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ABSTRACT

A reconnaissance test drilling program was conducted
in 1968 and 1969 in the southwestern portion of the Souris
River basin to provide hydrogeologic information on several
shallow unconfined aquifers in the area. One of the
aquifers, referred to as the Broomhill Experimental Aquifer,
was then chosen for detailed studies of its hydrologic
response and yield characteristics. The water-table con-
figurations, lateral boundaries, gross internal properties
and thickness variations were determined using a relatively
detailed network of water-table wells and drill holes.

The aquifer underlies an area of 25 square miles,
generally ranges in thickness between 10 and 40 feet, and
is bounded on its northern periphery by relatively
impervious glacial till, and on its eastern periphery by low
permeability silts and fine sands of lacustrine origin. The
southern boundary is a groundwater divide. The aquifer is
traversed from west to east by Stony Creek, a small
ephemeral stream. ‘

Maps of the aquifer showing the distribution of
effective porosity and saturated hydraulic conductivity were
prepared by combining and correlating drill logs, drill
sample descriptions, and results of laboratory analyses of
relatively undisturbed samples collected from a gravel
guarry in the aquifer. The saturated hydraulic conduc-
tivities of the aquifer materials typically range between
1 x 107 and 3 x 10" ° feet per second, and effective
porosity between 30 and 35 percent. Maps of the average
water-table configuration based on the well network and

drill results indicate the water table slopes from west-
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southwest to northeast towards the Souris River.

The above information was incorporated into digital
models of the aquifer system using the methods developed
by Pinder and Bredehoft (1968), which solve a linear,
parabolic, partial-differential equation approximating the
non steady-state flow of a fluid through a nonhomogeneous
fully-saturated porous medium.

One of the models was used to analyze data from a
24-hour pumping test conducted in a segment of the aquifer
by the Manitoba Water Resources Branch. The simulation
confirmed that the aquifer properties determined from the
test hole and laboratory data were reasonable and also
indicated that non-instantaneous release of water during the
initial phase of the pumping test is a factor which
significantly affects the time drawdown graphs.

Digital models were also used to obtain an under-
standing of the response and general yield capabilities of
the eastern half of the aquifer in which the most detailed
drilling results are available. Model simulations were
conducted using up to 26 pumping centers located in the
zones of maximum initial saturated thickness in the eastern
half of the aquifer. Pumping periods of 99 days were used
to evaluate the aquifer response to pumping from well fields
during an entire irrigation season. It was found that 56
percent of the aquifer area is capable of yielding 2,310
acre-feet of water over the 99-day period.

The aquifer yield capabilities were also investigated
using a hydrologic budget approach. BAnalysis of hydrologic
data for the period 1965-1971 suggest that the average yield
capability of the aquifer which could be realized by
conjunctive use schemes under ideal conditions involving
induced or artificial recharge from Stony Creek is 9330 acre-
feet of water per year. Estimates of the annual develop-

mental yield of the aquifer during the above period range
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between 2 and 13 inches and indicate that the aquifer yield
capability is controlled by major effects of climatic
conditions. It is, therefore, recommended that a more
detailed yield analysis be performed using long-term
regional climatic and stream flow data from adjacent water-
sheds. The yield analysis for the western portion of the
aquifer could also be refined if more detailed test drilling
data were available.

It is concluded that the Broomhill Experimental
Aquifer is a significant source of high-quality water in the
Souris River basin. The hydrologic controls on the aquifer
system are such that optimal development of the groundwater
resource could only be attained by instituting a detailed

water management scheme.



ACKNOWLEDGEMENTS

The writer wishes to acknowledge with gratitude
Drs. J.A. Cherry and G.E. Laliberte of the University of
Manitoba for suggesting the problem and their overall
supervision and encouragement throughout this investigation.

Thanks are extended to Dr. K.M. Adam of the
Department of Civil Engineering for reviewing the manuscript,
to Dr. G.F. Pinder of the United States Geological Survey
for providing the basic computer program for aquifer
analysis prior to publication, and to Prof. R.B. Pinkney of
the Department of Civil Engineering for providing able
assistance during modification of the computer program.

The research was supported by grants from the Canada
Department of Energy, Mines and Resources and from the
Agassiz Center for Water Studies, University of Manitoba.

The investigation was performed with co-operation of the
following governmental agencies: Manitoba Water Resources
Branch, Canada Ministry of Transport, Canada Department of
Agriculture, and the Water Survey of Canada.

The writer received excellent co—operatidn from the
residents of the Broomhill-Melita area, in particular Mr. F.R.

Griffith who provided field assistance on numerous occasions.

vi



Finally, I would like to express my gratitude to
Mr. R. Pryhitko for drafting and photographic assistance,
and to others too numerous to mention individually, who

provided assistance during this study.

vii



TABLE OF CONTENTS

Page
ABSTRACT iii
ACKNOWLEDGEMENTS vi
LIST OF TABLES xii
LIST OF FIGURES Xiv
LIST OF MAJOR SYMBOLS xvii
CHAPTER I - INTRODUCTION 1
CHAPTER II - GENERAL PHYSIOGRAPHY AND
GEOHYDROLOGIC SETTING 4
CHAPTER III - METHODS OF INVESTIGATION 11
Aquifer Exploration | 11
Aquifer Instrumentation 15
Meteorological Instrumentation 15
Laboratory Investigation of
Aquifer Properties 16
Digital Modelling Technique 16
CHAPTER IV ~ GEOHYDROLOGIC CHARACTERISTICS OF
THE AQUIFER SYSTEM 18
Aquifer Properties Determined
from Laboratory Tests 18
Hydrology of the Aquifer System 24

viii



CHAPTER V

CHAPTER VI

Preliminary Calculations of the

Hydrologic Budget of the
Aquifer :

Hydrologic Budget Equation
Precipitation, Pa

Streamflow, IS and Os

Change in Groundwater Storage, Asg
Groundwater Inflow, Ig
Groundwater Outflow, Og

Evapotranspiration, ET

Yield Capabilities of the Aquifer

= THEORETICAL BASIS OF MATHEMATICAL
MODELS

Historical Development of Methods

of Aquifer Analysis

Mathematical Formulation of the Model

Controlling Physical Parameters

Derivation of the Basic Flow
Equations

Numerical Solution of the Flow
Equation

Boundary Conditions

Computational Procedures

- DIGITAL MODEIL STUDIES OF AQUIFER
RESPONSE AND YIELD CAPABILITIES

Objectives
Hydrologic Boundary Conditions

Model Boundary Conditions

29
29
36
38
41
44
45
50

61

64

64
69

69

71

74
79

80

83
83
84

86



Modelling of Internal Aquifer

Characteristics 91
Operation of the Model 93
CHAPTER VII - ANALYSIS OF PUMPING TEST RESULTS USING
THE DIGITAL MODEL 99
CHAPTER VIII - RESULTS AND DISCUSSION 107
Effect of Multiple Pumping Centers 107
Results 107
Discussion 112
Analysis of Pumping Tests Data 118
Effect of Hydraulic Conductivity 118

Simulations Using Time-independent
Effective Porosity Distributions 121

Simulation Using Time-dependent
Effective Porosity Distributions 121

CHAPTER IX - SUMMARY AND CONCLUSIONS 129
REFERENCES CITED 133
APPENDIX A - A LABORATORY METHOD TO DETERMINE THE
HYDRAULIC PROPERTIES OF DISTURBED
AND UNDISTURBED SOIL 139
Determination of Hydraulic
Conductivity 139
Method of Test and Calculation 141

Determination of Effective
Porosity 148



Results and Discussion
Saturated Hydraulic Conductivity

Effective Porosity

APPENDIX B - A COMPUTER PROGRAM FOR AQUIFER
EVALUATION

The Arrangement and Definition of
the Program Variables

Parameter Cards
Data Cards
Computer Program - To provide the

potential distribution in a
confined or unconfined aquifer

after a designated period of time

xi

151
151

157

161

163
163

164

168



Table

IT

IIT

v

VI

VIT

VIIT

IX

XI

XIT

LIST OF TABLES

Bulk density, saturated hydraulic conductivity
(disturbed and undisturbed), and effective
porosity along with a brief description of
the tested aquifer samples.

Monthly precipitation at Bede, 1965-1971.
Precipitation per hydrologic year, 1965-1971.

Ssurface inflow and outflow for Stony Creek,
1965-1971.

Change in groundwater storage (ASg), 1965-1971.

Groundwater subsurface outflow estimated using
water-table decline during the winter months,
1965-1971.

Evapotranspiration estimation using aguifer
water—-budget method, groundwater outflow
estimated using water-table decline method,
1966-1971 (inches).

Evapotranspiration estimation using aquifer
water-budget method, groundwater outflow
estimated using water-table decline method,
1966-1971 (acre-feet)

Evapotranspiration estimation using aquifer
water-budget method, groundwater outflow
estimated using D'Arcy equation, 1966-1971.

Potential evapotranspiration estimated using
Thornthwaite Method, 1966-1971.

Seasonal consumptive use for grass when water
is not a limiting factor estimated using
Blaney-Criddle Method, 1966-1971.

Seasonal consumptive use for grass when water

is not a limiting factor estimated using
Class "A" pan evaporation data, 1966-1971.

xii

Page

19
37

39

40

43

47

51

52

53

56

57

58



Table

XIIT

XIV

XV

XV1I

A-1

Distance between nodes, Ax. and Ay., used in
the digital model of the aqulferasystem.

Discharge rates and nodal-locations of the
pumping centers.

Distance between nodes, AXi and Ay ., used in
simulations of the pumping test.

Drawdown at the pumping centers determined
from the digital model of the entire
aquifer system after 99 days of pumping.

Brief description of the tested samples.

Change in saturated hydraulic conductivity, K '
values of the porous media during laboratory

tests.

Computed values of saturated hydraulic
conductivity at 4°C with the hydraulic
properties used in calculating the equation

_ MUi1p2 K for several aquifer samples.

2 7 piu, 1

Comparison between saturated hydraulic
conductivity of disturbed and undisturbed
samples of the aquifer formations.

Effective porosity, total porosity, retention

porosity, and particle density of the
several aquifer formations.

xiii

Page

92

96

103

115

142

152

154

155

158



Figure

lD

10.

11.

12.

13.
i4.

15.

