

Fischer-Porter punched paper 
tape. 'Ht'Ut^ •i^-l 0 

Fischer-Porter punched paper ' 
tape. 

Stevens and Leopold F type. 

Tape and chalk, weekly. 

Tape and chalk, weekly. 

Tape and chalk, weeklv. 

Tape and chalk, weekly 

Tape and chalk, weekly. 

Tape and chalk, weekly. 

Tape and chalk, weekly. 

Tape and chalk, weekly. 

So i l tes t Inc. MC300A. 
S o i l moisture ohmmeter. 
Non-recording, da i l y readings. 

Nuclear Qiicago 5806 
probe, 5920 scaler . 

So i l tes t Inc. MC300A. 
S o i l moisture ohmmeter. 
Non-recording, da i l y readings 

Nuclear Cliicago 5806 
probe, 5920 scaler . 

So i l tes t Inc. MC300A. 
So i l moisture ohmmeter 
Non recording, da i l y readings. 

Nuclear Chicago 5806 
probe, 5920 scaler 

- A l l depths i n feet. ** - Records inadequate. 



STATUS 
JUNE 1, 1968 
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AGENCY 
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DESIGNATION 
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1964 1965 1966 1967 1968 
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1 

CO 

1 
1—1 

i 
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a: a 
go 
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i i 

Buchanan — - . - X X 

Canora X X 

Good Spirit X X 
Lake 

Pl X 

P2 — X 

P3 X 

P4 X 

A, B, C X X 

SMB-7 X x 

5MB-7a ** nnn nn nnn nnnn nn nnnn X 

5MB-7b ** nf X 

62M/10-GS5 — - f f f fff - - f fff f f fff f f ffff- X X 

31-112 X 

62M/10-GS1 f f f f X 

62M/10-GS8 -— -ffff ——- X X 

62M/10-GS9 X X 

62M/10-GS11 —dddd ddd- X X 

A X X 

J X X 

R X X 

C X X 

U X X 

B X X 

E X X 

D X X 

A bb— X X 

:-- X 

' -— X 

B — - —-bb X X 

- - X 

- — X 

C bb — X X 

X 

— X 

n = no flow f = frozen d = dry b = instrument failure 



Table 2. Geologic logs 

Hole: A-1 Hole: J-1 Hole: R-1 Hole: C-1 
Location: SE-3-32-7-W2 Location: NW-33-31-6-W2 Location: NW-31-31-5-W2 Location: SW-14-29-6-W2 
Elevation: 1773' Elevation: 1611' Elevation: 1662' Elevation: 1647' 

0-1 topsoil. 0-1 topsoil. 0-1 topsoil. 0-2 sandy topsoil. 
1-15 t i l l . It. bm., oxidized, 1-8 silty clay. It, ye l l , brn.. 1-17 t i l l . It. brn., 2-15 gravel, med. sand to 

cale, V. sandy. oxidized, c a l e , s i . oxidized, cale., boulders, mainly c. 
15-19 t i l l , olive bm,, s i . sandy (valley alluvium), V. sandy and sand and pebbles, ang. 

oxidized, cale. 8-14 sand, grading to pebbly. to sub. rdd., ign. and 
19-173 t i l l , med, Rry,, unoxidized. gravel at base, well 17-28 t i l l , olive brn., cale. pebbles, mainly 

cale. sorted, sub, ang. to sub. s i . oxidized. It. colored; silty.. 
173-177 sand and gravel. rdd, (valley alluvium). cale. sandy clay stringers 
177-178 t i l l , as above. 14-1A2 t i l l , med, gry.. 28-180 t i l l , med. gry.. near base. (outwash 
178-183 sand and eravel. unoxidized, cale. unoxidized, cale. plain) 
183-186 t i l l , as above. 142-149 sand. 180-200 shale, dk. gry., 15-60 t i l l , med. gry.. 
186-200 shale, dk. arv., non- 149-152 sand and gravel. non-calc. unoxidized, cale. 

caic. 152-197 shale, dk, gry,, non-calc. 

Hole: U-1 Hole: B-1 Hole: E-1 Hole: D-1 
Location: NE-9-29-5-W2 Location: SW-12-29-5-W2 Location: SW-4-29-4-W2 Location: NE-27-28-4-W2 
Elevation: 1599' Elevation: 1589' Elevation: 1591' Elevation: 1563' 

0-2 topsoil. 0-1 topsoil. 0-2 topsoil. 0-2 topsoil. 
2-7 sand, f. to med.. It. 1-15 sand, yel l , brn,, f, to 2-8 sand, f. (lake 2-15 sand, f. to slty., 

colored (lake sediments) med,, cale. (lake sediment outlier) (valley alluvium) 
7-26 Interbdd sand, s i l t . sediments). 8-19 t i l l , It. brn.. 15-35 t i l l , dk. gry.. 

clay, slty clay, e t c . It, 15-84 t i l l , med. gry.. oxidized, cale. unoxidized, cale. 
gry, (lake sediments) unoxidized, c a l e , 19-22 t i l l , olive brn., 35-90 shale, dk. gry., 

26-36 clay, dk. Ery., w/ gravel streak s i . oxidized, cale. non-calc. 
unoxidized, s i . slty,. 81-82 22-60 t i l l , med. gry., 
u/sand and s i l t 84-200 shale, dk, gry,. unoxidized, cale. 
stringers (lake sediments) non-calc. 

36-116 t i l l , med. gry,, unoxidized. 
c a l e , w/sand lens 62-64, 

116-149 shale, dk. gry,, non-calc. 

ability, Kh, is assumed equal to the vertical 
permeability, Ky, (2) Kh = 10 Ky and (3) Kh = 
iOO Ky. For each case, both the Kh and K̂  
values are presented in inches per hour. An 
examination of the results shows that the 
horizontal permeability, Kh, is only slightly 
changed by an increase in the order of magni
tude of the vertical permeability. In other 
words, the Hvorslev test is strongly biased 
in favour of Kh and can therefore be used as 
a measure of the horizontal permeability. In 
the absence of suitable field methods, the 
degree of anisotropy must be estimated on the 
basis of past experience, laboratory measure
ments and geological considerations (for 
example: the homogeneous, isotropic nature of 
dune sand, the presence of horizontally 
oriented sand lenses of higher permeability 
within the glacial t i l l , and the sedimentary 
nature of shale). Reasonable figures would 
appear to be ̂ I'.'Ky = 100:1 for shale, 10:1 for 
glacial t i l l , and 1:1 for outwash gravel and 
lake sand. 

No piezometers bottom in the valley 
alluvium in the basin, but two permeability 
measurements carried out by extemal agencies 
can be reported. Stock, Keith and Associates 
(1962) determined a value of 400 IGPD/ft^ 
(32.1 in/hr) from a pump test in alluvial sand 
and gravel in the Spirit Creek valley near 
Buchanan. The Prairie Farm Rehabilitation 
Administration (1962) obtained a value of 
7 x 10-2 ft/min (50.4 in/hr) for alluvial sands 

in the Whitesand River valley at the Theodore 
Dam site. 

Table 4 is a summary of the perme
ability measurements in the Good .Spirit basin. 

FLOW PATTERN DEFINITIONS 

Toth (1963) defined a (groundwater) 
flow system as "a set of flow lines in which 
any two flow lines adjacent at one point of the 
flow region remain adjacent through the whole 
region, and that can be intersected anywhere 
by an uninterrupted surface across which flow 
takes place in one direction only". 

The three dimensional closed system 
that contains the entire flow paths followed 
by all water recharging the system has been 
termed by Freeze and Witherspoon (1967) a 
groundwater basin. 

The surface of the basin can be 
divided into recharge areas where the 
direction of groundwater flow is away from the 
water table, and discharge areas where the 
direction of groundwater flow is toward the 
water table. 

Natural groundwater recharge is that 
water which percolates down through the un
saturated zone to the water table and 
actually enters the dynamic groundwater flow 
system. This definition excludes that portion 
of the moisture surplus that increases the 
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Table 3. Permeabilities determined by Ilvorslev piezometer tests 

Piezo
meter 
Nest 

Number Depth-Feet Formation 
Permeability — inches/hour Piezo

meter 
Nest 

Number Depth-Feet Formation Kh: Kv = l:l KhiKv = 10:1 Kl,: Kv = 100:i 
Piezo
meter 
Nest 

Number Depth-Feet Formation 
Kh Kv Kh Kv Kh Kv 

A 1 182 Sand lens in till 6.1x10"̂  6.1x10"̂  8.0x10'̂  8.0x10"* 9.8x10"? 9.8x10"̂  
i 2 100 Till 6.4x10"̂  6.4x10"̂  8.3x10"̂  8.3x10"° 1.0x10"* 1.0x10"° 

3 60 Till 1.4x10"* 1.4x10"* 1.8x10 1.8x10"̂  2.2x10"̂  2.2x10"̂  
4 30 Till 1.7x10" 1.7x10" 2.2x10" 2,2x10" 2.7x10" 2.7x10" 

J 1 197 Shale 2.7x10"* 2.7x10"* 3.5x10"* 3.5x10"̂  4.4x10"* 4,4x10"* 
2 149 Sand lens in till 7.3x10": 7.3x10"̂  9.5x10"̂  9.5x10"* 1.2x10"̂  1.2x10"* 
3 80 Till 2.2x10"; 2.2x10"? 2.9x10"? 2.9x10"̂  3.6x10"? 3.6x10"° 
4 60 Till 3.8x10" 3.8x10" 5.0x10 5.0x10"̂  6.1x10" 6.1x10"° 

R 1 200 Shale 1.5x10"̂  1.5x10"* 2.0x10"* 2.0x10"̂  2.5x10"* 2,5x10"̂  
2 100 Till 8.3x10 I 8.3x10"̂  l.lxlO"* l.lxlo"^ 1.3x10"* 1.3x10"° 
3 60 Till 8.5x10"̂  8.5x10"* l.lxlO"^ 1.1x10"* 1.4x10", 1.4x10"̂  
4 30 Till l.lxlO" l.lxio" 1.5x10" 1.5x10 * 1.8x10"" 1,8x10" 

C 1 16 Outwash Gravel 14.1 14.1 18.6 1.86 23.2 0.23 

U 1 149 Shale* 1.7xl0"f 1.7x10"̂  2.2x10"̂  2.2x10"? 2.7x10"̂  2.7x10"* 
2 100 Till 1.7x10", 1.7x10", 2.2x10", 2.2x10"* 2.7x10", 2.7x10"̂  
3 64 Sand lens in till 3.7x10" 3.7x10" 4.9x10" 4.9x10", 6.0x10" 6.0x10"* 
4 22 Lake sediment, sand 0.23 0.23 0.30 3.0x10"̂  0.36 3.6x10" 

B 1 200 Shale 6.8x10"̂  6.8x10"̂  8.9x10"̂  8.9x10"̂  1,1x10"* l.lxlO"^ 
2 100 Shale 1.7x10"̂  1.7x10"* 2.2xl0~* 2.2x10"̂  2.7x10 , 2.7x10"° 
3 60 Till 6.3x10", 6.3x10", 8.1x10", 8.1x10"̂  1.0x10", 1.0x10"? 
4 30 Till 2.4x10" 2.4x10" 3.1x10" 3.1x10" 3.8x10" 3.8x10" 

E 1 60 Till 9.5x10"̂  9.5x10"* 1.2x10"̂  1.2x10"* 1.5x10"̂  1.5x10"̂  
2 30 Till 2.3x10" 2.3x10" 3.0x10" 3.0x10 3.7x10" 3.7x10" 

D 1 90 Shale 5.3x10"̂  5.3x10"* 6.8x10"* 6.8x10"̂  8.7x10"* 8.7x10"̂  
3 30 Till 7.6x10"-̂  7.6x10" 9.8x10" 9.8x10" 1.2x10" 1.2x10"* 

Piezometer U-1 gives anomalous permeability values; the results should be considered questionable. 

soil moisture content but does not enter the 
flow pattern itself. The term is not to be 
confused with the actual areal precipitation 
which in some cases may lead to groundwater re
charge and in other cases may not. 