LIST OF FIGURES

General location of the Broomhill
Experimental Aquifer.

General physiographic setting of the Broomhill
Experimental Aquifer.

Topography of the bedrock surface (adapted from
Manitoba Water Control and Conservation
Branch, 1968).

Regional surficial geology of the region
(adapted from Manitoba Water Control and
Conservation Branch, 1968).

Topography and location of instrumentation in
the Broomhill Experimental Aquifer.

Photograph of the removable-sleeve soil sampler.

Distribution of average saturated hydraulic
conductivity in the Broomhill Experimental
Aquifer.

Distribution of average effective porosity in
the Broomhill Experimental Aquifer.

Contour map of total aquifer thickness.

Topography of the base of the aquifer deposits.

Distribution of general grain-size properties
of the Broomhill Experimental Aquifer and

adjacent areas.

Vertical air photo mosaic of the Broomhill
Experimental Aquifer and adjacent areas.

Geologic cross-section A-A'.
Geologic cross-section B-B'.

Geologic cross-section C-C'.

xiv

Page

12

14

22

23
25

26

27

30
31

32



Figure Page

16, Hydrologic boundaries and average natural water-

table configuration of the Broomhill Experi-

mental Aquifer in July, 1970. 33
17. Average saturated thickness of the Broomhill

Experimental Aquifer in July, 1970. 34
18. Nodal array for the development of the

finite-difference equations. 75
19. Finite-difference grid and boundary conditions

used in digital simulations of the aquifer

system. ‘ 87
20. A 3 x 3 nodal array for the digital model. 94
21. Location of simulated pumping centers and area

of field pumping test (time-drawdown responses
at observation centers OW 1, 2, and 3, are
shown in Fig. 27). 100

22, Location of pumping and observation wells used
in the aquifer pumping test. 101

23. Computer plot of digitally-simulated water-
table response to 26 pumping centers; natural
water table used as initial condition. 109

24, Computer plot of digitally-simulated water-—
table response to 26 pumping centers: horizontal
water table used as initial condition, constant
head boundaries included. 110

25, Computer plot of digitally-simulated water-
table response to 26 pumping centers; horizontal
water table used as initial condition, constant
head boundaries excluded. 111

26. Alphanumeric form of computer output for simu-
lation (ZZ7) after 63.4 days of pumping. 113

27. Time-drawdown response of the water table at
observation centers OW 1, 2, and 3, during
simulations (Z), (4<), and (<i7). 114

28. Simulated effect of variations of assumed
hydraulic conductivity on the time-drawdown
response of the pumping test segment of the
aquifer, 120

XV



Figure

29.

30.

31.

32.

33.

Simulated effect of variations of effective
porosity on the time-drawdown response of
the pumping test segment of the aquifer.

Simulated effect of time-dependent effective
porosity on the time-drawdown response of the
pumping test segment of the aquifer; effective
porosity as a step-function of time.

Simulated effect of time-dependent effective
porosity on the time-drawdown response of the
pumping test segment of the aquifer; effective
porosity as a linear function of time.

Simulated effect of time-dependent effective
porosity on the time-drawdown response of the
pumping test segment of the aquifer; effective
porosity as an exponential function of time.

Simulated effect of time-dependent and time-
independent effective porosity on the time-
drawdown response of the pumping test segment
of the aquifer.

Schematic diagram of hydraulic conductivity

apparatus.

Photograph of an undisturbed aquifer sample
during the hydraulic conductivity test,
showing inflow, outflow, pressure controllers
and tensiometers.

Photograph of apparatus for testing the
hydraulic conductivity of disturbed materials.

xvi

Page

122

123

125

126

127

145

1l4e

149



Szmbol

LIST OF MAJOR SYMBOLS

Definition

Area
Aguifer base elevation
Saturated thickness of the aquifer

Thickness of the stream bed and lake
bottom

Permeability to wetting fluid when
the medium is occupied by more than
one fluid phase

Saturated permeability to wetting
fluid at complete saturation

Constant in time increment equation
for computer program

Actual evapotranspiration

Impirical constant

Acceleration due to gravity

Hydraulic head in the streams and lakes
Hydraulic head in the aquifer

Hydraulic head in hydraulic conductivity
experiment

Normalized iteration parameter
Groundwater inflow

Surface inflow

Index in the x direction

Index in the y direction

xvii

Dimension

(L?)
(L)
(»)

(L)

(%)

(L?)

{none)

(L)
(none)
(LT=?)
(L)
(L)

(L)

(none)
(L)
(L)
(none)

(none)



Symbol

Definition

Hydraulic conductivity at any saturation

Saturated hydraulic conductivity to
wetting fluid at complete saturation

Saturated hydraulic conductivity
assigned to the total test hole column

Hydraulic conductivity of streams and
lake bottoms

Index in the t direction
Mass flux into or out of a fluid system

Distance between tensiometers in
hydraulic conductivity experiment

Mass

Index indicating iteration number
Groundwater outflow

Surface outflow

Hydrostatic pressure

Precipitation

Bubbling pressure

Capillary pressure

Rate of discharge or recharge at any node
Volume flux

Mass of retention water per unit mass
of dry medium

Distance between well and observation
well

Storage coefficient
Specific storage

Transmissibility

Xviii

Dimension

(LT—t)

(LTt

(LT™1)

(LT=1)

{(none)
(ML™3T™1)

(L)

(M)
(none)
(L)

(L)
(ML= T ?)
(L)
(ML=1T2)
ML™1T™?)
(L3771
(LT=1)

{(none)

(L)

{none)
(=)

(L2771



Symbol

Definition

Time

Volume

Apparent velocity

Rectangular co-ordinates

Specific weight

Change in groundwater storage
Change in moisture storage

Time increment

Space increments

Pore-size distribution index
Dynamic viscosity of wetting fluid
Density of wetting fluid

Bulk density of the porous medium
Density of water

Particle density of the medium solids
Total porosity

Effective porosity

Effective porosity assigned to the total
test hole column

Retention porosity

Hydraulic gradient

xix

Dimension

(none)
(ML~ 21— 2)
(L)

(L)

(T)

(L)

(none)
(ML™ -1
(ML~ ®)
(ML™3)
(ML™3)
(ML ®)
(none)
(none)

(none)

{none)

(none)



CHAPTER I
INTRODUCTION

The southwestern portion of the Souris River basin,
Manitoba, is characterized by extensive surficial deposits
of glacial outwash, mainly sands and gravels, which were
laid down during the Pleistocene Epoch. These sediments
form highly-permeable, unconfined aquifers which are under-
lain by a relatively impervious glacial till. The quality
of the groundwater in the aquifers is excellent for domestic
and irrigation purposes; however, very little development of
this resource has occurred. In response to reneWed interest
in the subsurface water resources of the area, in 1962 the
Southwest Manitoba Development Commission was founded in
order to organize and promote the economic development of
the aquifers. The first significant investigation to
evaluate the groundwater availability in the region was
conducted by the Manitoba Water Control and Conservation
Branch (1968), during the period 1963 - 1968. This study
indicated that the only major sources of high-quality
groundwater in this region occur in the surficial outwash
aquifers. The present study was undertaken to obtain an

understanding of the hydrologic conditions and the yield



capabilities of these aquifers. After completing a
reconnaissance investigation of the geology of many of the
outwash aquifers in this region, an aquifer near Broomhill,
here referred to as the Broomhill Experimental Aquifer, was
chosen for detailed studies. As the need for information
on the other outwash aquifers in the region develops, data
and conclusions from the Broomhill aquifer will be extra-
polated or used as a guideline for further studies. The
Broomhill aquifer was chosen for intensified studies
because:

(a) its boundaries are reasonably well-defined,

(b) it has an area of relatively large thickness,

(c) it is traversed by a stream which could be used

for induced or artificial recharge schemes,

(d) it is easily accessible.

The specific objectives of the present study are:
(i) to define the physical properties and the
controlling boundary conditions of the Broomhill
Experimental Aquifer,
(ii) to define the pattern of groundwater movement in
the aquifer under natural conditions,
(1ii) to develop a useful, two-dimensional, digital
model of the aquifer system using field data and
the modelling téchnique of Pinder (1969),
(iv)  to conduct a preliminary appraisal of the yield

capabilities of the aquifer using field data and



the digital model.
Data relevant to the above four objectives were derived
from:
(a) description logs of several test holes drilled in
the aquifer,
(b) water level measurements taken in 80 small-diameter
water-table wells,
(c) interpretation of airphoto mosaics of the area,
(d) collection of seven relatively undisturbed
samples of the aquifer,
(e) 1laboratory tests on the undisturbed samples to
determine the saturated hydraulic conductivity
and effective porosity of the agquifer, using the

techniques of Laliberte et aql. (1966, 1967, 1968).

A digital model of the aquifer system was developed to
simulate the aquifer system with a natural water-table
configuration and an idealized horizontal water table. The
models were pumped for selected periods of time and a
comparison was made between the results. Finally, the
digital model was subjected to a pumping period sufficiently
long to evaluate the aquifer as a potential source of
groundwater for the purpose of irrigation. Another model was
also designed to simulate a pumping test which was conducted
in October, 1966, by the Manitoba Water Control and

Conservation Branch (unpublished).



CHAPTER II
GENERAL PHYSIOGRAPHY AND GECHYDROLOGIC SETTINGS

The Broomhill Experimental Aquifer is located in the
southwest corner of the province of Manitoba, within the
southwest portion of the Souris River basin (Fig. 1). The
surface topography (Fig. 2) in this portion of the basin is
typical of the prairie region of west central Canada, with
gently rolling to flat terrain intersected by occasional
shallow channels. The regional slope is approximately 1 to
2 feet per 1,000 feet from the northwest towards the Souris
River.

The climate in the area is semi-arid with cold winters
and warm to hot summers. The mean annual precipitation
extrapolated from the mean monthly amount of precipitation,
based on the period 1931 - 1960, is about 18 inches (Canada
Department of Transport, Meteorological Branch, 1967). About
8 inches of the annual precipitation occurs during the
growing season of June to August, inclusive.