Natural groundwater discharge is that 
water which is discharged from the flow system 
by means of baseflow, "artesian feeding" of 
lakes and rivers, springs, seepage and 
evapotranspiration. 

The water table is considered to be an 
imaginary surface beneath ground level at 
which the absolute pressure is atmospheric. 

The existence of a three-dimensional 
groundwater flow system implies the existence 
of a corresponding three-dimensional potential 
field. A suitable potential function is the 
hydraulic head which is the sum of the 
pressure head and elevation head. At any 
point in the potential field, the hydraulic 
head equals the elevation, above a standard 
datum, of the liquid level in a piezometer in
serted at that point. 

PIEZOMETER RECORDS 

Figure 4 (inside back cover) shows the 
piezometric records from the piezometer-nest 
sites in the Good Spirit basin. Locations of 
the sites are noted on Figure 4 and shown on 
Figures 3 and 5. The measurements cover the 
period from December 2, 1966 to June 1, 1968. 

Installation of the nests was actually com
pleted in September 1966, but the following 
three months were used for permeability and 
time lag determinations and subsequent 
stabilization. The record for piezometer C-1 
is omitted because results from this single 
functioning piezometer at site C would have 
li t t l e meaning. 

A study by Hvorslev (1951) is in
valuable in the interpretation of piezometer 
measurements. He noted that under conditions 
of dianging actual groundwater head, the 
recorded piezometer head at any given time will 
not be correct. There is a time lag in the 
results and a reduction in the amplitude of 
the fluctuations. His paper provides methods 
of calculating the time lag and correcting the 
measured values. 

Table 5 lists the basic time lag, T, 
for each of the piezometers plotted in 
Figure 4. (T is calculated from recovery 
test data and is used directly in the determi
nation of the permeabilities listed in 
Table 3). The inset diagram in Table 5 shows 
an idealized annual piezometric hydrograph 
consisting of a 9-10 month recession period 
and a 2-3 month period of rise. The recorded 
piezometer head will lag behind the actual 
groundwater head in the manner shown. The 
two will be equal (i.e., the piezometer 
reading will be correct) only when the piezo
meter curve passes through a maximum or minimum, 
or during periods of stable water levels. The 
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error in the measurements during the recession 
period, Ef, is equal to gT, where g is the rate 
of recession and T is the time lag. During the 
rise period, Ej. = a T, where a is the rate of 
rise (Hvorslev, 1951). The corrections, Ê . and 
Ef, which must be added or subtracted to the 
recorded piezometer heads are listed in Table 5 
for the major recessions and rises during the 
period of record. Reference to the Ef values 
shows that the difference between actual and 
recorded heads was never greater than 0.18 f t . 
and was usually less than 0.05 f t . The 
maximum Ê . value was 0.55 f t . and in general 
the errors were much lower. Application of 
these corrections to the recorded piezometer 
measurements in Figure 4 will in no case alter 
the interpretation of the records. Differences 
in the corrections at two adjacent piezometers 
may change the numerical value of the hydraulic 
gradient in some cases, but the directions of 
the gradients remain unchanged. 

The sensitivity of piezometers can be 
increased by using reducers which effectively 
cut down the time lag, (Lissey, 1967). Such 
reducers are being considered for the Good 
Spirit basin. 

The basic interpretation of piezo
meter records is in terms of the direction and 
magnitude of the hydraulic gradient. In cases 
where shallower piezometers have higher heads, 
the vertical component of groundwater flow is 
downward (recharge); where deeper piezometers 
have higher heads, a discharge situation exists. 
For example, at sites A and R (Figure 4) during 
the period December 2, 1966 - April 15, 1967, 
the piezometers show downward movement with 
the magnitude of the hydraulic gradient de
creasing with time. Between April and August 
there is a reversal in flow direction at these 
two sites between the 60 f t . and 30 f t . 
piezometers but not between the two deeper 
piezometers. In other words, for nine months 

of the year, these piezometer nests show re
charge throughout their entire depth but for 
three months of the year a discharge situation 
at shallow depths is evident. The deeper 
groundwater flow is in steady-state configu
ration; the shallow groundwater flow is of a 
more transient nature. These two sites can be 
classified as being in regional recharge areas, 
but some explanation is needed for the spring 
reversals in flow. 

Site J (Figure 4) shows the reverse 
situation. It is a discharge area, but shows 
a spring reversal in flow in the upper 100 f t . 
Site D, which is located in the Miitesand River 
valley, has a discharge configuration for 
almost the entire period, with the exception 
of two short spring reversals. Site E appears 
to be located near a boundary between recharge 
and discharge areas. The deeper piezometers 
at site B show a steady-state recharge con
figuration, but the shallow piezometers exhibit 
transient changes with upward flow predomi
nating. On the basis of the three shallower 
piezometers at.site U (the results of piezometer 
U-1 are considered questionable), flow is close 
to horizontal at this site with a slight 
upward component. 

At this stage of the Good Spirit pro
gram, an explanation of the transient spring 
reversals in shallow groundwater flow cannot 
be conclusively provided. Piezometer time 
lag has been ruled out on the basis of Table 5. 
One or more of the following phenomena is 
probably responsible: 

(1) A mechanism similar to that described by 
Meyboom (1966) for transient flow around 
temporary sloughs in hummocky moraines 
may be implied. The multitude of sloughs 
in the Good Spirit area dictate that all 
piezometer sites could be within the zone 
of influence of a nearby slough. If this 

Table 4. Summary of permeability measurements 

Forraation 
Number 

of 
Measurements 

Horizontal Permeability, 
K].;, inches/hour Estimated 

Anisotropy 
Kh:Kv Forraation 

Number 
of 

Measurements Range 
(for Kh:Kv = 1) 

Median 

Estimated 
Anisotropy 
Kh:Kv 

Shale 5 6.8 X 10-5 . 5_3 X 10"* 2.2 X IO-" 100 

Glacial t i l l 17 6.4 X 10-5 _ 2.4 X 10-2 * 1.7 X 10-3 10 

Alluvial sand 2 32.1 - 50.4 41.2 -

Outwash gravel 1 - 14.1 1 

Lake sand 1 - 0.23 1 

* Permeability of glacial t i l l decreases with depth at any given site. 
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Piezo
meter 
Nest 

Number Depth-
Feet Formation 

Basic 
Time Lag 

T 
liours 

Recession, 1966-67 Rise, 1967 Recession, 1967-68 Rise, 1968 
Piezo
meter 
Nest 

Number Depth-
Feet Formation 

Basic 
Time Lag 

T 
liours 

B 
ft/day 

Period over 
which B 

calculated 
Ef 
f t . 

a 
ft/day 

Period over 
which a 

calculated 
Er 
f t . 

B 
ft/day 

Period over 
which 

calculated 
Ef 
f t . 

a 
ft/day 

Period over 
which a 

calculated 
Er 

f t . 

A 1 
2 
3 
4 

182 
100 
60 
30 

Sand lens in t i l l 
T i l l 
T i l l 
T i l l 

5.9/200" 
565 
260 

21.8 

0.0 
0.0 
0.017 
0.028 

Feb. 12 - Mar. 20 
Feb. 12 - Mar. 20 
Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 

0.00 
0.00 
0.18 
0.03 

0.006 
0.012 
0.050 
0.040 

Mar. 20 - Apr. 23 
May 7 - June 14 
Apr. 29 - June 7 
May 30 - July 12 

O.OS 
0.28 
0.55 
0.04 

0.0 
0.005 
0.010 
0.019 

Feb. 24 - Apr. 20 
Feb. 24 - Apr. 13 
Oct. 2 - Apr. 20 
Oct. 2 - Apr. 20 

0.00 
0.11 
0.11 
0.02 

0.014 
0.050 
0.034 

May 3 - June 1 
May 3 - June 1 
May 3 - June 1 

0.33 
0.54 
0.03 

J 1 
2 
3 
4 

197 
149 
80 
60 

Shale 
Sand lens in t i l l 
T i l l 
T i l l 

133 
5.0/485 

162 
95.0 

0.0 
0.0 
0.007 
0.008 

Dec. 12 - Jan. 14 
Dec. 12 - Jan. 14 
Jan. 29 - Mar. 20 
Jan. 29 - Mar. 20 

0.00 
0.00 
0.05 
0.03 

0.040 
0.060 

Apr. 23 - May 14 
Apr. 23 - May 14 

0.27 
0.25 

0.0 
0.0 
0.007 
0.006 

Jan. 9 - Mar. 23 
Jan. 9 - Mar. 23 
Jan. 20 - Mar. 23 
Jan. 20 - Mar. 23 

0.00 
0.00 
0.05 
0.03 

0.018 
0.034 

Mar. 30 - May 11 
Mar. 30 - May 11 

0.12 
0.13 

R 1 
2 
3 
4 

200 
100 
60 
30 

Shale 
T i l l 
T i l l 
T i l l 

235 
437 

42.5 
32.5 

0.004 

0.018 
0.029 

Jan. 14 - Mar. 25 

Jan. 14 - Mar. 25 
Jan. 14 - .Mar. 25 

0.04 

0.03 
0.04 

0.008 
0.010 
0.018 
0.015 

May 7 - June 14 
May 7 - June 21 
May 7 - June 21 
July 12 - Nov. 28 

0.08 
0.19 
0.03 
0.02 

0.0 
0.003 
0.014 
0.025 

Oct. 16 - Mar. 16 
July 12 - Dec. 15 
Jan. 13 - Apr. 6 
Jan. 13 - Apr. 6 

0.00 
0.06 
0.03 
0.03 

~ 

U 1 
2 
3 
4 

149 
100 
64 
22 

Sliale* 
T i l l 
Sand lens in t i l l 
Lake sediment, sand 

2.1* 
21.5 

1.0/9.0 
0.16 

0.004 
0.004 
0.004 

Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 

0.00 
0.00 
0.00 

0.035 
0.061 
0.089 

Apr. 29 - May 29 
Apr. 23 - May 14 
Apr. 14 - May 7 

0.03 
0.02 
0.00 

0.018 
0.025 
0.027 

June 26 - Sept. 11 
June 26 - Sept. 11 
June 26 - Sept. 11 

0.02 
0.01 
0.00 

0.014 
0.019 
0.078 

Mar. 30 - June 1 
Mar. 30 - June 1 
Mar. 23 - Apr. 6 

0.01 
0.01 
0.00 

B 1 
2 
3 
4 

200 
100 
60 
30 

Shale 
Shale 
T i l l 
T i l l 

530 
212 
5.7 
1.5 

0.0 
0.006 
0.006 

Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 

0.00 
0.00 
0.00 

0.002 
0.115 
0.081 

Apr. 14 - June 12 
Apr. 23 - May 7 
Apr. 29 - May 14 

0.02 
0.05 
0.01 

0.004 
0.007 
0.027 
0.024 

June 26 - Sept. 11 
June 26 - Sept. 11 
June 26 - Sept. 11 
June 26 - Sept. 11 

0.09 
0.06 
0.07 
0.00 

0.025 
0.016 

Mar. 30 - May 10 
Mar. 30 - May 10 

0.01 
0.00 

E 1 
2 

60 
30 

T i l l 
T i l l 

38.5 
15.8 

0.012 
0.022 

Jan. 1 - Mar. 20 
Jan. 1 - Mar. 20 

0.02 
0.01 

0.030 
0.217 

Apr. 29 - June 19 
Apr. 29 - May 7 

0.05 
0.14 

0.010 
0.024 

Dec. 22 - Mar. 23 
Dec. 22 - Mar. 23 

0.02 
0.02 

0.016 
0.091 

Apr. 28 - June 1 
Mar. 30 - Apr. 20 

0.03 
0.06 

D 1 
3 

90 
30 

Shale 
T i l l 

69.0 
4.8 

• - - - 0.087 
0.178 

Apr. 14 - May 14 
Apr. 9 - Apr. 29 

0.25 
0.03 

0.032 
0.056 

May 21 - Sept. 11 
May 21 - Sept. 11 

0.09 
0.01 

0.037 
0.150 

Mar. 23 - Apr. 20 
Mar. 23 - Apr. 6 

0.11 
0.03 

* - Piezometer U-1 gives anomalous time lag and permeability values, so correction factors not calculated. 
** - Dual figures represent time lags in sand l e n s / t i l l . Recovery curves in Hvorslev tests showed two limbs. 

Ef and Ef are calculated on basis of largest time lags. If sand lenses are small, tliese w i l l be c r i t i ca l values. 



is true, then Meyboom's mechanism is 
operative in flat to rolling topography, 
and over greater distances than has 
previously been suggested. 

(2) Bank storage effects could possibly 
account for some transient phenomena at 
sites J and D. Similar effects around 
lakes and large permanent sloughs could 
be expected at sites U and B. 

(3) ITie Lisse effect (Meyboom, 1967b) can 
cause artificial water-table rises during 
the spring snowmelt period. IVhether this 
rise is accompanied by upward flow in the 
shallow groundwater zone is not known. 

FIELD EVIDENCE OF GROUNDWATER DISCHARGE 

It is possible to map regional ground
water flow patterns using field techniques. 
These field methods can be divided into two 
classes: (a) those which provide direct 
quantitative measurements of the groundwater 
flow system, and (b) those which are quali
tative and interpretive in nature. In the 
first class would f a l l direct measurements 
of hydraulic head by means of piezometer 
nests, as reported in the previous section. 
The second class includes techniques of 
mapping the surficial evidence of ground
water discharge. In the Canadian prairies, 
this latter method was pioneered by Meyboom 
(1963) and expanded by Toth (1966). In 
general, the following phenomena can be con
sidered to be surface manifestations of ground
water discharge: 

(1) Saline slouglis, lakes and rivers. 

(2) .Saline soils and their associated 
vegetation. 

(3) Springs, seepage areas, swamps, permanent 
slouglis, and high water-table levels. 

(4) Flowing wells. 

In the Good Spirit basin, items (1), (2) and 
(4) are rare, and discharge areas are mapped 
almost entirely on the basis of criteria (3). 

A slough survey was carried out in the 
summer of 1966. The results are recorded in 
Table 6 in terms of the permanency, topographic 
environment, vegetation and approximate size of 
the sloughs. Temperature and conductivity 
measurements were taken twice during the 
summer at most slouglis. Conductivity values 
were probably somewhat lower tlian would 
generally be the case, in that measurements 
were made within a week of a 1-2 in. rainfall 
in both cases. A classification system based 
on that presented by Lissey (1968) was employed: 

FR = fast recharge sloughs; usually 
temporary or intermittent, ground

water recharge dominant over 
evaporation as cause of water 
level recession, low conductivity 
values (generally < 800 
micromhos/cm). 

SR = slow recharge sloughs; inter
mittent or permanent, evaporation 
dominant over recharge as cause 
of water level recession, higher 
conductivity values. (800-2000 
micromhos/cm). 

FD = fast discharge sloughs; permanent 
sloughs in major discharge areas, 
higher conductivity values. 

SD = slow discharge sloughs; inter
mittent or permanent, higher 
conductivity values. 

One additional slough type was encountered: 

DG = gravel plain discharge sloughs; 
usually taking the form of an 
intermittent slough in a shallow 
linear valley, associated with 
intermittent, discontinuous 
surface streams. 

On the basis of the slough survey 
(Table 6) and the piezometer results reported 
in the previous section, a map showing field 
evidence of groundwater discharge has been 
prepared (Figure 5). The size of the dis
charge areas may fluctuate slightly through 
the seasons and over the years in response to 
the transient nature of the flow system 
evidenced by the piezometer results. 

MATHEMATICAL MODEL 

It is possible to simulate steady-
state regional flow pattems in a three-
dimensional, non-homogeneous, anisotropic 
groundwater basin by obtaining solutions to 
an appropriate mathematical model. The method 
and its mathematical development are described 
by Freeze and Witherspoon (1966). 

Freeze (1968a) has applied the method 
to the Good Spirit Lake drainage basin. To do 
so it was necessary to know the water-table 
configuration and the subsurface permeability 
configuration. For the Good Spirit basin i t 
was reasonable to assume that the water-table 
configuration was identical to the regional 
topography. The geological stratigraphy was 
determined on the basis of'Cherry's (1966) 
study, together with the geological logs pre
pared during piezometer installation. The 
following permeability values were used: 

Shale: % = lO'^, = 10"^ 

Glacial t i l l : Kĵ  = 10-3, = 10"^ 

Outwash gravel: = = 1 
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Table 6. Results of slougli survey 

LOCATION 

TOPOGRAPHY 

S d 
5 J Q 

VEGETATION 

3 

SIZE .niNE 27-291 AUG. 28-29 

1965 1966 

REMARKS 

SE-S-29-5 
NE-34-28-6 
SE-8-29-6 
SE-5-29-6 
S 1/2-12-29-7 
W 1/2-36-28-7 
NlV-1-29-7 
NlV-13-29-7 
W 1/2-24-29-7 
SE-26-29-7 
NE-26-29-7 
W 1/2-36-29-7 
NlV-36-29-7 
NE-12-30-7 
E 1/2-30-30-6 
SE-3-29-6 
E 1/2-10-29-6 
SE-15-29-6 
NE-15-29-6 
NE-22-29-6 
NE-27-29-6 
E 1/2-22-30-6 
NtV-26-30-6 
S 1/2-8-30-7 
E 1/2-8-29-6 
NE-4-29-5 
E 1/2-4-29-5 
SW-3-29-5 
NE-2-29-5 
NE-2-29-5 
NE-11-29-5 
N1V-13-29-S 
NE-25-29-5 
SW-1-30-5 
W 1/2-12-30-5 
N 1/2-23-30-5 
S 1/2-27-30-5 
SlV-27-30-5 
NW-27-30-5 
SE-32-30-5 
E 1/2-31-30-5 
E 1/2-18-31-5 
NE-18-31-5 
W 1/2-12-32-6 
NE-3S-32-6 
NE-34-32-6 
NE-34-32-6 
NE-34-32-6 
SE-26-32-8 
S 1/2-11-33-8 
SE-35-32-9 
SW-16-33-8 
SE-16-33-8 
SlV-15-33-8 
W 1/2-13-33-8 
SW-24-33-8 
NE-14-33-7 
SW-31-32-6 
S 1/2-4-32-6 

W 1/2-34-31-6 
NE-28-3I-6 
NlV-22-31-7 
NE-21-31-7 
W 1/2-21-31-7 
kV-16-31-7 
SW-16-3I-7 
N 1/2-33-30-7 
E 1/2-33-30-7 
NE-28-30-7 
SE-I7-30-7 
SW-4-33-6 
W 1/2-9-33-9 
NlV-9-33-6 
NE-2I-33-6 
NlV-20-32-4 
SE-36-31-5 

1175 
800 
840 
2250 
185 
840 
1800 
970 
590 
935 
775 
790 
710 
740 
985 
810 
1420 
645 
630 
580 
670 
740 
1210 
970 
660 
720 
790 
2200 
1275 
750 
810 
1950 
690 

. 900 
750 
800 
390 
460 
1200 
780 
1375 
1200 
1325 
1050 
420 
310 
850 
800 
660 
1090 
1450 
985 
355 
90S 
560 
950 
580 
1335 
1065 
1230 
132S 
840 
790 
825 
1090 
• S35 
300 
595 
710 
1160 
890 
645 
380 
860 
500 
590 
520 
675 

700 
525 
Dry 
925 

850 
1500 
1100 
710 

680 
780 
780 

790 
650 
790 
Dry 
580 
850 

Dry 
Dry 

1250 
900 
1010 
lOSO 
Dry 
850 
610 
1200 
Dry 
Dry 
1850 
540 
Dry 
1400 
1300 
1420 
Dry 
Dry 
1000 
840 
S60 
940 

640 
IIOO 
3400 

Dry 
650' 
650 
810/ 

66 750 

340 
660 
680 

65 750 

66 
Dry 
700 

Theodore 
reservoir 

stream 
stream 
stream 

stream 
stream 
stream 
stream 

in FD 
in FD 
Horseshoe Lake 
Horseshoe Lake 

Stonewall Lake 

outer slough 
stream between 
inner slough 

Spirit Creek 
swamp 

* Temporary sloughs occurred in fields. Vaey were dry and recultivated by the end of August. Intermittent sloughs, although dry 
by August, were not recultivated. Tliey occupied definite wet depressions. 

** A dash in this column means the slough was not visited in August. Those sloughs which were dry are so marked. 
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Figure 6. Mathematical model. 
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Lake sand: Kĵ  = = 1 

Comparison with Table 4 will show the relation 
these figures bear to actual measured values. 

The mathematical model involves the 
representation of the basin by a- three-
dimensional nodal mesh. The computer output 
is in the form of printed values of the 
hydraulic head at each node in the grid and 
machine plotted equipotential nets in vertical 
cross-sections through the basin. 

The results of the mathematical model 
can be compared with field results in two ways: 
by comparing the areal distribution of recharge 
and discharge areas detennined by each method, 
and by comparing hydraulic gradients predicted 
by the model with those measured in piezometer 
nests. 

Figure 6 shows the mathematical model 
results as a map of groundwater discharge. 
The nodal columns where the hydraulic head 
increases with depth are labelled with a 
small circle. The areas enclosed by the 
dashed line encircling these nodes are the 
discharge areas. Comparison of Figure 6 with 
Figure 5 shows that the results of the field 
mapping and the results of the mathematical 
model are in good agreement. There are, how
ever, two discrepancies which deserve comment. 
One occurs in the vicinity of piezometer nest 
E, south of Horseshoe Lake. Here, there is no 
obvious field evidence of groundwater dis
charge but the mathematical model predicts an 
upward gradient. The piezometer results at site 
E showed almost equal semi-annual periods of 
recharge and discharge. 

The second notable difference between 
the two maps is on the sand-gravel plain west 
of Good Spirit Lake. The local discharge areas 
along the east-west trending depressions which 
traverse the plain (Figure 5) are the result of 
topographic relief of the order of 10 feet. 
Such relief is not apparent on the 25 foot con
toured topographic maps used to determine the 
elevations of the water table in the mathe
matical model. The discrepancy is unimportant 
on a regional scale, however, as the streamflow 
which arises from the groiondwater discharge 
disappears into the sand farther downstream in 
many cases. In effect, the streams themselves 
are a part of the groundwater flow system and 
the entire plateau can be considered a recharge 
area. 