The regional geologic setting consists of a sequence
of glacial sediments between 200 and 300 feet thick which
rest on the marine shale of the Upper Cretaceous, Riding
Mountain Formation (Manitoba Water Control and Conservation

Branch, 1968). The bedrock topography in the region is
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shown in Fig. 3. The glacial sediments consist primarily of
clay-loam till which includes occasional interbeds of sand or
gravel. The till sequence is overlain by glacio-lacustrine
sediments in the eastern portion of the region and discon-
tinuous deposits of glacio-fluvial sand and gravel in the
western area (Fig. 4). The sand and gravel has been referred
to as delta deposits by Elson (1958) and outwash deltas by
the Manitoba Water Control and Conservation Branch (1968).
In this thesis the term outwash fan will be used because the
grain-size and bedding characteristics indicate a glacio=-
fluvial origin. The present stream channels in the area
were presumably occupied by meltwater streams and are
associated with minor deposits of sand and gravel. The
channel deposits cover only a small portion of the inves-
tigated region, whereas the outwash fan deposits which form
highly-permeable shallow aquifers cover some 120 square
miles of the area, with thicknesses up to 50 feet. The
glacio-lacustrine deposits consist of medium to fine sand,
silt, clay,and a mixture of these sediments. The thickness
of this unit varies up to 30 feet immediately east of the
Broomhill aquifer.

From the viewpoint of groundwater utilization the
ocutwash fan deposits constitute the most significant
aquifers in this region. Investigations conducted by the
Manitoba Water Control and Conservation Branch (1968)

indicated that the saturated thickness of the outwash
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aquifers is about 20 feet in approximately one-quarter of
the 120 square miles covered by the outwash fan deposits.
The present study indicates that the saturated thickness
occasionally attains a maximum of 40 feet. The sandy
glacio-lacustrine deposits are relatively thin, generally
fine-grained, and commonly contain significant percentages
of silt and clay. Their yield capabilities are small
compared to the outwash aquifers, and therefore, they are

not considered further in this thesis.



CHAPTER IIT

METHODS OF INVESTIGATION

Aquifer Exploration

The Broomhill Experimental Aquifer has been studied
in the field at various times during the period 1968 - 1970.
The initial phase of the investigation consisted of a
reconnaissance appraisal of the geologic and hydrologic
properties of many of the outwash fans in the region. Tést
drilling was conducted in the fall of 1968 and spring of
1969 using a truck-mounted power auger to establish the
thickness of the outwash at representative locations. It
was concluded that at least several of the areas underlain
by the outwash deposits were potentially significant
aquifers, and that the investigation could proceed most
efficiently by selecting one of the aquifers as a site for
more detailed study. Additional test drilling was conducted
in the late spring of 1969, and resulted in the selection of
Broomhill Experimental Aquifer for further investigations.
On completion of the test drilling phase of the investi-
gation, 173 test holes had been drilled, 120 of which were
located in the Broomhill aquifer (Fig. 5).

During the test drilling and the well installation

11
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programs more than 300 disturbed samples were collected off
the auger flights. During the drilling program it was
possible to determine the sample depths to within 1 or 2
feet. These samples are representative of the various
textural units in each test hole. 1In addition a total of
seven relatively undisturbed core samples of the aquifer
materials were collected from the wall of a deep gravel
quarry excavation, located approximately 1 mile north of
Broomhill, and from two other sites, one located approx-
imately 3 miles north of Bede and the other in the eastern
portion of the aquifer. These samples include a wide range
of texture, from fine to very coarse sands, with depths
varying between 1 and 16 feet, and were obtained by using

a removable-sleeve sampler (7.50 inches long and 2 inches
inside diameter) a photograph of which is shown in Fig. 6.
In one location two samples were taken, one in the horizontal
and one in the vertical direction. The cores were obtained
by manually forcing the sampler including the plastic
sleeve insert, approximately 8 inches into the sample medium.
The inner plastic sleeve containing the sample was removed
from the sampler in the field and packaged in a manner to
prevent disturbance during transportation to the laboratory.
Several bulk-density samples were also collected using the

field volumetric method of Zwarich and Shaykewich (1969).
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Aquifer Instrumentation

In order to determine the water-table configuration
and transient water-table characteristics of the aquifer,
80 narrow-diameter observation wells were installed in July,
1969. Water-level measurements have been obtained weekly,
during the spring, summer and fall months since installation.
Additional water-table data is being collected from the two
large-diameter continuous recording wells (MN24 near Bede and
MN18 near Broomhill) operated by the Manitoba Water Resources
Branch since 1965. The recording instrument of these two
observation wells is of type "F" (Leupold and Stevens), and

the chart period is eight days.

Meteorological Instrumentation

The following meteorological instruments were installed
in the aquifer area in late winter, 1970:
(1) one tipping bucket recording standard rain gauge
manufactured by the Meteorological Service of
Canada (MSC), chart period one week
(ii) four standard rain gauges (MSC)
(iii) one barograph (MSC), chart period 3 days
(iv) one hygrothermograph, manufactured by LAMBRECHT,

chart period one week.

Operation of the instrumentation network (Fig. 5) on a

continuous basis was started in the spring of 1970 prior to
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the snowmelt period and continued until November, 1970.
Operation of the network recommenced in April, 1971, and
will continue at least until fall, 1971.

The meteorological information, along with a study
of the water-table configuration and its fluctuations, is
directed towards defining the water budget of the aquifer

system under natural (non-pumping) conditions.

Laboratory Investigations of Aquifer Properties

In this phase of the investigation the intention was
to provide data which will enable the qualitative drill log
descriptions of the aquifer material to be reformulated into
a quantitative framework. This was accomplished by using a
laboratory technique to determine the saturated hydraulic
conductivity and the effective porosity of the seven
relatively undisturbed samples collected within the aquifer
area, and using these results to evaluate the hydraulic
properties of the several disturbed aquifer samples
collected during the test drilling and the well instal-
lation program.

The laboratory techniques used in this study were
similar to that used by Laliberte et al. (1966, 1967, 1968).

The laboratory procedure is described in Appendix A.

Digital Modelling Technique

A digital model which simulates the pumping from a



two-dimensional unconfined aquifer, was used to obtain a
preliminary appraisal of the yield capabilities of the
aquifer system. The model solves the finite-difference
approximations to the unsteady-state saturated flow
equations, using an iterative alternating-direction implicit
procedure, developed by Pinder (1969). The mathematical
model can tolerate heterogeneous distribution of effective
porosity and saturated hydraulic conductivity, vertical
recharge, relatively complex boundary conditions and one

or more pumping wells. In the mathematical modelling
procedure the groundwater and its boundaries are replaced

by a finite set of points, each of which is representative
of a small two-dimensional nearby region. The partial
differential equation of flow is then replaced by a finite
set of simultaneous finite-difference equations (one
equation for each point). These equations are then computed
to determine the hydraulic head value at each point in the

network for a given boundary condition.

17



CHAPTER IV

GEOHYDROLOGIC CHARACTERISTICS OF THE AQUIFER SYSTEM

Aquifer Properties Determined from Laboratory Tests

The hydraulic properties of the aquifer materials were
determined by conducting laboratory tests on a representative
group of undisturbed samples. The tests were conducted on
the core samples without removing the soil from the plastic
sleeve. The relatively undisturbed character of the samples
was therefore maintained. To obtain an estimation of the
effect of disturbance on the hydraulic conductivity, each
sample was disturbed and the tests were repeated. 1In this
study the disturbed materials were repacked to the same
bulk density as their corresponding undisturbed samples.
After completing the hydraulic conductivity tests, effective
porosity was determined by measuring the total porosity and
the retention porosity of the samples. A summary of the
results along with a brief description of the tested samples
is given in Table I.

The results indicate that the saturated hydraulic
conductivities of the tested aquifer samples vary between
2.15 x 107" and 2.72 x 107% feet per second when undisturbed,

and between 1.18 x 10™% and 3.88 x 10~° feet per second after

18



Table I

Bulk density, saturated hydraulic conductivity (disturbed and undisturbed), and

effective porosity along with a brief description of the tested aquifer samples.

Sample No.
and
Orientation

SS1-Vertical

Ss2-

(a) Horizontal

(b) Vertical

SS3~Vertical

Ssd4~Vertical

SS5-Vertical

S56~Vertical

}

Brief Description

uniform fine gravel,
no clay
depth 5-6 feet

very uniform coarse
sand
depth 7-8 feet

coarse sand with pebbles

up to 1 cm
depth 15-16 feet

coarse sand +
medium to fine sands
depth 15-16 feet

medium clean sand
depth 3-4 feet

fine sand, very uniform
depth 1-2 feet

Bulk
Density

gm/cm?

1.59

Saturated Hydraulic Effective
Conductivity at 4°C ft/sec Porosity
Undisturbed Disturbed (dimensionless)
2.72 x 107° 3,88 x 107° 0.347
1.16 x 1073 1.33 x 1078 0.349
8.73 x 107" 1.26 x 1073 0.357
1.02 x 107° 1.09 x 1073 0.313
8.79 x 10~ 1.07 x 10-3 0.304
4.89 x 10-* 5.51 x 107 0.336
2,15 x 107" 1.18 x 107% 0.307

6T
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being disturbed. The general range of the hydraulic conduc-
tivities correlates with that considered by Walton (1970)

for sand and gravel. The effective porosity of the samples
ranged between 30.4 and 35.7 percent. These values are
somewhat higher than the range of common values reported

by Todd (1964) and Walton (1970). However, the tested
samples were clean and well-sorted, and the individual

grains were generally subrounded to rounded. This would
account for the high values of effective porosity. For
comparison, the results of a theoretical study by Graton

and Fraser (1935) are of interest. They found that the
loosest packing of uniform-sized spheres produces an
effective porosity of 47.6 percent, and that the tightest
packing an effective porosity of 26 percent. The results
listed in Table I indicate that for all tested samples but
one, the saturated hydraulic conductivities of the disturbed
samples is between 6.9 and 44.3 percent higher than the
corresponding undisturbed samples. The results also indicate
that the saturated hydraulic conductivity of the sample which
was obtained in the horizontal direction is 32.9 percent
higher than the one obtained in the vertical direction, when
tested in the undisturbed state. These samples yielded
approximately the same hydraulic conductivity in the dis-
turbed state. The complete results of the laboratory experi-
ments are described in detail in Appendix A.