Table 7 is a comparison of hydraulic 
gradient values calculated from piezometer 
measurements and model output. The measure
ments were taken during the period January 29, 
1967 - February 12, 1967. At this time of the 
year the shallow transient gradients are co
incident with the deeper steady gradients. The 
vertical gradients show that sites A and R are 
in recharge areas; sites J, U, B, E and D are 
in discharge areas. Reference to the lo

cations of the piezometer nests on Figures 5 
and 6 shows that this is in agreement both 
with the results of the mathematical model and, 
except for site E mentioned above, with the 
field mapping. 

The vertical hydraulic gradients 
determined from the mathematical model at the 
nodal columns closest to the piezometer site's 
(i.e., for nest A, I = 14, K = 30, see 
Figure 6) are also presented in Table 7. At 
nests A, U, B and D the agreement is good be-
ti\;een the model and field results. At J and E 
the results are within an order of magnitude, 
and at R there is a discrepancy of one order 
of magnitude. This correlation is quite 
satisfactory, especially i f it is realized that 
one of the most important controlling para
meters, the permeability, varies over 6 orders 
of magnitude. 

The comparison of the horizontal 
gradients in the model with those of the, 
meter measurements for the spans A-J, R-J and 
E-D are indicated in Table 7. Here the agree
ment is near-perfect. In tliat the predominant 
direction of groundwater flow is horizontal, 
the good agreement between the horizontal 
hydraulic gradients in the model and those 
measured in the field is an indication that the 
mathematical model is quantitatively repre
sentative of the groundwater flow. 

Table 7. Hydraulic gradient calculations 
in field and model 

Hydraulic Gradient ft/ft. 

Piezometer Vertical*** Horizontal 
Nest 

Math. Math. 
Piezometer Model Piezometer Model 

A +0.0184 +0.0135 
A to J A to J 
0.0071 0.0065 

J -0.0040 -0.0193 
R to J R to J 
0.0023 0.0016 

R 
n 

+0.0189 +0.0018 

u* -0.0028 -0.0034 
B** -0.0050 -0.0091 
E -0.0163 -0.0023 

E to D E to D 
0.0020 0.0014 

D -0.0102 -0.0066 
* Piezometer U-1 gave anomalous permeability measurement 

(table 3) so hydraulic ]iead measurement is also open 
to question. Vertical gradient at nest U is cal
culated on basis of upper 100 feet. 

** Piezometer B-1 had not stabilized. Vertical gradient 
at nest B is calculated on basis of upper 100 feet. 

*** A positive gradient means groundwater movement is 
downward (recharge); a negative gradient means ground
water movement is upward (discharge). 
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Figure 7. Vertical cross-sections through mathematical model. 

Sliallow transient flow phenomena are not 
taken into account in the model. The chosen 
water table is assumed to represent the average 
long-term position of the water table, and the 
results, the average annual conditions. A ll 
limitations and assumptions of the method are 
listed by Freeze (1968a) and Freeze and 
Witherspoon (1966). 

IWTES OF GROUNDWATER RECHARGE AND DISCllARGE 

Rates of groundwater recharge and dis
charge can be calculated from the output of 
the mathematical simulation of regional ground
water flow. Rates vary across the lateral ex
tent of a basin, even in those portions of the 
basin where the slope of the water table and 

the near-surface permeabilities are constant 
(Freeze and Witherspoon, 1968). This variation 
is best shown with the aid of a recharge-
discharge profile above a two-dimensional 
vertical section through the basin, or by a 
contoured map showing the recharge and dis
charge rates. 

Figure 7 shows three representative 
vertical cross-sections through the mathe
matical model. Their location can be 
determined by reference to Figure 6. The 
dashed lines are lines of equal hydraulic 
head. Random flow directions, which have been 
constructed taking into account the exaggerated 
vertical scale of the diagrams, the presence 
of anisotropic formations and the arbitrary 
orientation of the sections, are shown. In 
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general, the flowlines are not perpendicular 
to the equipotential lines. 

Above each cross-section in Figure 7 
a recharge-discliarge profile is shown. At any 
given point, the rate of groundwater recharge 
or discharge is indicated by the y-coordinate 
of the profile. At the right hand side of the 
profile, the scale is given in inches per hour 
as originally calculated. At the left hand 
side, the units have been converted into inches 
per year for use in water balance calculations. 
It should be noted that the scale is 
logarithmic. The recharge rate in the sand and 
gravel is several orders of magnitude higher 
than that in the glacial t i l l . 

Figure 8 is a map of the areal vari
ations in the rates of recharge and discharge. 
The contours were determined from the recharge-
discharge profiles for various cross-sections, 
of which those shown on Figure 7 are repre
sentative. The rather complex pattern which 
emerges is the result of a certain degree of 
interpretation. It is possible that the areal 
variations are more, or less, complex, but it 
is felt that the numerical rates are correct 
to an order of magnitude. Inset B to Figure 8 
shows the surficial permeability configuration 
(based on Figure 2, the geological map) used 
in the model. The influence of permeability 
on the recharge and discharge rates is self-
evident from Figure 8. 

Recharge rates on the sand-gravel plain 
west of Good Spirit Lake range between 0.1 inch 
and 10 inches per year. The majority of the 
plain shows values in the range 1-5 inches 
per year. Recharge rates on the t i l l portion 
of the basin, on the other hand, are less than 
0.1 inch per year and usually less than 0.01 
inch per year. These figures offer a slightly 
wider range than did Meyboom (1967), who used 
several techniques to estimate recharge on the 
Canadian prairies and arrived at values in the 
range 0.09 - 1.50 inches per year. 

Recharge on t i l l plains is actually 
concentrated in sloughs (Lissey, 1968). The 
areally-continuous, steady-state rates provided 
by the mathematical model give the averaged 
regional rates rather than the individual 
slough-focused rates. 

NATURAL BASIN YIELD 

The basin-wide groundwater flow net for 
the Good Spirit basin can be interpreted in 
terms of the quantity of flow through the basin. 
For an undeveloped basin under natural con

ditions this quantity of flow has been defined 
by Freeze and Witherspoon (1968) as the natural 
basin yield. In that the steady-state theory 
on which the concept is based, gives the long-
term average of the potential distribution, it 
is reasonable to consider the natural basin 
yield as an average annual value of the dynamic 
groundwater flow. Because this flow enters the 
system in recharge areas and leaves from dis
charge areas, natural basin yield can be con
sidered as a measure of the average annual 
groundwater recharge (which equals the average 
annual groundwater discharge). 

For the purposes of water-balance 
studies, the Good Spirit basin can be divided 
into four sub-basins (as shown in Inset A, 
Figure 8) on the basis of the groundwater and 
surface water flow regimes. Natural basin 
yields for the four sub-basins and their 
components are listed in Table 8. Values are 
calculated to tlie nearest 20 acre-feet, al
though the method probably does not merit this 
accuracy. 

Table 8. Natural basin yields. 

Acre- feet 

Upper Spirit Creek Sub-basin Total 80 

Lower Spirit Creek Sub-basin Total 
West of Spirit Creek (predominately 

sand-gravel) 
East of Spirit Creek ( t i l l plain) 

1980 
20 

2000 

Good Spirit Lake Sub-basin Total 
IVest of Good Spirit Lake [sand-

gravel plain) 
East of Good Spirit Lake (predom

inately t i l l plain) 

11500 

500 

12000 

Horseshoe Lake Sub-basin Total 2020 

Good Spirit Basin, Total 16100 

Quantitatively, almost all groundwater 
flow takes place in the surficial sand-gravel 
formation. Ninety-six per cent of the dis
charge into Good Spirit Lake arises in the 
sand-gravel plain west of the lake. The 
figure is 99 per cent in the Lower Spirit Creek 
sub-basin. The natural basin yield of the west 
half of the Good Spirit Lake sub-basin, which 
is part of the sand-gravel plain, is 144 times 
greater than that for the Upper Spirit Creek • 
sub-basin, an area of roughly equal size but 
with glacial t i l l as the surficial deposit. 
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103°00' INSET A 
lOŜOO' 

5000 10000 16000 20000 Metres 

RATE OF RECHARGE (+ve) IN INCHES PER YEAR 
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RATE OF DISCHARGE (-ve) IN INCHES PER YEAR 

>-10 

5 to 10 t-^-^-i 0.01 to 0.1 -1 to-10 

-0.1 to -1 

<-0.1 

^ 1to5 Ijllglll <0.01 

Figure 8. Areal variation in rates of recharge and discharge. 
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Section 3 

Natural groundwater recharge and discharge 

Objective: To investigate the mechanism of natural groundwater recharge 
and discharge, hy measuring the vertical unsaturated-saturated 
flow regime from the surface of the ground to a point beneath 
the water table. 

RECHARGE-DISCHARGE SITES 

Freeze (in press "a") has proposed a 
mechanism of groundwater recharge and discharge, 
whereby: 

a) The lonsaturated flow processes of in
filtration and evaporation are in physical 
and mathematical continuity with the 
parallel saturated processes of recharge 
and discharge. 

b) Water-table fluctuations result when the 
rate of groundwater recharge or discharge 
is not matched by the rate of infiltration 
or evaporation in the unsaturated zone. 
The question of whether a given input and 
a given set of initial conditions and soil 
type will give rise to groundwater recharge 
is actually a question of whether this set 
of conditions will result in a water-table 
rise. The rise provides the source of re
plenishment which allows the rate of 
recharge to continue. 

c) The parameters which control the integrated 
saturated-unsaturated flow system are: the 
rate of rainfall or evaporation, the 
duration of rainfall or evaporation, the 
subsequent conditions at the upper boundary, 
the groundwater recharge or discharge rate, 
the antecedent soil moisture conditions, 
the water-table depth, the allowable depth 
of.ponding and the soil type. 

The recharge-discharge sites A, B and 
C (Table 1, Figure 3) in the Good Spirit basin 
are designed to test this hypothesis by field 
measurement. Each site is representative of 
a different environment in terms of geology, 
vegetation and groundwater flow condition: 

A - glacial t i l l , cultivated farmland, 
recharge area 

B - lake sand, cultivated farmland, 
discharge area 

C - outwash gravel, pasture, recharge 
area 

Instrumentation at each site includes a 
rain gauge, a bank of soil-moisture resistance 
cells, a piezometer nest and an observation 
well. 

Results are shown in Figures 9a, b and 
c (inside back cover). The precipitation values 
were measured at the sites during the periods 
August 1-30, 1966 and June 1 - August 26, 
1967. For the remainder of the time, the values 
were taken.from the nearest temperature-rainfall 
station (i.e.. Site A - Buchanan, Sites B and 
C - Good Spirit Lake). Meteorological measu
rements for the period March 1 - May 25, 1968 
were not available at the time of preparation of 
this report. Values less than 0.05 inches were 
not recorded, and those in the range 0.05 -
0.20 were not differentiated. It must be noted 
that precipitation during the winter period 
(roughly November - Marcli) is snow, and in 
general adds to the sno\\/pack without reacliing 
the soil surface. 