In order to reformulate the gqualitative drill log



descriptions obtained by drilling into a quantitative frame-
work suitable for aquifer analysis using modelling methods,
more than 300 disturbed drill samples were visually compared
with the tested samples for estimation of effective porosity
and saturated hydraulic conductivity. A representative

value was obtained for each test hole using the following

relationships.
N
I K b
— _ n=1 On n l
K, = = [1]
by bn
n=1
and
N
L ¢ Db
o n=1 n n
3, = =% [2]
) bn
n=1

where Ro and 6; are representative values of the saturated
hydraulic conductivity and effective porosity, assigned to
the total test hole column which includes N strata; KO and
¢e are the saturated hydraulic conductivity and effective
porosity of each stratum and b is the thickness of each
stratum.

The results were prepared in a matrix form for both
the saturated hydraulic conductivity (Fig. 7) and the

effective porosity (Fig. 8) distribution.
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Hydrogeology of the Aquifer System

The results of the test drilling program indicate
that the aquifer is composed of clean coarse sand and very
fine to medium gravel which, at most locations, rests on a
base of clay-loam till. The outwash deposits range in thick-
ness up to 50 feet (Fig. 9). Although the surface topography
is relatively flat, the bottom of the aquifer varies consider-
ably in depth over relatively short horizontal distances
(Fig. 10). The tiil surface appears to be a complex network
of minor channels which were eroded during the period of
active discharge of meltwater streams during the Pleistocene
Epoch. The glacio-lacustrine deposits consist of medium to
very fine sand, silt and clay. They occur along the southern
and eastern boundaries of the aquifer (Fig. 11) and vary in
thickness up to 30 feet.

The clay-loam till, which includes numerous boulders
and pebbles, forms a boundary along the northern and western
segments of the aquifer. The till plain is characterized by
a lack of integrated drainage channels and numerous small
hills and depressions (Fig. 12). It is typical of moderate-
relief ablation moraine, as described by Cherry (1966),
although it is referred to as ground moraine by Elson (1958).

The log descriptions of the 120 test holes drilled
within the aquifer area and observations of several gravel
gquarries in the aquifer indicated that horizontal and near-

horizontal bedding planes are frequent. Lateral and

24
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Fig. 12.

Vertical air photo mosaic of the Broomhill
Experimental Aquifer and adjacent areas.
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vertical heterogeneity is also common, as can be seen from
the three selected geologic cross-sections shown in Figs. 13,
14 and 15. The location of the three cross-sections is shown
in Fig. 11,

Groundwater movement in the aquifer interpreted from
the natural water-table configuration (Fig. 16) is from west-
southwest to north-northeast towards the Souris River. In
the upper portion relatively smaller cross-sectional area
resulted in higher hydraulic gradients than the middle and
lower portions of the aquifer. The saturated thickness of
the aquifer (Fig. 17) indicates a good correlation with the
total thickness (Fig. 9), and results from the fact that the

water table generally follows the topography.

Preliminary Calculations of the Hydrologic

Budget of the Aquifer

Hydrologic Budget Equation

The hydrologic budget is defined as a quantitative
statement of the balance between the total water gains and
losses of a specified area or aquifer system. It can be
used to estimate the actual evapotranspiration from an
unconfined aquifer. 1In this method water entering an aquifer
is equated to water leaving an aquifer during a specified
time interval plus or minus the change in groundwater
storage during the same period.

A relatively general hydrologic budget equation for
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the Broomhill aguifer during a time interval, At, is given as

Pa+IS+Ig=OS+Og+ETiASgﬂ:ASm [3]
where,
Pa = precipitation,
Is = surface inflow,
Ig = groundwater inflow,
Os = surface outflow,
Og = groundwater outflow,
ET = actual evapotranspiration,
ASg = change in groundwater storage, and
ASm = change in soil moisture storage.

Preliminary calculation of some of the components of
the above equation during time intervals within the period
1965 - 1971 has been made to obtain an estimate of the gross
yield capabilities of the aquifer under natural pre-pumping
conditions.

In the following discussion a time interval of one
hydrologic year is used. The hydrologic year is defined as
extending from April lst to March 3lst. The water quantities
are expressed in acre-feet and inches of water over the area
of the aguifer which is approximately 25 square miles or
16,000 acres.

In the following paragraphs each of the components of

the hydrologic budget is assessed individually and then is
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included in budget calculations as a means of estimating the
general magnitude of evapotranspiration and the natural
recharge to the aquifer. Change in soil moisture storage
during one hydrologic year is assumed to be negligible
compared to the other variables and was therefore dropped

from the budget equations.

Precipitation, P

The mean annual precipitation at Bede, measured during
the period 1965 - 1970 by the Meteorological Branch using a
manual rain gauge, is approximately 17 inches. The monthly
distribution of precipitation during this period and the
first three months of 1971 is listed in Table II. The
long term mean annual precipitation for the general region
is about 18 inches as calculated from the mean monthly
precipitation during the period 1931 - 1960. On the average
7 inches of this total occurs during the winter and transi-
tion months of October to mid-May. The remaining 11 inches
occurs during the summer months of mid-May to September
(Canada Department of Transport, Meteorological Branch,
1967). The mean precipitation during the growing season
of June to August inclusive is about 8 inches.

A comparison made between the total winter pre-
cipitation and the rise of water table in the aquifer during
the spring period indicated that most of the winter precipi-
tation recharges the aquifer during and immediately following

the snowmelt period which normally occurs in April.



Table II

Monthly Precipitation at Bede, 1965-1971

1
Year Jan, Feb. Mar, Apr. May June July Aug. Sept. Oct. Nov. Dec. Incheszezi;re-feet
1965 0.50 0.15 0.20 1.15 3.59 3.34 1.68 2.02 5.01 0.02 1.00 1.00 19.66 26200
1966 0.70 0.20 0.41 1.43 2.15 1.96 0.99 3.06 0.21 0.39 0.60 0.30 12.40 16500
1967 1.30 0.30 1.15 2.20 0.25 1.19 0.57 0.38 0.60 2.15 0.45 0.96 11.50 15300
1968 1.22 0.15 0.30 0.50 1.85 2.01 2.66 6.96 1.96 1,22 0.75 0.35 20.33 27100
1969 1.94 1.20 0.40 1.66 1.31 3.49 3.77 1.33 0.99 1.15 0.12 0.50 17.86 23800
1970 0.50 0.85 1.08 3.40 2.38 1.31 6.25 0.20 2.73 1.24 0.15 0.30 20.39 27200

1971 0.70 0.0% 0.97 records not available

LEg



The annual precipitation per hydrologic year during
the period 1965 - 1971, obtained using the records listed in
Table II, is tabulated in Table III. These tables indicate
that during the tabulated period the annual precipitation
has varied from a minimum of 11.50 inches during 1967 to a
maximum of 20.39 inches during 1970. During the hydrologic
years precipitation varied from a minimum of 10.42 inches
during 1967 - 1968 to a maximum of 22.20 inches during
1968 - 1969. Higher variation of precipitation can be

expected when a longer period is considered.

Streamflow, I _ and O

L]

Surface water enters the agquifer area via Stony Creek
from the west and discharges via Stony Creek and via an
unnamed intermittent stream towards Marshy Lake located
northeast of the Broomhill aquifer (Fig. 2). Additional
surface water outflow from the aquifer is prevented by the
embankment of Highway 83 which is located nearly coincident
with the eastern boundary of the aquifer.

Streamflow records are available for Stony Creek
during the seven-year period of 1965 - 1971. The inflow, I8
is gauged by the Water Survey of Canada near Broomhill and
outflow, OS, near Bede at locations shown in Fig. 5.

The surface inflow and outflow records for Stony
Creek per hydrologic year during the period 1965 - 1971, as

tabulated in Table IV, indicate that stream outflow is

14
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Table III

Precipitation Per Hydrologic Year, 1965-1971

Hydrologic Year Inches Acre-feet
1965-1966 20.12 26800
1966-1967 13.84 18500
1967-1968 10.42 13900
1968-1969 22,20 29600
1969-1970 16.75 22300
1970-1971 19.68 26200

6€



Hydrologic
Year

1965-1966
1966-1967
1967-1968
1968-1969
1969-1970

1970-1971

Table IV

Surface Inflow and Outflow for

Stony Creek, 1965-1971

Outflow (Os)

Surface Inflow (IS) Surface
Acre- Acre~
feet Inches feet
3740 2,81 4180
3540 ] 2.66 4450
850 0.64 747
226 0.17 331
6570 4.93 10400
10600 7.95 13600

Inches

10.20

(OS - Is)

Acre-

_feet Inches
440 0.33
910 0.68

-103 -0.08
105 0.08
3830 2.87
3000 2.25

0v



generally higher than inflow. Since discharge measurements
for the intermittent stream were not obtained during the
above period the actﬁal outflow-inflow differences, OS - IS,
would be higher than that indicated in this table particularly
during high-flow years such as 1969 and 1970 when active
discharge in the intermittent stream was observed by local
residents during April and early May. During moderate and

low runoff years such as 1967 and 1968 this outlet was not
active. It is probable that even during high runoff years
discharge via Stony Creek accounts for more than 80 to 90
percent of the total surface outflow. Therefore, exclusion

of the surface outflow of the intermittent stream from the

calculations of the hydrologic budget should not generate

serious errors in the results.

Change in Groundwater Storage, Asg

Additions and losses of water stored in the aquifer
are reflected by fluctuations of the water table. Changes
in aquifer storage were calculated during the period 1965 -
1971 by multiplying the change in the water-table elevation
AHS, during an inventory period by the average effective
porosity of deposits within the zone of the water-table

fluctuations. This relationship is expressed as follows
ASg = AHs x ¢, [4]

To obtain estimations of the gross storage changes in

41
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the aquifer on an annual basis, during the above period,
hydrographs from the two continuous-recording observation
wells, MN 18 near Broomhill and MN 24 southwest of Bede
(Fig. 5), were used. The water-table elevations on April 1st
during the 1965 - 1971 period are listed in Table V. Calcu-
lated storage changes for hydrologic years during the 1966 -
1971 period are indicated in the same table and are based
on an average effective porosity of 30 percent. As indicated
previously this value was obtained by comparing tested
laboratory samples to drill hole samples obtained from the
well locations. The effective porosity may be somewhat
higher, but the above value has been used as a conservative
magnitude.

The highest water-table elevation on April lst during
the period 1966 - 1971 was recorded in 1966 and was caused
by the above-average precipitation of 22 and 20 inches during
1964 and 1965. This period was followed by extremely dry
years, 1966 and 1967, during which the two-year precipitation
was only 24 inches. Consequently, on April lst, 1968, the
water table was approximately 33 inches lower than that of
April 1st, 1966. The water-table elevation on April 1lst,
1969, was the same as that of 1968, despite about 22 inches
of precipitation which occurred during this period. However,
more than 50 percent of this precipitation occurred during
the summer months of June to August inclusive and therefore

did not contribute greatly to groundwater recharge.



Table V

Change in groundwater storage (Asg), 1965-1971

Hydrologic MN 18 Near Broomhill MN 24 Near Bede Average AS

Year —g

= - = * = - = *
Ha feet AHe H2 Hl ASg AH8x¢e He feet AHs Hz H1 ASg Ast¢e
Hl Hz Inches Inches Acre-~feet H1 H2 Inches Inches Acre~feet Inches Acre~feet
1965~66 okl 1475.8 - - - *k *k - - - - -
1966-67 1475.8 1473.6 -26.4 ~7.92 ~10560 ** *E - -7.92+% ~105607t -7.92 ~10600
1967-68 1473.6 1473.2 - 4.8 -1.44 - 1920 1453.0 1452.3 -8.4 -2,52 - 3360 -1.98 - 2640
1968-69 1473.2 1473.2 0.0 0.00 0 1452.3 1452.3 0.0 0.00 0 0.00 0
1969~70 1473.2 1474.1 10.8 3.24 4320 1452.3 1452.7 4.8 1.44 1920 2.34 3120
1970-71 1474.1 1473.7 - 4.8 -1.44 - 1920 1452.7 1452.9 2.4 0.72 960 -0.36 - 480
* =
¢e = 0.30

L2 4

elevation was not recorded

t value assumed equal to MN 18 for same period

1%



Water-table elevation on April 1lst during 1966 - 1971
suggested that the largest decrease in groundwater storage
occurred during the 1966 - 1967 hydrologic year. The water-
table elevation on April 1lst, 1971, was almost the same as
that of 1967 and therefore the net change in groundwater

storage during this period was negligible.

Groundwater Inflow, Ig

The approximate magnitude of the groundwater inflow
to the aquifer across the western seepage inflow boundary
(Fig. 16) was calculated using the D'Arcy equation. For
this calculation an inflow width of four miles and an average
hydraulic gradient of 0.005 feet per foot were estimated from
the map of the natural water-table configurations (Fig. 16).
Similarly, an average seepage cross-sectional depth of 7 feet
was estimated from the map of the saturated aquifer thickness
(Fig. 17).

A maximum magnitude of the annual groundwater sub-
surface inflow of 1.11 inches was obtained using the highest
estimated hydraulic conductivity of 2.76 x 10™°® feet per
second. A minimum value of 0.56 inches was obtained using
the lowest estimated hydraulic conductivity of 1.39 x 1073
feet per second. Since the highest and lowest values of
hydraulic conductivity are representative of only a small
portion of the inflow width, the most probable estimate of
average annual groundwater inflow to the aquifer is considered

to be about 0.80 inches, or 1,070 acre-feet. This value



corresponds to an average hydraulic conductivity of 2.00 x

10~°3

feet per second.

The hydraulic gradient across the seepage inflow
boundary during the spring of 1971 was comparable in magni-
tude with the 1970 gradient and suggests that the hydraulic
gradient across this boundary has been relatively constant
during the past few years.

The aquifer is relatively thin in the inflow area
and a lower water-table level would be expected to parallel
the ground surface as a first approximation. It must be
recognized, however, that the estimated inflow rate could

vary significantly on a long-term basis as the cross-

sectional depth varies with long-term climatic cycles.

Groundwater Outflow, O
g

The annual subsurface groundwater outflow from the
aquifer across the seepage outflow boundary (Fig. 16) was
estimated using two independent methods. The first was
based on the water-table decline during the winter months,
while the second utilized the D'Arcy equation.

The first method makes use of the observation that
discharge via Stony Creek and evapotranspiration losses from
the aquifer are negligible during the winter months. Ground-
water inflow, Ig' is the only input to the aquifer during
this period. Therefore, the average decrease in the ground-
water storage during the winter months may be assumed to be

equal to the net difference between the groundwater outflow

45



and inflow. The annual groundwater outflow from the aquifer
during the 1965 - 1971 period was estimated using the
relationship

Og = AHg x ¢e + Ig [5]
where AHg is the average decline of the water table over the
aquifer area during an inventory period, ¢e is the average
effective porosity of deposits within the zone of the water-
table decline, and the other quantities are as previously
defined.

The average monthly water—table decline during the
winter months was obtained for the 1965 - 1971 period from
the hydrographs of the two continuous-recording observation
wells. The results listed in Table VI were obtained using
an average effective porosity of 30 percent and an estimated
annual groundwater seepage inflow of 0.80 inches. This
method of estimating aquifer outflow was used by the Manitoba
Water Control and Conservation Branch (1968).

In the second method of estimating groundwater outflow
an outflow width of 8 miles and an average hydraulic gradient
of 1.19 x 10~° feet per foot, estimated from Fig. 16, were
used in the D'Arcy equation. Similarly, an average saturated
hydraulic conductivity of 2.50 x 107} feet per second and an
average cross-sectional depth of 15 feet were estimated from
the maps of hydraulic conductivity and saturated thickness

(Figs. 7 and 17).
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Table VI

Groundwater subsurface outflow estimated using water-table decline during the winter months, 1965-1971

MN 18 Near Broomhill MN 24 Near Bede .
Gross Decline O = AH x ¢ + I
Water-table Water-table Average Per Year g g e g
Decline Per Average Decline Per Average Decline AH ,
Hydrologic Period, Period, Per Month, Period, Period, Per Month, Per Month,

Year Months Inches Inches Months Inches Inches Inches Inches Inches Acre-feet
1965-1966 3 11.8 3.93 - - 3.93% 3.93 47.16 14.95 19900
1966-1967 3 5.0 1.67 - - 1.67+ 1.67 20.04 6.81 3080
1967-1968 4 4.8 1.20 4 5.3 1.33 1.27 15.24 5.37 7160
1968-1969 3 7.2 2.40 3 7.2 2.40 2.40 28.80 9.44 12600
1969-1970 3 8.4 2.80 3 7.2 2.40 2.60 31.20 10.16 13500
1970~1971 2 6.0 3.00 2 7.2 3.60 3.30 39.60 12.68 16900

* Average of columns four and seven

t Records interrupted, valve assumed equal to MN 18 for the same period

Ly
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Calculations based on the D'Arcy equation using the
above data yield an average annual groundwater outflow of
1.02 inches. This quantity is very small compared to the
results obtained from the water-table decline method,
however, the D'Arcy results are very sensitive to the
estimates of hydraulic conductivity and hydraulic gradient.
The gradient value could reasonably vary between 0.001 to
0.002 feet per foot and the average hydraulic conductivity
value could be within 2 x 107% to 5 x 10~° feet per second.
For example, pumping test data from a portion of the aquifer
located 2 miles southwest of Bede suggest a conductivity
range of 3 x 107% to 5 x 107% feet per second. However,
comparison between the laboratory conductivity results and
estimates from drill-hole samples obtained from the same
portion of the aquifer indicated a conductivity value of
1.62 x 1073 feet per second. It is apparent, therefore, that
conductivity values cannot be approximated more accurately
than half an order of magnitude. Assuming the upper limits
of the gradient and conductivity, the D'Arcy method yields
a maximum annual seepage outflow of about 4 inches. This
quantity is still only 40 percent of the average annual
seepage outflow during the 1965 - 1971 period obtained
using the winter water-table data.

The water-table records obtained during 1970 - 1971
together with a review of the hydrologic characteristics of

similar aquifer reported by Walton (1970), suggested that
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the gradient, hydraulic conductivity and effective porosity
values as used previously are within a reasonable range.

It was, therefore, concluded that the annual groundwater
outflow from the aquifer is probably between 1 to 4 inches.
The higher values obtained using the water-table decline
method could be explained by redistribution of water within
the agquifer rather than by outflow. For example, water
could be moving from the segments of the aquifer in which
the water-table elevation is high to the stream channels
and marshy areas where the levels are lower. It is
probable that data from the two recording wells are not
representative of the average winter water-table response.
The higher outflow values could also be explained if the
average effective porosity of the deposits in the water-
table zone is considerably lower than 0.30, the value used
in the outflow calculations presented previously. This
does not appear feasible, however, in light of the
laboratory results and the results of a pumping test
analysis discussed in Chapter VIII.

The groundwater estimations obtained using both
methods are entered independently in the calculations of the
annual evapotranspiration from the aquifer. The results of
these calculations are then appraised in light of other

information.
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Evapotranspiration, ET

Equation 3 was used to calculate the annual evapo-
transpiration from the aguifer during the period 1966 - 1971.
The calculations were performed using the inflow and outflow
components of the aquifer system presented previously.

Change in soil moisture storage was assumed negligible
compared to the other budget components.

As previously indicated, the annual groundwater out-
flow from the aquifer was estimated using the D'Arcy equation
and the winter water-table decline methods. During each
cycle of calculation within the above period the budget
equation was solved using the results of both methods (Tables
VII, VIII, and IX). Tables VII and VIII are similar except
that the results are expressed in different units.

The results indicate that evapotranspiration varies
considerably depending on whether the water-table decline
method (Tables VII and VIII) or the D'Arcy method (Table IX)
was used to estimate the groundwater outflow from the aquifer.
To evaluate the results the annual evapotranspiration was
compared to annual distribution of precipitation and change
in the groundwater storage as follows.

The annual evapotranspiration values calculated using
the groundwater outflow values obtained from the winter water-
table decline are unreasonably low. This is illustrated in
the following examples.