Results from the soil moisture re
sistance cells are best viewed in a qualitative 
light. The quantitative-values of moisture 
content are based on some rather questionable 
calibration curves. An instrument failure 
occurred at a most unfortunate time during the 
spring melt period in 1967. 

The water-table hydrographs obtained 
at sites A and C are quite complete, but that 
from B is far from it (Figure 9b). A hand-dug 
well proved too shallow to record the full 
amplitude of the annual water-table fluctu
ations. It is anticipated that the well will 
be deepened. 

The moisture profiles at the base of 
each of the diagrams (Figures 9a, b, c) are 
representative of the conditions indicated by 
the Z-axis arrow. An ' f on'the diagrams 
indicates frost, as interpreted from the re
sistance cell results. Although frost is 
undoubtedly present each winter at each site, 
it is not always evident from the soil cells. 

Tensiometer measurements were made at 
each site during the summer of 1966. The 
results were valuable in defining the vertical 
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hydraulic gradients above the water table, as 
shown in Figure 10. The results obtained 
showed excellent qualitative agreement with 
the soil moisture cells at al l three sites 
when interpreted in terms of soil moisture 
content. Unfortunately the instruments are 
not well suited to Canadian winters or semi-
arid prairie moisture conditions; hence, the 
limited number of measurements. It is never
theless imperative for the complete under
standing of the mechanism of groundwater re
charge that hydraulic gradients be measured in 
both saturated and unsaturated zones. Research 
to this end continues in an experimental plot 
set up by the Groundwater Subdivision in 
Calgary. 

Neutron probe soil moisture measure
ments were taken at the three sites during the 
summer of 1967. The calibration curve pro
vided by the manufacturer was used, but the 
results showed that it would be necessary to 
calibrate the probe in each soil type before 
quantitatively meaningful results could be ob
tained. Results at the three sites showed 
qualitative agreement with the soil moisture 
cells but the range and absolute values 
differed considerably. In general the agree
ment was best in the glacial t i l l at A, fair 
in the sand at B, and unsatisfactory in the 
gravel at C. Continuation of the development 
of the methodology continues at the Calgary 
experimental plot. 

INTERPRETATION OF RESULTS 

The interpretation of research re
sults is naturally biased in the direction of 
the interests of the interpreter. Recognizing 
this fact, and seeing no alternative, the 
discussion of the results from the recharge-
discharge sites A, B and C is here confined to 
comments on natural groundwater recharge on 
the Canadian prairies. 

It seems clear that recharge-sus-
taining infiltration is possible only during 
the spring melt period or after intense summer 
rains. The pertinent questions are: Does 
infiltration to the water table occur every 
spring and in all soil types? How intense 
a summer rain is needed? Some, but not a l l , 
of the answers are provided by the first two 
years of record. 

Spring melt periods 

At site A (Figure 9a) infiltration to 
the groundwater body during the spring melt 
period is evident in both 1967 and 1968 
(despite the soil moisture instrument failure 
in 1967). There is a difficulty in dis
tinguishing between reactivation of the soil 
moisture cells due to the dissipation of the 
frost wedge and an actual increase in soil 
moisture. (For example, the premature peaks 
shown by the two shallow soil cells on 
March 31, 1968 appear to be due to a thawing 

and refreezing). Despite this problem, the 
following sequential mechanism seems to be 
suggested by the results: 

(i) Thawing of the frost wedge. 

(ii) Wetting of the soil from the 
surface down. 

(iii) Propagation of a wetting layer 
down through the soil profile. 

(iv) Water-table rise. 

This sequence is best shown during the period 
April - May, 1968 by the soil moisture results, 
water-table hydrographs and moisture profiles 
(Figure 9a) at site A. 

At site B (Figure 9b), in a regional 
discharge area with a shallow water table, soil 
moisture contents are near saturation at a l l 
times. The formation and dissipation of the 
frost wedge is very clear in both winter 
periods. A water-table rise, due in part to 
downward percolation from snowmelt and in part 
to the spring water level rise in the adjacent 
slough, occurs in both spring periods. Once 
the snowpack disappears, the summer discharge-
evaporation regime returns. 

At site C (Figure 9c) the instrument 
failure in the spring of 1967 makes the 
observed water-table rise difficult to 
interpret. The small water-table rise in March 
1968 is not due to vertical percolation from 
above. It appears, from the soil cell results, 
that the surface wetting caused by the spring 
snowmelt did not percolate to the depth of the 
water table. This is diagrammatically shown by 
the moisture profiles. The water-table rise 
must be caused by horizontal inflow from an 
upstream position in the flow system where in
filtration is more effective (probably where 
the water table is shallower). 

The water-table depths at sites A and 
C were approximately equal prior to the spring 
melt period of 1968 but the recharge efficiency 
at site A was greater. Some possible con
tributing factors are: 

(i) The outwash gravel at site C, which 
has a saturated permeability con
siderably higher than that of the 
glacial t i l l at site A, has a much 
lower permeability at low moisture 
contents. The effect of the 
permeability-moisture content 
relationship is explored further by 
Freeze (in press "a"). 

(ii) The outwash gravel is non-homogene
ous and possesses restricting clay 
layers of extremely low perme
ability. 

(iii) Fractures in the glacial t i l l . 
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rather than matrix flow, may trans
mit the majority of the water to 
the water table. 

(iv) The frost wedge dissipation may 
have preceded surface'water 
availability at site A but lagged 
behind it at site C. 

(v) Surface runoff would be greater at 
C than A, due to topographic 
situation. 

Summer rains 

The heaviest rainfall in the two-year 
measurement period occurred August 5-7, 1966. 
A detailed analysis of the effect of this 
storm at site A, including an interpretation 
of tensiometer results, which were available 
for this period, is shown in Figure 10. Re
sults from the one-month period July 23 -
August 22 are displayed. On the basis of 
weather and rainfall, see top graph, Figure 10, 
the month can be divided into three periods: 
highly evaporative conditions from July 23 to 
August 5, heavy rainfall from August 5 to 
August 7, and low evaporation potential and 
intermittent rainfall from August 7 to 
August 22. The effects of this meteorological 
regime on soil moisture conditions are shown 
on the following five graphs on Figure 10. 
The moisture content graphs.and moisture pro
files are a more detailed presentation of 
those shown on Figure 9a. Next, the measure
ments of soil moisture tension head from the 
tensionmeters are shown, followed by an 
interpretation of the results in which the 
elevation head has been added to the tension 
(pressure) head in order to obtain hydraulic 
head profiles. Profiles for July 25 and 
August 3 show upward movement of water in the 
unsaturated zone. Those of August 8 and 19 
show downward infiltration. The hydraulic 
head profiles have been further interpreted to 
derive a graph of vertical hydraulic gradient 
vs time within the unsaturated zone. For 
comparison, an estimated graph of vertical 
hydraulic gradient in the saturated zone, as 
determined by backward extrapolation from . 
later stabilized piezometer measurements, is 
presented immediately below i t . The lowest 
graph shows the water-table fluctuations. 

The conclusion is self-evident. The 
very intense rainfall (3.80 inches in 2 days) 
resulted in infiltration to the water table 
and a water-table rise. 

On the basis of the knom functional 
relationships between permeability, moisture 
content and tension head for soils similar to 
the Yorkton loam, the water-table rise which 
resulted from the heavy rain appears to be 
more direct than one would have expected. A 
possible explanation may be the presence of 
drying cracks which were observed prior to the 
rainfall period at the site. It is possible 

that the infiltration occurred essentially by 
fracture flow through these cracks. This is 
a factor which has not been included in any 
theoretical treatment to date but which may 
have significance to groundwater recharge on 
the Canadian prairies. 

Reference to Figure 9c shows that the 
heavy rainfall of August 6, 1966 caused a very 
slight and impermanent rise in the water-table 
level at site C. As was the case during snow
melt infiltration, the rise was not caused by 
direct vertical percolation from above. An 
interpretation of the soil cell results, as 
displayed by the moisture profiles, shows that 
the wetting front resulting from the heavy rain
fall affected only the upper six feet of the 
soil profile. 

The effects of other summer rainfalls 
at the three sites can be summarized as follows: 

(i) At site C (Figure 9c), no summer 
rainfall caused infiltration to 
the water table. This includes 5 
rainfalls in the range 0.80 - 1.00 
inch/day. 

(ii) At site B (Figure 9b), almost 
every rainfall caused a rapid, 
non-permanent water-table rise. 
Since the entire soil moisture 
profile above the shallow water 
table at this site is almost 
saturated, this effect is not 
surprising. 

(ii i ) At site A (Figure 9a), a 1.4 inch 
rainfall on October 4, 1967 
created a rapid, non-permanent 
water-table rise. From the soil 
cell results, however, it appears 
that the wet front did not per
colate below the two-foot mark. 
The water-table rise can thus be 
interpreted as a Lisse effect 
(Meyboom, 1967b). No other rain
f a l l caused infiltration to the 
water table. 

On the basis of two years of records a 
tentative conclusion regarding the recharge 
efficiency of summer rains can be reached. 
Only very intense rainfalls (e.g., 3.80 inches/ 
2 days) will cause infiltration to the water 
table and a water-table rise, and this only 
under favourable conditions of soil type and 
water-table depth. 

INFILTROMETER MEASURBffiNTS 

Surface infiltration measurements were 
made at sites A, B and C at various times 
during the summer of 1967. A double-ring 
infiltrometer of the type described by Johnson 
(1963) was used. The ring diameters were 12 
inches and 24 inches. Table 9 lists the re
sults of the measurements at the three sites. 
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Figure 10. Results of recharge - discharge site measurements, July 23 - August 22, 1966. Site "A" 
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The infiltration rate was taken to be the slope 
of the cumulative infiltration vs elapsed time 
curve, developed from data taken from the 
inner ring. Infiltration rates are influenced 
by a variety of extraneous factors. Johnson 
(1963) concluded that "specific values of the 
infiltration rate for a particular type of 
sediment are probably nonexistent measured 
rates are primarily for comparative use". The 
variation in the infiltration rate over the 
summer at each of the sites (Table 9) could not 
be correlated with any hydrologic factor such as 

soil moisture content at tlie surface. It seemed 
more a function of the positioning of the 
infiltrometer rings. 

A comparative interpretation of Table 9 
shows that the average infiltration rate for 
outwash gravel (site C) is greater than that for 
lake sand (site B). The wide range of values 
at site A and the relatively high average 
infiltration rate emphasize once again the 
importance of cracks, as a source of secondary 
permeability in glacial t i l l . 