The hydrographs of the two recording wells indicate



Hydrologic
Year

1966-67

1967-68

1968-69

1969~70

1970-71

®)
13.84

10.42
22.20
16.75

19.68

Surface
Precipitation Inflow

(1,)

2.66
0.64
0.17
4.93

7.95

Groundwater
Inflow

(Ig)
0.80

Total
Inflow

I=Pa+Is+Ig

17.30

11.86

23.17

22.48

28.43

Table VII

Evapotranspiration estimation using aquifer water budget method,

Outflow and Change in Storage

groundwéter outflow estimated using water-table decline method, 1966-71 (inches)

Surface

Outflow
©,)
3.34
0.56
0.25

7.80

10.20

Groundwater
Outflow

o
( g)
6.81

5.37
9.44
10.16

12.68

Change in
Storage
(iASg)

-7.92

-1.98

0.00

2,34

-0.36

Total

Outflow +
Change in
Storage

2.23

3.95

9.69

20.30

22.52

Evapotrans~

piraticn

15.07
7.91
13.48

2.18

158



Table VIII

Evapotranspiration estimation using aquifer water budget method, groundwater

outflow estimated using water-table decline method, 1966-1971 (4dcre-feet)

Hydrologic Inflow Outflow and Change in Storage Evapo-
Year trans-
piration
Surface Groundwater Total Surface Groundwater Change in Total Out-
Precipitation Inflow Inflow Inflow Outflow Outflow Storage flow + change
(P) (I,) (Ig) I=Pa+Is+Ig (o) (Og) (tASg) in Storage
1966-1967 18500 3540 1070 23110 4450 9080 -10600 2930 20180
1967-1968 13900 850 1070 15820 747 7160 - 2640 5267 10553
1968~1969 29600 226 1070 30896 331 12600 0 12931 17965
1969-1970 22300 6570 1070 299490 10400 13500 3120 27020 2920
1970-1971 26200 10600 1070 37870 13600 16900 ~ 480 30020 7850

[A4s



Hydrologic
Year

Total Inflow*
I=P 41 +I
a8 g

1966-67

1967-68

1968-69

1969-70

1870-71

Inflow
inches

17.30

11.86

23.17

22.48

28.43

* from Table VII

Table IX

Evapotranspiration estimation using aquifer water budget method,

groundwater outflow estimated using D'Arcy equation, 1966-71

acre~feet

Outflow and Change in Storage Evapotranspiration
inches inches
Surface Change in
Outflow Groundwater Storage Outflow + Change
{0 ) Outflow (O ) (48 ) in Storage
g min. max. g min, max. max. min. max.
3.34 1 4 -7.92 - 3.58 - 0.58 20.88 17.88 27800
0.56 1 4 ~1.98 - 0.42 2.58 12.28 9.28 16400
0.25 1 4 0.00 1.25 4.25 21,92 18.92 29200
7.80 1 4 2.34 11.14 14.14 11.34 8.34 15100
10.20 1 4 ~0.36 10.84 13.84 17.59 14.59 23500

min.

23800

12400

25200

11100

19500

€S
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that monthly precipitation of more than 2 inches during the
summer period of June to August is normally required to

cause groundwater recharge. On this basis the monthly
precipitation data shown in Table II suggest that in the
summer of 1969 at least 5.33 inches of water were lost by
evapotranspiration; however, the annual evapotranspiration
value for 1969 - 1970, calculated using the outflow estimates
obtained from the water-table decline, is 2.18 inches. It
follows that the outflow values are definitely not reasonable
for this year and therefore do not appear to be realistic

for the other years either.

The annual evapotranspiration values obtained using
the groundwater outflow estimated from the D'Arcy method are
within a more reasonable range. In these calculations a
minimum and a maximum estimate of annual evapotranspiration
were obtained using the maximum and minimum values for
groundwater outflow.

In the 1966 - 1967 season, both the minimum and
maximum values of evapotranspiration, obtained by using the
D'Arcy results, exceeded the total inflow to the aquifer.
The water loss from storage of about 8 inches is congruent
with this relationship.

In the 1969 - 1970 season the evapotranspiration
values calculated using the D'Arcy method did not exceed the
annual precipitation and total inflow to the agquifer. The

increase in aquifer storage of about 2 inches, therefore, is



in agreement with the relationship.

The highest range of evapotranspiration during the
tabulated period (Table IX) occurred in the 1968 - 1969
season. This is reasonable because precipitation during
the growing season was also exceptionally high.

Finally, the average actual evapotranspiration
obtained using the D'Arcy method of estimating groundwater
ouflow compares favourably with the long-term average of
16 inches for the general area reported by Laycock (1967).
From Table IX the average minimum and maximum annual evapo-
transpiration during the period 1966 - 1971 are about 14
and 17 inches.

The general magnitude of the evapotranspiration
results was also appraised in light of calculated potential
evapotranspiration and consumptive-use values when water is
not a limiting factor. Preliminary estimations of potential
evapotranspiration and consumptive-use requirement values
were estimated for representative time intervals within the
period 1966 - 1971 (Tables X, XI, and XII). Potential evapo-
transpiration results were obtained using the Thornthwaite
Method, and the consumptive-use values were obtained using
the Blaney-Criddle Method and Class "A" pan evaporation
data. A summary of the calculation procedures is outlined

by Gray et al. (1970). The estimations were based on climatic

data including temperature and precipitation at Bede and

Class "A" pan evaporation data from stations at Baldur and



Table X

Potential evapotranspiration estimated using Thornthwaite Method, 1966-1971

Hydrologic

Year

1966-1967

1967-1968

1968-1969

1969-1970

1970-1971

Season

May

April
April
April

April

Oct.

Oct.

Oct.

Oct.

Oct.

Inches

23.48

23.63

23.73

23.64

26.57

Evapotranspiration

Acre-feet

31300

31500

31600

31500

35400

9¢g



Table XI

Seasonal consumptive use for grass when water is not a limiting factor

Hydrologic
Year

1966-1967
1967-1968
1968-1969
1969-1970

1970-1971

estimated using Blaney-Criddle Method, 1966-1971

Season
May - Oct.
April - Oct.
April - Oct.
April - Oct.
April - Oct.

Inches

25.54

27.86

27.63

27.79

29.28

Consumptive Use

Acre-~feet

34100

37100

36800

37100

39000

LS



Table XII

Seasonal consumptive use for grass when water is not a limiting factor

estimated using Class "A" pan evaporation data, 1966-1971

Hydrologic Season Consumptive Use

Year Inches Acre-feet
1966-1967 May - Sept. 25.43 33900
1967~-1968 May - Sept. 27.50 36700
1968-1969 May - Sept. 20.10 26800
1969-1970 May - Sept. 22.10 29500
1970-1971 May - Sept. 25.14 33500

8G



59

Rivers located within 80 miles of the aquifer. These data
were made available by the Meteorological Branch, Canada
Ministry of Transport.

Seasonal potential evapotranspiration values obtained
using the Thornthwaite Method varied between 23 and 27 inches
with an average value of 24 inches per season (Table X).

Values of seasonal consumptive use estimated from the
Blaney-Criddle Method were obtained using the assumption
that the aquifer is covered with grass. In this calculation
a crop coefficient of 0.75 was applied over the entire length
of the growing season which included the frost-free months
of each hydrologic year. The Blaney-Criddle results varied
between 25 and 30 inches with an average value of 28 inches
per season (Table XI). These values are somewhat higher
than the estimated values of potential evapotranspiration.
Theoretically, consumptive use for any given crop must be
lower than, or at best equal to, potential evapotranspira-
tion. It should not, therefore, exceed the potential evapo-
transpiration in the same climatic conditions. It must be
recognized that consumptive-use and potential evapotranspira-
tion values, obtained using the above empirical methods,
generally include at least 10 percent error.

Seasonal consumptive-use results obtained from the
average pan evaporation at Baldur and Rivers were calculated
using a crop coefficient of 0.68. This coefficient was

suggested by Sonmor (1963) for estimating the consumptive-
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use requirement of grass or pasture from pan evaporation
data in southern Alberta. The results of this method varied
between 20 and 28 inches with an average value of 24 inches
per season (Table XII). These values are lower than
consumptive-use results obtained using the Blaney-Criddle
Method partly because evaporation during April and October
was not included in the calculations. Pan evaporation
during these two months was not recorded at the field
stations but is known to be relatively small.

The above results indicate that the actual evapo-
transpiration values, obtained using both the D'Arcy and
water-table decline results are lower than the potential
and consumptive-use estimates. It is reasonable to assume
that if precipitation during a given period is extremely
high, the actual evapotranspiration value would approach
the potential and consumptive-use values for the case where
water is not a limiting factor during the same period. In
this respect, a more reasonable estimate of the actual evapo-
transpiration from the aquifer was obtained using the D'Arcy
method of estimating the groundwater outflow. For example,
average annual evapotranspiration for the 1968 - 1969
season, calculated using the D'Arcy results,is 20.4 inches.
During this season, the annual precipitation and potential
evapotranspiration values are 22.2 and 23.7 inches,

respectively.



Yield Capabilities of the Aquifer

The gross yield capabilities of the aquifer have
been estimated using the hydrological data presented in the
preceeding sections. An initial estimate was made consider-
ing the aquifer independent of the recharge capabilities of
Stony Creek. In this case the gross annual yield under
natural conditions is taken as the sum of annual groundwater
outflow plus the volume of water contributed from the aquifer
area to Stony Creek, the latter being taken as the difference
between the annual surface inflow and outflow via the creek.
A second estimate was made in which the above quantities were
augmented by the annual surface water inflow to the aquifer
area via Stony Creek. 1In this situation it is assumed that
the total yield from the aquifer would be realized by con-
junctive use schemes involving induced or artificial re-
charge methods.

As indicated previously the groundwater outflow from
the aquifer is in the range of 1 to 4 inches annually. The
contribution of water from the aquifer to Stony Creek is
indicated in Table IV. These data represent the annual
difference between stream inflow to the aquifer at Broomhill
and the outflow at Bede. The results range from a negligible
difference in 1967 and 1968 to a maximum contribution of
2.87 inches in 1969. The gross annual yield of the aquifer
during the 1965 - 1971 period, therefore, would be between

2 and 6 inches when calculated using an average D'Arcy outflow
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and the minimum and maximum estimates of groundwater contri-
bution to Stony Creek. The average annual yield during the
above period would be 4 inches or 5,330 acre-feet. It should
be recognized, however, that these estimates could be smaller
than that of the actual yield values if the representative
field conductivities are in the upper portion of the range

of probable values discussed previously.