Table 9. Infiltrometer measurements 

SITE A SITE B SITE C 

SE-3-32-7-W2 SW-12-29-5-W2 SW-14 -29-6-W2 

GLACIAL TILL LAKE SAND OUTWASH GRAVEL 

Infiltration Infiltration Infiltration 

Date, 1967 rate Date, 1967 rate Date, 1967 rate 

Inches/hour inches/hour Inches/hour 

May 30 0.47 June 5 0.71 June 6 0.69 

June 7 0.27 June 12 0.27 June 13 1.20 

June 14 1.07 June 19 0.29 June 27 1.12 

June 21 2.78 June 26 0.98 July 4 2.48 

June 28 1.45 July 10 0.48 July 11 1.27 

July 5 0.53 July 17 0.55 July 18 1.35 

July 12 1.84 July 31 0.98 July 25 0.90 

July 19 1.57 Aug. 10 0.87 Aug. 1 1.23 
July 26 0.56 Aug. 14 0.73 Aug. 8 0.85 

Aug. 9 0.24 Aug. 21 0.22 Aug. 15 2.50 

Aug. 16 0.47 Aug. 22 0.95 
Aug. 23 1.50 

Range 0.24-2.78 Range 0.22-0.98 Range 0.69-2.50 

Average 1.06 Average 0.61 Average 1.32 
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Table 10. Monthly Prec ip i ta t ion Records, Good Sp i r i t Lake Basin, 1964-1967 

Meteorological Branch, 
Department of Transport, Hydrologic Sciences Div is ion 

Temperature-Rainfall Stations Temporary Raingauges 

Year Month Good Month 
Sp i r i t 

Canora Buchanan Lake P l P2 P3 P4 

SW-32- SW-6- ^E-9 - SW-19- NE-20- NE-29- NW-35-
30-3-W2 32-6-W2 29-5-W2 32-7-W2 32-6-W2 31-6-W2 31-6-W2 

1964 J 
F 
M 
A 
M 
J 
J 
A 
S 
0 

-
-

-
0.79 
3.79 
1.41 
3.60 
3.47 
2.13 

0.93 
4.04 
2.88 
2.22 

-
0.97 
2.31 
3.37 
2.87 
1.65 

N 
D 

Total 

- - - - - - -N 
D 

Total - - - - : - -
1965 J 

F 
M 

- -
- -

-
-

A - 0.91 1.20 0.40 - 1.60 
M - 3.68 3.52 4.29 3.26 2.92 
J - 4.51 3.61 5.73 3.68 _ 3.80 
J 3.94 1.58 2.94 2.37 3.13 _ 2.57 
A 1.35 1.04 1.31 1.40 1.14 _ 1.30 
S 3.87 3.15 3.89 3.37 - _ 2.59 
0 0.02 0.00 0.02 - - _ 

N 1.85 1.55 1.74 _ _ _ _ 

n 1.30 1.37 1.21 _ _ _ _ 

Total - - - - - - -
1966 J 

F 
1.20 
0.75 

0.89* 
0.69 

1.09 
0.88 

- - - -
M 1.20 1.70 1.85 - _ 0.50 _ 

A 1.42* 1.80 1.78 - 0.26 1.18 _ 

M l.OS 0.89 1.08 0.70 0.52 0.56 _ 

J 4.16 3.73 4.01 1.33 3.40 4.18 _ 

J n .79 1.44 1.06 1.11 1.02 1.69 _ 

A 3.55 4.79 4.33 5.12 5.51 4.46 _ 

S 0.39 0.29 0.33 0.67 0.24 0.26 _ 

0 0.31 0.20 0.32 0.19 0.19 0.08 _ 

N 1.40 1.95 1.40 - _ _ 

D 1.20 1.50 1.40 _ _ _ _ 

Total 18.42 19.87 19.53 - - - _ 

1967 J 
F 

1.70 
0.40 

1.50 
0.15 

1.82 
0.60 

- - - -
M 1.30 1.70 1.95 _ _ _ 

A 0.31 0.10 0.26 - _ 0.08 _ 

M 0.66 0.28 0.33 0.15 0.10 0.33 0.21 
J 0.33 0.34 0.97 0.51 0.28 0.19 0.10 
J 0.82 0.51 0.45 0.91 1.96 0.62 0.47 
A 0.95 0.77 0.89 - 1.05 0.86 0.90 
S 1.46 2.28 1.92 - 1.38 2.46 
0 2.32 2.38 2.44 - 1.78 2.44 _ 

N 1.27 0.85 0.92 - _ _ _ 

D 1.00 0.83 0.87 _ _ _ 

-. Total 12.52 11.69 13.42 - - - -

* - Estimated. 
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Section 4 

Preliminary water balance 

Objective: To arrive at a preliminary water balance for the basin. 

PRECIPITATION 

Three temperature-rainfall stations 
were established in the Good Spirit basin by 
the Meteorological Branch of the Department of 
Transport in 1965. The monthly precipitation 
records are shown in Table 10. For the two-
year period 1966-1967 the average annual pre
cipitation is 15.47 inches at Canora, 15.78 
inches at Buchanan and 16.47 inches at Good 
Spirit Lake. 

Table 10 also lists the results of the 
four temporary raingauges established by the 
Hydrologic Sciences Division. Daily records 
kept at these sites provided added data during 
the wet season for the calculation of isohyetal 
pattems of individual stomis. They have now 
been closed out. 

The nearest Class A meteorological 
station is 20 miles south of Good Spirit Lake 
at Yorkton. Table 11 shows the monthly pre
cipitation records for Yorkton for the period 
1955-1967. The average annual precipitation 
for this period is 16.47 inches. 

During the two years of duplicate re
cord, the three stations in the Good Spirit 
basin recorded higher precipitation than that 
recorded at Yorkton. 

Weekly rainfall measurements are taken 
during the summer months at sites A, B and C 
for the purpose of correlation with soil 
moisture results. These values are shown on 
Figure 9, in the section on natural ground
water recharge. 

EVAPOTRANSPIRATION 

No direct measurements of evaporation 
or evapotranspiration are available in the 
Good Spirit basin, or at Yorkton. 

As an approach to the problem of 
estimating the potential evapotranspiration, 
the empirical method of Thomthwaite (1948) 
has been applied to the data of 12 temper
ature-precipitation stations in east-central 
Saskatchewan (Figure 11). The more sophisti
cated approximate energy budget of Penman 
(1948) has been applied to the Class A station 
at Yorkton. Average annual values of potential 
evapotranspiration as calculated by the two 
methods are shown on the left-hand side of 
Table 12, together with the average annual 
precipitation and the period for which the 
records were analyzed. 

For the Penman calculations, the 
albedo was assumed to have the value 0.20 for 
the period April - October and 0.75 (snow 
cover) for the period November - March. The 
monthly "f" coefficients recommended by Penman 
were used. For the period 1955-1965 the hours 
of bright sunshine were estimated from cloud 
cover measurements; in later years direct 
measurements were available. 

Reference to Table 12 shows that the 
average annual potential evapotranspiration 
in east-central Saskatchewan ranges from 20.17 
to 21.48 inches. The Penman estimate at 
Yorkton (21.48 inches) for the 13-year period 
1955-1967 is considered to be the most reliable. 

Table 11. >fonthly precipitation records^ Yorkton, Saskatchewan, 1955-1967 

1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 

J 1.17 1.40 0.29 0.24 0.30 0.83 0.53 2.11 0.34 2.21 0.43 0.91 1.69 

F 0.29 . 1.48 0.30 1.35 0.24 0.35 0.58 1.70 0.69 0.66 1.65 0.88 0.66 

M 1.61 2.13 1.71 0.51 0.28 0.87 1.01 1.79 1.08 0.97 0.58 0.85 1.76 

A 2.41 0.42 0.57 0.87 1.38 0.75 0.57 0.94 0.81 0.28 1.13 0.95 0.27 

M 2.26 1.21 0.74 0.40 0.58 1.87 1.96 2.61 2.28 2.94 3.30 0.95 0.34 

J 1.80 3.89 1.35 1.15 5.79 1.67 0.41 1.22 4.64 1.13 3.39 2.88 0.31 

J 3.40 2.38 1.02 1.45 0.96 0.51 0.52 1.28 3.82 2.66 2.97 2.44 1.00 

A 1.76 2.42 3.09 2.57 2.81 0.84 _ 0.47 3.48 2.58 5.13 1.21 2.31 0.92 

S 2.18 0.47 0.45 1.39 3.86 0.50 1.32 1.36 1.76 1.64 3.73 0.06 1.59 

0 0.73 1.29 0.67 0.55 2.16 0.39 1.13 1.42 0.48 0.36 0.02 0.55 1.73 

N 2.12 1.74 0.45 1.37 0.86 0.47 1.16 0.89 0.80 0.89 1.01 1.63 0.64 

D 0.72 2.04 0.64 1.06 1.42 1.05 0.69 0.73 1.53 1.00 0.54 0.96 1.03 

T o t a l 20.45 20.87 11.28 12.91 20.64 10.10 10.35 19.53 20.81 19.87 19.96 15.37 11.94 
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Table 12. Potential evapotranspiration and moisture budget summary 

Station 

Period 
for which 
records 
analysed 

tH c tfl o 
3 -H 

C 4J 

53 
•H 

<U CL 
60 -H (fl a u o 
QJ U 
> CM 

< 

o 
-H 
2 

CO OJ -H 
=J -u a 
C -H (S) c CO iH a < 5 CO -i-i u 
<U 4J 4J *J C B o 
CO 0) P. 
M O W CO 0) J3 O t> 5 H FL. W 

c o 
rH -H 

•H CO 
rH 4-» M 
CO C -H 
3 (i> a 
C i-l CO 
c o d 
< CL- CO 

D C JJ 
tiO CO o 
CO 6 a M C to 
OJ QJ > 

> CL, UJ 
<: 

Holmes and Robertson Moisture Budget 

Station 

Period 
for which 
records 
analysed 

tH c tfl o 
3 -H 

C 4J 

53 
•H 

<U CL 
60 -H (fl a u o 
QJ U 
> CM 

< 

o 
-H 
2 

CO OJ -H 
=J -u a 
C -H (S) c CO iH a < 5 CO -i-i u 
<U 4J 4J *J C B o 
CO 0) P. 
M O W CO 0) J3 O t> 5 H FL. W 

c o 
rH -H 

•H CO 
rH 4-» M 
CO C -H 
3 (i> a 
C i-l CO 
c o d 
< CL- CO 

D C JJ 
tiO CO o 
CO 6 a M C to 
OJ QJ > 

> CL, UJ 
<: 

Average Annual Actual 
Evapotranspiration 

for various soil moisture capacities 

Average Annual 
Moisture Surplus 

for various soil moisture capacities 
Station 

Period 
for which 
records 
analysed 

tH c tfl o 
3 -H 

C 4J 

53 
•H 

<U CL 
60 -H (fl a u o 
QJ U 
> CM 

< 

o 
-H 
2 

CO OJ -H 
=J -u a 
C -H (S) c CO iH a < 5 CO -i-i u 
<U 4J 4J *J C B o 
CO 0) P. 
M O W CO 0) J3 O t> 5 H FL. W 

c o 
rH -H 

•H CO 
rH 4-» M 
CO C -H 
3 (i> a 
C i-l CO 
c o d 
< CL- CO 

D C JJ 
tiO CO o 
CO 6 a M C to 
OJ QJ > 

> CL, UJ 
<: 

0.1 2.0 4.0 6.0 8.0 10.0 0.1 2.0 4.0 6.0 8.0 10.0 

Yorkton 1955-1967 16.47 21.48 10.64 12.47 13.02 14.72 15.52 15.78 5.83 4.00 3.39 1.79 0.97 0.61 Yorkton 
1955-1967 16.47 21.24 10.32 12.26 12.89 14.49 15.41 15.70 6.15 4.21 3.57 1.94 1.02 0.63 

Kamsack 1955-1967 13.95 21.41 10.00 11.79 12.32 13.32 13.90 13.95 3.95 2.17 1.65 0.62 0.06 0.00 

Llntlaw 1933-1967 16.53 20.06 10.14 11.92 12.58 13.97 14.92 15.19 6.39 4.61 3.87 2.43 1.45 1.07 

Hubbard 1962-1967 16.48 20.17 11.42 13.51 14.12 15.26 16.03 16.01 5.06 2.97 2.29 1.06 0.24 0.03 

Kurokl 1962-1967 19.04 20.26 11.61 13.28 13.67 15.61 16.47 16.49 7.44 5.76 5.21 3.13 2.19 1.94 

Melville 1962-1967 15.50 20.95 10.42 12.21 12.91 14.24 15.18 15.10 5.08 3.29 2.60 1.15 0.25 0.11 

Arran 1962-1967 18.96 20.52 12.15 14.05 14.76 16.21 17.20 17.25 6.82 4.91 4.05 2.51 1.50 1.23 

Foam Lake 1965-1967 17.20 20.89 10.29 12.47 13.38 14.74 15.61 15.79 6.90 4.73 3.66 2.23 1.24 0.63 

Buchanan 1966-1967 15.78 20.20 7.97 9.96 10.88 12.37 14.10 14.02 7.81 5.82 4.45 2.88 0.96 0.44 

Canora 1966-1967 15.47 20.30 8.18 10.08 10.92 12.92 14.12 15.40 7.29 5.39 4.05 1.73 0.44 0.00 

Good Spirit Lake 1966-1967 16.47 20.22 8.30 10.20 11.10 12.89 14.43 14.43 8.18 6.28 4.88 2.74 1.20 0.59 

Note: The actual evapotranspiration plus the moisture surplus at any given station for any given capacity 
should equal the precipitation. Discrepancies in the table are a result of the averaging process inherent in the 
monthly budgeting procedure. 

Table 13. Soil moisture capacity values 

Geological 
Formation 

% 
Area 

Covered 
Soil 

Association 
Soil 
Texture 

Estimated 
Soil Moisture 

Capacity 
(inches in 
upper 4 feet) 

Lake sediments, sand and 
silt 

2i 6 Meota Fine sandy loam 5 Lake sediments, sand and 
silt 5 Meota Sand 4 

Outwash sand and gravel 15 Whitesand Gravelly loam 
and sandy loam 

4 

Glacial till 37 Yorkton Loam 6 

Glacial t i l l , overlain by 
discontinuous lake 
sediments 

22 
15 Yorkton Loam 6 Glacial t i l l , overlain by 

discontinuous lake 
sediments 

22 
7 Canora Silty loam 7 

Glacial t i l l , veneered 
with discontinuous 
aravellv lag deposits 

15 
10 Yorkton Loam 6 Glacial t i l l , veneered 

with discontinuous 
aravellv lag deposits 

15 
5 Whitesand Gravelly loam 4 

Source: Figure 2 (after 
Cherry, 1966) 

Source: Mitchell et al, 1947 Source: 
Dept. of 
Agriculture 
(1956) 

Soil Moisture % Area 
Soil Capacity Covered 

Canora silty loam 7 7 
Yorkton loam 6 62 
Meota fine sandy loam 5 6 
Meota sand 4 5 
Whitesand gravelly & 4 20 
sand loam 
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The measured precipitation values and 
calculated potential evapotranspiration values 
have been used together with the Holmes and 
Robertson (1960) moisture budget technique to 
determine the annual actual evapotranspiration 
and the moisture surplus (Table 12). Calcu
lation of the moisture surplus provides an 
independent estimate of the water available 
for surface runoff and groundwater recharge. 
It can be compared with more direct, measure
ments. With the aid of a computer program 
(Freeze, 1967) the analysis was carried out 
for six different soil moisture capacities 
varying from 0.1 inch to 10 inches. These 
values cover the range suggested by the Soil 
Research Laboratory at Swift Current (De
partment of Agriculture, Canada, 1956). Table 
13 lists the soil types present in the Good 
Spirit basin together with an estimate of their 
areal distribution (after Mitchell, et a l , 
1947) and their soil moisture capacity. The 
areal distribution of soils is tied directly 
to the underlying parent geological formation. 
The correspondence is listed in Table 13, 
using the same geological nomenclature as 
that of Figure 2, the geological map of the 
basin. 

Table 12 shows the moisture budget 
results for the 12 stations in east-central 
Saskatchewan. Once again the calculations 
based on Penman values at Yorkton are probably 

the most representative (top line. Table 12). 
For soils with capacities in the range 4 to 8 
inches, the average annual moisture surplus is 
seen to vary from 0.97 to 3.39 inches. 

In an average year precipitation ex
ceeds potential evapotranspiration from 
November to April. Moisture surpluses are 
limited to this period. During the summer 
months the situation is reversed and moisture 
deficits occur. 

It is also possible to use the Penman 
method to calculate evaporation from open water. 
For this case, the Penman "f" factors become 
1.0 and the summer month albedos are changed to 
0.05, a more representative value for open 
water. With these figures, the Penman evapo
ration estimate using Yorkton data for the 
period 1955-1967 is 32.79 inches per year. 
This figure is not in good agreement with the 
value suggested by Berry and Stichling (1954). 
They used the Meyer formula over the period 
1901-1950 and arrived at an estimate of mean 
annual evaporation in the Yorkton area of 
26.1 inches. 

This unsatisfactory spread in the 
possible range of values can be improved by 
reference to lake level records for Good Spirit 
Lake. Smoothed hydrographs showing the depth 
to water in a stilling well in the beach ad-
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jacent to the north end of the lake (Site 
62M/10-GS5, Figure 3, Table 1) are shown for 
the period 1964-1967 in Figure 12. Measure
ments taken at Site 31-112 (Figure 3) during 
1964 and 1965 by the Saskatchewan Water 
Resources Commission are shown superimposed on 
the GS5 records. The records for each station 
are consistent within themselves with respect 
to measurement datum but bear no relation to 
one another. The measurements at 31-112 were 
superimposed on GS5 in such a way as to obtain 
a good f i t for 1964. The peaks in the GS5 
hydrographs can be correlated with heavy runoff 
periods in the spring, and summer rainfalls. 

The 1967 hydrograph is smoother than 
the others and more amenable to water level 
recession analysis. A recession curve for the 
period June 1 - October 1 is shown. During 
this period the lake level dropped 1.8 feet 
(21.6 inches). Precipitation, as recorded at 
Good Spirit Lake D.O.T. station (Table 10), 
was 4.23 inches. Evaporation from the lake 
was therefore 21.6 + 4.2 = 25.8 inches. 
According to graphs provided by Berry and 
Stichling (1954), this period should account 
for approximately 80 per cent of the annual 
evaporation. Total evaporation for 1967 from 
Good Spirit Lake was therefore of the order of 
(100/80) 25.8 = 32.2 inches. The water 
balance calculations presented later in the 
section take into account a l l inflows into the 
lake, not just precipitation. In this more 
complete analysis, i t was found that an 
average annual evaporation rate of 31.0 inches 
was necessary to balance the budget of Good 
Spirit Lake. 

The evaporation rate off sloughs is 
assumed to take place at 80 per cent of the 
lake rate, or 25.0 inches per year. 

RUNOFF 

The runoff from a portion of the Good 
Spirit basin is measured at Spirit Creek near 
Buchanan (Water Survey of Canada Station No. 
5MB-7; formerly Saskatchewan Water Resources 
Commission Station No. 31-103). The location 
of the station is shown in Figure 3 and the 
particulars are noted on Table 1. The 
effective drainage area for this station is 93 
square miles. The gross drainage area of the 
Good Spirit basin above this site is roughly 
125 square miles. Surface runoff in the non-
contributing portion of the basin takes the 
form of overland flow into local slough systems. 

Table 14 lists the annual runoff at 
Spirit Creek near Buchanan for the period 1958-
1967. The recorded annual runoff varies from 0 
to 5810 acre-feet, or 0.00 to 1.17 inches over 
the effective drainage area. The average annual 
runoff for this 10-year period is 0.50 inch 
over the drainage area (2500 acre-feet). This 
figure is apparently representative for rolling 
to hummocky topography in cultivated farmland 
on glacial t i l l . 

The monthly runoff for the period 1965-
1968, during which the permanent site es
tablished by the Water Survey of Canada has 
been in operation, is tabulated in Table 15. 
Streamflow is intermittent, resulting almost 
entirely from the spring snowmelt in April and 

Table 14. Annual runoff. Spirit Creek near Buchanan, 1958-1967 

Year Runoff Measurement Agency 

acre-feet 
Inches over the 
drainage area** 

1958 

1959 

1062 

1028 

0.21 

0.20 

Saskatchewan Water 
Resources Commission, 
Station No. 31-103 

1960 4260 0.86 

1961 0 0.00 

1962 2762 0.56 

1963 172 0,03 

1964 

1965 

1966 

* 
~ 1964 

1965 

1966 

2070 

5810 

0.42 

1.17 

Water Survey of Canada, 
Station No. 5MB-7 

1967 5030 1.02 

Only miscellaneous measurements available 
Effective drainage area = 93 square miles 
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Figure 12. Good Spirit Lake levels, 1964-1967 



May. Baseflow in the portion of the stream 
system measured at this site is zero. Ground
water discharge into the streams during the 
summer months is apparently sufficient only to 
satisfy the demands of evaporation. 

The temporary streamgauges installed 
on tributaries of Spirit Creek by the author 
failed to yield adequate records. 

GROUNDWATER AND SOIL MOISTURE 

The natural basin yields of ground
water flow in the various sub-basins of the 
Good Spirit basin are listed in Table 8, in 
the section on groundwater flow patterns. 
These values are directly applicable to water 
balance calculations. 

The soil moisture regime is not con
sidered in the water balance presented in this 
report. The measurements obtained at sites 
A, B and C for use in studying the mechanism 
of natural groundwater recharge are not 
sufficient for consideration on a basin 
wide scale. 

WATER BALANCE 

The "average annual" water balance for 
a basin can be stated as: 

P + Si - U. = E . S^ . U^ (1) 

where: 

P = average annual precipitation 

S^ = average annual surface water inflow 
to the basin 

U^ = average annual groundwater inflow 
to the basin 

E = average annual evapotranspiration 

SQ = average annual surface water 
outflow from the basin 

UQ = average annual groundwater outflow 
from the basin 

Equation (1) is valid in basins where water 
resource development is negligible. It must 
be applied to a period of study spanning 
several climatologically representative 
years. Over such a period, the average annual 
values of the change in surface water, ground
water and soil moisture storage can be 
assumed negligible. 

In order to make a meaningful appli
cation of equation (1) to the component sub
basins of the Good Spirit basin, it is 
necessary to expand the equation on the basis 
of the following areal definitions: 

Table 15. Monthly runoff (acre-feet), Spirit Creek near Buchanan, 1965-1968 

1965 1966 1967 1968 

J - - - -
F - - - -
M 0.0 0.0 0.0 804. 

A 1600. 4710. 2320. 245. 

M 155. 1020. 2670. 20.8 

J 199. 30.5 38.3 5.1 

J 88.5 4.0 0.0 0.0 

A 0.0 39.7 0.0 

S 0.8* 6.0 0.0 

0 21.8* 0.0 0.0 

N - - -
D - - -

Total 2070 5810 5030 

Probably leakage through newly constructed weir. 
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T = total area of basin 

C = portion of area T which contributes 
to surface runoff 

N = portion of area T which does not 
contribute to surface runoff 

R = portion of area C which is a 
groundwater recharge area 

D = portion of area C which is a 
groundwater discharge area 

Equation (1) becomes: 

PT + S . + Ui = Ê s ^ + Eĵ g + E^^ + Ê g + 

EDW ^ ^ UQ (2) 

where: 

PT = precipitation over total area T. 

E N S ^ evapotranspiration from soil-
covered portion of area N at actual 
evapotranspiration rate for soils 
present. 