The second estimate of the yield capabilities of the
aquifer is based on the assumption that the total surface
water and groundwater outflow from the aquifer area would
be available annually from the aquifer under appropriate
developmental conditions. The annual surface outflow from
the aquifer area via Stony Creek during the 1965 - 1971 period
is listed in Table IV. The results range from a minimum
surface outflow of 0.25 inches in 1968 to a maximum outflow
of 10.20 inches in 1970. The gross annual developmental yield
of the aquifer during the above period would, therefore, be
between 2 and 13 inches. These results were obtained using
the minimum and maximum surface outflow and the average D'Arcy
outflow. The average annual developmental yield during the
tabulated period was 7 inches or 9,330 acre-feet. In other
words, these volumes of water could have been obtained from
the aquifer if aquifer withdrawals were made so that all of
the outgoing streamflow was used to recharge the aquifer and
that groundwater outflow was prevented by changing the water-

table configuration. Recharge using stream flow from Stony
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Creek could be accomplished by constructing a series of
small catchment basins and distribution channels or possibly
by installing a system of pumping wells along the stream.
It should be recognized, however, that the actual develop~
mental yield of the aquifer would be somewhat lower than
the above values because it is unlikely that all of the
stream and groundwater outflow could be effectively utilized.
The above conclusions are based primarly on data from
the 1965 - 1971 period and indicate that the aquifer is sub-
jected to major effects of climatic conditions. It is
recommended that the data be extrapolated for a longer
period by using regional precipitation and streamflow data
from adjacent watersheds. It must be emphasized that it is
not primarily the average conditions that control the
appraisal of the aquifer system but rather is the frequency-

duration relationships of the hydrologic processes.



CHAPTER V

THEORETICAL BASIS OF MATHEMATICAL MODELS

Historical Development of Methods of Aquifer Analysis

Quantitative methods of aquifer analysis were first
investigated scientifically by Thiem (1906), who developed
an equation which described the behaviour of the water
table in an infinite, homogeneous, isotropic aquifer during
pumping from one well under equilibrium conditions. A more
general, second order, nonlinear, differential equation
describing steady and unsteady flow of a fluid in both
saturated and partially saturated porous media was developed
by Richards (1931) by combining the D'Arcy equation and the
continuity equation. Practical solutions of his equation
for flow in the saturated zone were not obtained until many
years later. A nonequilibrium formula derived by Theis
(1935) describes the behaviour of the potentiometric surface
of a confined, infinite, homogeneous, isotropic aquifer
during pumping from a fully-penetrating well. During the
past 30 years this equation has been widely used both to
determine values of hydraulic conductivity and storage
coefficient from pumping test data, and to evaluate the

effects of proposed pumping schemes. Wenzel (1942) demon-
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strated the usefulness of this equation in appropriate cases
for determining properties of confined aquifers. It was
found, however, that the Theis equation yvielded anomalous
results when applied to pumping test data from unconfined
aquifers. Boulton (1955) suggested that these anomalies
were due to the delay in the yield of water from storage

as the water table declines. Further limitations of the
Theis equation in analyzing the results of short-period
pumping tests of unconfined aquifers have been discussed

by Walton (1960) and Boulton (1963). Numerous analytical
solutions to the equations which describe the response of
aquifer systems to pumping are now available in the litera-
ture. Nearly all of the solutions, however, relate to
aquifers with relatively simple boundary conditions. More
complex boundary conditions such as are encountered in the
field inevitably involve more complex mathematical functions.
Numerical methods of equation solving have been developed
which circumvent the necessity of using complex analytical
expressions and can be adapted to complex boundary-value
problems.

The first significant attempt to solve the flow
problems numerically was made by Terwilliger et al. (1951)
in connection with a two-phase flow problem of gravity
drainage of an 0il reservoir. Stallman (1956 (a) and 1956 (b))
introduced a numerical approach in solving groundwater

problems by using a finite-difference approximation technique.



He developed the procedure for determining the hydraulic
conductivity and the storage coefficient of an aquifer by
numerical analysis of the groundwater levels. The finite-
difference forms of the flow equations were solved by many
investigators using the electric analog technique (Skibitzke,
1961; Stallman, 1963) during the late 1950's and early
1960's, largely because digital computer availability and.
storage capabilities were limited. Freeze (1966) and Freeze
and Witherspoon (1966 and 1967) investigated regional ground-
water flow patterns in a nonhomogeneous anisotropic system
using models solved by finite-difference methods programmed
for a digital computer. They developed both the analytical
and numerical solutions to the mathematical model of steady-
state regional groundwater flow, and concluded that the
numerical methods could be used for both two-dimensional
and three-dimensional cases, whereas the analytical separa-
tion of variables technique was restricted to simple two-
dimensional layered media. They further indicated that the
numerical technique was mathematically simpler and that only
one mathematical derivation was necessary in order to design
a computer program which could handle any water-table and
geologic configurations.

The next important application of the numerical
approach to groundwater flow problems was made by Pinder
(1968) and Pinder and Bredehoeft (1968), who described

unsteady flow in a confined nonhomogeneous aquifer using
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linear, parabolic, partial-differential equations. They
developed a mathematical model in which finite-difference
approximations to these equations were solved using an
alternating-direction scheme developed by Peaceman and
Rachford (1955) and Douglas and Peaceman (1955). Pinder
and Bredehoeft compared the digital model results with
analytical solutions for problems in homogeneous media
with a simple geometry, and with electric analog results
for a realistic aquifer. The following conclusions were

obtained:

(1) The digital model compared favourably with
analytical and analog results.
(1i) Irregular boundaries as well as differing
boundary conditions provided little difficulty.
(1ii) The model was readily adjusted to produce
historical variations in the water-table and

potentiometric surface data.

Pinder (1969) developed a digital computer program which
simulates the response of confined or unconfined aquifers
with considerable geologic complexities to a wide range

of hydrologic stresses. This model is identical in
principal to the basic model of Pinder and Bredehoeft,
although the finite-difference forms of the flow equations
are solved using an iterative alternating-direction implicit

procedure. An adaptation of this model is used in the
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present investigation. It is capable of describing the
behaviour of two-dimensional, nonhomogeneous aquifers which
may be irregular in shape, and may receive infiltration
from one or more lakes and streams.

Taylor and Luthin (1969) suggested that in analyzing
the response of an unconfined aquifer to pumping stress
under transient conditions, some hydraulic properties of
the unsaturated portion of the aquifer must also be
incorporated. This can be accomplished by including para-
meters relating to water content, hydraulic conductivity,
and capillary pressure head of the unsaturated zone of the
aquifer. Although the Pinder (1969) model does not include
all these complexities, it does meet the requirements of
the present study.

Another numerical method of equation solving relies
on the finite-element approach wherein the field is replaced
by a system of finite elements. The method was originally
developed in the aircraft industry and has been used
recently for aquifer analysis by many investigators
(Zienkiewicz and Cheung, 1965; Taylor and Brown, 1967; and
Javandel and Witherspoon, 1969). This method has definite
advantages over finite~difference procedures when analyzing
steady-state flow problems. However, programs offering
major advantages in modelling unsteady-state problems have

not yet been developed.



Mathematical Formulation of the Model

Controlling Physical Parameters

Following Pinder (1968), for two-dimensional laminar
flow in an anisotropic, nonhomogeneous, porous medium the

DArcy equation may be expressed as

Ve Ko(xx) Ko(ky) %%
= - (6]
v K K oh
(o )| ==
Y o (y oy |55
or,
_ oh
Vi = K, Tx (71
In these equations: Ve and v. or v, are the components of

. —1.
the apparent velocity, LT *; Ko(wm) , Ko(@y) ' Ko(yx) , and

or K are the components of the saturated

Ko tyy) o (i,4)
hydraulic conductivity, LT™!, and are a function of the
space co-ordinates x and y; and h is the hydraulic head, L.
On a microscopic scale, the hydraulic head and its
gradient change continuously along any flow line due to
frequent changes in the small cross-sectional area of the
pores through which the flow occurs. On the macroscopic

scale, however, the hydraulic head and its gradient may be

assumed uniform and equal to the average of the head and
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the gradient at different points over small volumes con-
taining a great number of pores. Consequently, the velocity
may also be assumed uniform and equal to the average of the
flows through many elemental cross-sections of the pores.

As a result, the physical system of flow is replaced by a
mathematical continuum in which the flow obeys the D'Arcy
equation.

The hydraulic head, h, at a point within a partially-
saturated or saturated medium is the sum of the pressure
head at the point and the elevation of the point above an
arbitrary datum. Thus, the hydraulic head h(x,y,z,t) at

the point (x,y,z) can be defined (Hantush, 1964) as

hi(x,v,z,t) = % + z + £ [8]

where:
P = hydrostatic pressure at a point whose
vertical co-ordinate is z (ML™1T~2)
vy = specific weight (ML™2T~2)
f = elevation of the x,y plane above an
arbitrarily chosen datum of elevation (L)
X,vV,2 = rectangular co-ordinates

t = time of observation (T)

The quantity yvh is known as hydraulic potential or

piezometric potential and denotes the sum of pressure energy,
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P, and the gravitational energy potential, yz. Both the
hydraulic head and the hydraulic potential are potential
quantities and consequently obey all the laws of potential

theory.