Ejĝ ^ = evaporation from open-water portion 
of area N. 

E R S ^ evapotranspiration from soil-
covered portion of area R at actual 
evapotranspiration rate for soils 
present. 

ERW ^ evaporation from open-water portion 
of area R . 

E D S evapotranspiration from soil-
covered portion of area D at rate 
equal to precipitation rate plus 
groundwater discharge rate (i.e., 
available water rate). 

EDW " evaporation from open-water portion 
of area D . 

Equation (2) may introduce unnecessary 
complication to the water-balance calculations, 
particularly in view of the low level of 
accuracy associated with the available measure
ments and estimates, but it is used here be
cause it is more functionally correct for the 
prairie environment than simpler equations. 
It also allows us to make more use of the 
quantitative groundwater flow data. 

A water-balance analysis for each of 
the four sub-basins within the Good Spirit 
basin (Inset A , Figure 8), and for the lake 
itself, follows. In each case, equation (2) 
is used as a basis, and the natural basin 
yield calculations are employed as an inte
grating factor. Table 16 summarizes the 
results. 

In some cases, the period of record 

used to arrive at average annual values 
differs from one parameter to another. It is 
hoped that this discrepancy can be removed by 
the end of the International Hydrological 
Decade by using the ten-year study period as 
the time base. 

The methods and criteria used in the 
water balance calculations, and some of the 
recurring values are as follows: 

(1) The total area T and the contributing and 
non-contributing portions C and N of each 
sub-basin were determined from topogra
phic maps, using the boundaries shown in 
Inset A , Figure 8. 

(2) The recharge and discharge portions, R 
and D, of the contributing area C were 
determined from Figure 8. It was assumed 
that all discharge areas form a part of 
area C, and that the entire area N is a 
recharge area. The total recharge area 
of each sub-basin is therefore N + R . 

(3) A value of 16.47 inches was used for the 
average annual precipitation throughout 
the water balance calculations. 

(4) A runoff rate of 0.50 inch over the drain 
drainage area, as measured at Spirit Creek 
near Buchanan, was assumed to hold over 
all till-covered regions. 

(5) The proportions of areas N , R and D taken 
up by soil and water were assumed to be as 
follows: 

(a) percentage of surface covered by water 
in areas N and R is 15 per cent in 
glacial t i l l and 5 per cent in sand or 
gravel. 

(b) percentage of surface covered by water 
in Lower Spirit Creek sub-basin dis
charge area is 10 per cent and in 
Horseshoe Lake sub-basin discharge 
area, 30 per cent. 

(6) Good Spirit Lake was treated separately 
from the two flanks of its sub-basin. 

(7) The quantities Ef,jiv, Ê^̂^ and Ep̂ ^ were 
calculated on the basis of an evaporation 
rate of 25 inches per year off sloughs, 
and 31 inches per year off Good Spirit 
Lake. 

(8) The evaporation quantities Ê g and Ej^ 
were calculated on the basis of average 
annual actual evapotranspiration rates 
from the top line of Table 12. The 
proportion of the various soil types in 
each sub-basin was estimated on the basis 
of Table 13. 

(9) In the Upper and Lower Spirit Creek sub
basins and the Horseshoe Lake sub-basin. 
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Table 16. Summary of preliminary water-balance calculations 

Sub-basin Are as (act es) Average annual rates (acre-feet) Sub-basin 

T C N R D PT Si Ui ENS EDS EDW So "o NBY 

Upper Spirit Creek 
Sub-basin 80640 60000 20640 41600 18400 116000 0 0 21700 6450 43800 13000 25300 0 2500 0 80 

Lower Spirit Creek 
Sub-basin 71420 29900 •41520 11500 18400 97800 2500 0 43350 8650 12000 3580 24750 3840 3750 0 2000 

Good Spirit Lake 
Sub-basin - west 
of Good Spirit Lake 57600 11860 45740 0 11860 79000 0 0 47100 4840 0 0 17270 0 0 10510 11500 

Good Spirit Lake 
Sub-basin - east 
of Good Spirit Lake 41480 3000 38480 0 3000 56800 0 0 40250 12050 0 0 4370 0 0 250 500 

Good Spirit Lake 11980 - - - 16450 3750 10760 0 0 0 0 0 30960 0 10 -

Horseshoe Lake 
Sub-basin 30640 21890 8750 12670 9220 42050 0 10 9040 920 13740 1330 8860 5750 0 0 2020 

Epg was calculated on the basis of 

E D S = P D * N B Y 

where: 

NBY = natural basin yield 

= total precipitation over area D . 

In the Good Spirit Lake sub-basin, both 
east and west portions: 

where: 

UQ = groundwater inflow into Good Spirit 
Lake 

To further illustrate the water balance, 
sample calculations from the Upper Spirit Creek 
sub-basin follow. 

P T = ^4r̂  ^ 80,640 = 116,000 acre-feet 

Si = 0 

Ui = 0 

E N S = ^ IW ^ 20,640 = 21,700 acre-feet 

(14.72.is the average annual actual 
evapotranspiration for Yorkton loam, 
which covers 85 per cent of the surface 
area of the sub-basin; the other 15 per 
cent being surface water) 

ENW ~ ~TT' ^ T M ̂  20,640 = 6,450 acre-feet 

E R S = X i§5- X 41,600 = 43,800 acre-feet 

ERW = X ̂  X 41,600 = 13,000 acre-feet 

E D S = 80 + X 18,400 = 25,300 acre-feet 

EDW 

So 

= 0 

X 60,000 = 2,500 acre-feet 

Uo = 0 

The total of the left-hand side of equation (2) 
is 116,000, the total of the right hand side is 
112,750, and the error is therefore 3.2 per cent. 
The calculations for Lower Spirit Creek and 
Horseshoe Lake are identical. 

For the west flank of the (i)od Spirit 
Lake sub-basin: 

E D S = X 11,860 + ̂  X 11,860 

= 16,280 + 990 = 17,270 acre-feet 

(1.0 inch is the actual rate of 
groundwater discharge in area D as 
shown in Figure 8) 

Uo = 11,500 - 990 = 10,510 acre-feet (where 
NBY is 11,500 acre-feet and 990 acre-feet 
is the portion of the NBY discharged in 
area D . Uo is tlie groundwater inflow from 
the west flank into Good Spirit Lake). 

Calculations on the east flank of this sub-basin 
are identical. The values presented differ from 
those presented in Freeze (1968a) for two reasons: 
(a) the period analyzed here is 1955-1967, in the 
previous report i t was 1955-1964; (b) the water 
balance in the earlier paper was for the recharge 
area portions of the sub-basin only and in tliis 
publication the entire sub-basin is considered. 

PT = 

For Good Spirit Lake itself: 

16.47 
12 X 11,980 = 15,450 acre-feet 
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Si ~ SQ from Lower Spirit Creek sub-
basin = 3 , 7 5 0 acre-feet 

Ui = UQ from east and west flanks of Good 
Spirit Lake sub-basin 

= 1 0 , 5 1 0 + 2 5 0 = 1 0 , 7 6 0 acre-feet 

SQ = 0 

EDW = X 1 1 , 9 8 0 = 3 0 , 9 6 0 acre-feet 

UQ < 1 0 acre-feet 

The value UQ is the possible sub
surface outflow toward Horseshoe Lake through 
tlie sand formation at the south end of Good 
Spirit Lake. The value was estimated on the 
basis of the formula UQ = AKi where A = cross-
sectional area of flow, K = permeability and 
i = hydraulic gradient. Conservative values 
are K = 1 . 0 in/hr, i = 5 ft/mile, and A = 2 
miles wide by 50 ft deep. With these values 
UQ < 1 0 acre-feet. 

In the Horseshoe Lake sub-basin, SQ is 
listed as zero. In fact, there have been out
flows from 1 lorseshoe Lake into the IVhitesand 
River. Those have not been measured, occur 
only in rare years and are presumably small. 

The average annual moisture surplus 
(Table 1 2 ) can be used as an independent check 
on water balance quantities. For example, on 
the west flank of the Good Spirit Lake sub-
basin, the average annual moisture surplus, 
3 . 3 9 inches, taken over the total recharge area, 
is 4 5 , 7 4 0 = 1 2 , 9 4 0 acre-feet. This should 

equal N B Y + SQ = 1 1 , 5 0 0 + 0 acre-feet. The error 
is 1 2 . 5 per cent. 

TRITIUM STUDIES 

A tritium study under the direction of 
Mr. A. Rutherford has recently been established 
by the Saskatchewan Research Council in the 
Good Spirit Lake basin. The purpose of the 
project will be to compare the conventional m 
method with tritium inventory methods in ob
taining a water budget for Good Spirit Lake. 
A primary objective will be the determination 
of the groundwater component of the water 
balance. The tritium inventory will involve 
an examination of the lake's tritium content 
in relation to incoming tritium through 
precipitation, runoff and groundwater, and to 
outgoing tritium through evaporation, outflow 
and decay. Instrumentation and measurements 
are expected to include lake volume and stage 
relationship, precipitation network, stream 
gauging, lake evaporation by conventional pan 
and semi-empirical equations, evaluation of 
groundwater gradients, and tritium concen
tration time series for the various water 
sources (Rutherford, personal communication). 

GEOCHEMICAL MEASUREMENTS 

In 1964, a joint study was initiated 
with Dr. G.K. Billings of the Department of 
Geology, University of Calgary, to correlate 
the water balance of Good Spirit basin with 
ion-balances determined by hydrogeochemical 
measurements. The study failed to materialize 
due to the departure of Dr. Billings from the 
University of Calgary. A considerable number 
of geochemical measurements were taken in the 
early stages of this program however. These 
data are being kept on fi l e for future use by 
the basin coordinator of the Good Spirit basin 
I.H.D. project, and have also been turned over 
to Dr. N.W.Rutter, Quaternary Research and 
Geomorphology Division, Geological Survey of 
Canada, Calgary. They are available from 
either source on request. 

The following geochemical analyses 
have been carried out on 15 geological samples 
(10 glacial t i l l , 5 shale) taken from 7 
piezometer sites in the basin from depths of 
20-200 f t . 

(1) Chemical analysis of 'whole rock' and 
clay fraction samples by: 

a) X-ray fluorescence: MnO, TiO^, CaO, 
K2O, Si02, A I 2 O 3 , MgO 

b) Rapid chemical analysis: FeO, Na20 

c) Difference: Fe203 

d) Spectrochemical analysis: Cr, Ni, Cu 

e) X-ray spectrometry: Sr, Rb. 

(2) X-ray diffraction of clay fraction 
indicating relative abundances of 
montmorillonite, i l l i t e and chlorite. 

(3) Grain-size analysis. 

The following hydrochemical analyses have 
been carried out on water samples: 

(1) Complete chemical analyses on 36 samples 
taken from Spirit Creek near Buchanan on 
a daily or weekly schedule, 1966. 

(2) Field conductivity values on samples 
taken from Spirit Creek near Buchanan, 
1965-1966. 

(3) Hach kit analysis of pH and hardness, 
and field temperature and conductivity 
on weekly or biweekly samples taken from 
three sites on Spirit Creek, two sites in 
Good Spirit Lake, four sloughs, and nine 
observation wells, during the period June 
September, 1966. 

(4) Atomic absorption spectrometry determi
nation of Ca, Mg, Na, K, Sr, L i , and 
Si02 on 108 samples from (3). 
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