Derivation of the Basic Flow Equation

The law of conservation of matter is expressed by the
equation of continuity, which for unsteady compressible flow

through porous media, takes the form (Jacob, 1950; Pinder,

1968) :
S
. _ 8 dbp 1
div(pv,) = g 3¢ v L (xy,t) [9]
where:
p = fluid density (ML™3)
S, = specific storage (L™h)
g = acceleration due to gravity (LT™2)
L' = mass flux of fluid into or out of
the system (ML~ 37— 1)

The coefficient Ss has been termed the specific
storage of the aquifer (Hantush, 1964), and is defined as
the volume of water which a unit volume of the aquifer
releases from storage because of expansion of water and
compression of the aquifer under a unit decline in the

average head within the unit volume of the aquifer. The
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storage coefficient is related to the specific storage of

the aquifer by the relation:

S =8 b [10]
s o
where:
S = storage coefficient (dimensionless)
b = saturated thickness of the aquifer (L)

Differentiating P, from equation [8] with respect to t we

get

9P _ oY oh

3t = (hgp *+ ) [11]
or,

9P _ 5(ndf 4 ,oh

The change in density, p, over time is generally very small

and [12] reduces to

oP oh
3¢ © 9°3¢ [13]

Substituting [13] into [9] we obtain

. _ oh ' .
—dlv(pvi) = S_p5g + L (x,¥,t) [14]



The left-hand side of [14] can be stated (Pinder, 1968) as

. 3 5h
div(pv,) = pgx—i-mo (i,j)ss‘{;) [15]

substituting [15] into [14] we have

3

L'(x,y,t)
90X . P
1

5 [16]

5h . _ . h
(K }) = 8 'é-;g'*'

o(i,Jd)dx. s
Tyd x€7

Multiplying the saturated hydraulic conductivity tensor Ko(i 7)
3

by the saturated thickness of the aquifer, bo’ equation [16]

becomes
é——(T éﬁ_) = g oh bOL Gery £) [17]
0X . ~(1,J)0ox. ot 0
(4 J
where T(i ) is the transmissibility tensor which in matrix

notation can be written as

T T
xx Txy

T T [18]
ye yy

T, 7)

for the principal axes, x and y, equation [18] reduces to

XX

T,. ., = [19]
(Z,4) 0 T

vy

and equation [17] becomes (Pinder, 1968)
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3%n xzx dh 3%h yy dh _ . dh
Teosxe ¥ 5% 3x T Tyyay‘ + 3y 9y S 3¢ * Lxwy,t) [20]
bOL'
where L = 5 (dimension LT~ !) accounts for the flux from

vertical leakage, and also the net effect of recharge and

discharge from the aquifer.

Equation [20] is the approximate differential equation

describing nonsteady flow of a compressible fluid in an

elastic nonhomogeneous porous medium.

Numerical Solution of the Flow Equation

The finite~difference teéhnique consists of replace-
ment of a derivative by values of difference quotients of
the function at separate discrete points (Volynskii and
Bukhman, 1965). Such a technigque is based upon the applica-
tion of the Taylor Series where the field is replaced by a
finite number of N points, each of which represents a small
two-dimensional region of the length Ax and Ay.

A finite-difference approximation to equation [20]
for a rectangular-regular mesh of side lengths Ax and Ay
is presented by Pinder and Bredehoeft (1968), which for
a rectangular-irregular mesh is as follows. The nodal
array used for the development of the finite-difference

equations is shown in Fig. 18.
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Fig. 18. Nodal array for the development of the
: finite-difference equations.
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where

T v (i4%, 7)

Thus, the coe

2T w (4, 3) Y (i+1, 7)

ww (i,7) i) T T

T wa (141, 7) 2%

fficient of the term (h(i+1,j,k) - h(i,j,k))

is given by the harmonic mean of

Txx(i,

Ax .
7

and the coeff

is also ident

(hrr1, 7.%)

7

Ax, Ay

At

For a more

Tow (i41,7)
AX(7;+1)

g’ and

icient for the term (h(i,j,k) - h(i+z,j,k))

ical to that of the term

BT SR

= index in the x-direction

= index in the y-direction

= index in the t-direction

= rate of discharge or recharge at any
node (L3T™!)

space increments (L)

i

= time increment (T)

= hydraulic conductivity of streams and
lakes bottoms (LT™!)

= hydraulic head in the streams and lakes (L)

= thickness of the stream bed and lake

bottom (L)

complete discussion of finite-difference
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techniques and applications to boundary-value problems the
reader is directed to Crank (1956), McCracken and Dorn
(1964), and Volynskii and Bukhman (1965).

Equation [21] describes the flow of groundwater in
confined formations. To adapt the equation for application
to unconfined aquifers several modifications are necessary.
In an unconfined aquifer transmissibility, T, is a function
of time as well as a function of space co-ordinates. A
non-linear set of finite-~-difference equations are, therefore,
required to describe the non-steady state behaviour of an
unconfined aquifer. This condition can be approximated by
replacing transmissibility in equation [21] with the product
of the saturated hydraulic conductivity, Ko’ and the
saturated thickness of the aquifer, bo’ from the previous
time step

For example,

T,k = Foti,50P0 1, 4,%-1) [22]
Another modification necessary when applying the
equation to unconfined aquifers relates to the storage term.
In a confined aquifer the storage function is referred to as
the storage coefficient and is defined as the volume of
water that the aquifer releases from, or takes into, storage
per unit surface area of the aquifer per unit decline, or

rise, of the potentiometric surface of the aquifer (Walton,
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1970). It has been shown by Jacob (1941) and Cooper (1966)
that this storage coefficient is a function of the compres-
sibility of water and the aquifer materials. The storage
coefficient of an unconfined aquifer, however, can be
represented by the effective porosity of the aquifer, which
for coarse-grained granular formations of unconfined aquifers
is approximately equal to the specific yield. Specific yield
is normally defined as the volume of water released from
storage in an unconfined aquifer per unit surface area of

the aquifer per unit decline of the water-table or in terms
of effective porosity, it can be referred to as the volume

of water a fully saturated soil releases under gravity

force per total volume of the soil.

Boundary Conditions

Equation [20] describes the flow of a compressible
fluid in an aquifer; however, before useful solutions to the
equation can be obtained, boundary values must be specified.
To design a relatively general and useful mathematical model
for nonhomogeneous aquifers, it is necessary to obtain a
method of solution which is capable of taking into account
the effect of recharge boundaries, major groundwater divides,
geologic boundaries, and the boundary conditions along the
piezometric surface or water table.

A solution to equation [20] is obtained when the head

or the derivative of the head is specified. In this model
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impermeable barriers are simulated by specifying the hydraulic
conductivity beyond the aquifer boundary to be zero. This
provides the condition of zero flow across the boundary and
results in a constant hydraulic head beyond the boundary.

The hydraulic head in the aquifer adjacent to the boundary,
however, is permitted to vary. A constant head boundary is
considered when a river or lake is incorporated in the model.

At this boundary the head is defined at each point in time.

Computational Procedures

In order to obtain a numerical solution for the head
distribution in an unconfined aquifer, a nodal array similar
to that shown in Fig. 18 is superimposed on a plan view of
the groundwater reservoir. Then, the equation of flow, as
described by equation [21], must be written for each node in
the network. Thus, if n, is the number of nodes in a column
of the matrix and n_ is the number of nodes in a row of a
matrix, the procedure generates N = n, x n_ simultaneous
equations, which may be solved using several mathematical
procedures., For the problem considered here, the iterative
alternating-direction implicit technique developed by Pinder
(1969) was used. In this technique the hydraulic head values
are calculated for the entire matrix by solving alternately
the equations for rows and columns implicitly. The entire

matrix is, therefore, solved twice during one complete cycle

of 2N calculations. Equation [21] for the calculation of
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Yows is;
n n
- (h(i—z,j,k) - h(i,j,k))
xx (i-%, ) ix;
n n
. (h(i+1,j,k) h(i,j,k))
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n
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T J
n
Sk i) T Ma, g0 h(vj,j,k-l))
8 2b . .
s(1,4)
n n-1
FIM s T M) 123]

In this equation, n is the index indicating iteration number

and I is a normalized iteration parameter. The equation for
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the calculation of columns is of the same form as described
for the calculation of the rows.

Pinder (1969) developed a computer program to
calculate the hydraulic head values for each node in the
finite difference mesh after At seconds of pumping by solving
equation [21] implicitly. The program computes alternately
equation [23] for the calculation of the rows and a similar
equation for the calculation of the columns at each time
step until the greatest hydraulic head difference between
a row and a column computation of any node is less than a
prescribed error criterion. When the desired closure is
achieved, the program proceeds to calculate the head values
for the next time step. The procedure is continued until
the prescribed duration of pumping has been simulated. The
program uses the hydraulic head values calculated at each
time step as the initial conditions for the calculation of
the hydraulic head at the new time step.

Since the discharge from a well is assumed to occur
over the area of the node allocated to the well, the hydraulic
head values calculated within the well node do not accurately
describe the head distribution in this zone. However, the
accuracy of the solution near pumping wells can be improved
by increasing the number of nodes in the pumping areas.

The computer program along with the detailed descrip-
tion of the parameters and the arrangement of data sets is

presented in Appendix B.



CHAPTER VI

DIGITAL MODEL STUDIES OF AQUIFER RESPONSE

AND YIELD CAPABILITIES

Objectives

The main objective of this part of the investigation
is to obtain an understanding of the response behaviour and
general yield capabilities of the Broomhill Experimental
Aquifer under natural conditions, initial and boundary,
when subjected to high pumping rates at numerous pumping
centérs. This was accomplished by using the digital model-
ling procedures described by Pinder (1969) and quantitative
descriptions of the aquifer properties derived from geo-
logic and hydrologic data.

To develop the model it was necessary to prepare
quantitative approximations of peripheral boundary condi-
tions, effective porosity, saturated hydraulic conductivity,
recharge mechanisms and rates, and natural water-table
configurations. It was also necessary to specify‘appropriate
pumping schemes and evaluate effects of various grid dimen-
sions. These aspects of the investigation and the results

of operating the model are discussed in the following

pages.,
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Hydrologic Boundary Conditions

Prior to development of the model it was necessary

to define the hydrologic boundary conditions which would be

incorporated into the model. Since the prime objective was

to simulate the aquifer behaviour under natural conditions,

the natural water-table configuration, as shown in Fig. 16,

was used to determine the hydrologic boundaries of the

aquifer system. The hydrologic boundaries as shown in the

same figure, are described below.

(1)

(ii)

Seepage inflow boundary; which consists of two
separate segments, an equipotential line and a
somewhat arbitrary boundary terminating the
aquifer to the west. Under natural conditions
water enters the aquifer by lateral flow across

this boundary.

Seepage outflow boundary; which corresponds to
an equipotential line bounding the aquifer to
the east. The equipotential line was chosen so
that it coincides approximately with the
transition zone between the coarse-~grained
outwash deposits of the aquifer and the finer-
grained lacustrine sediments to the east. Under
natural conditions water flows from the aquifer

across this boundary.



(iii)

(iv)

(v)
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Groundwater divide boundary; which corresponds
to a major flow line. This boundary defines

the southern periphery of the aquifer flow
system. Coarse-grained outwash sediments extend
south of this flow line, however, beyond this
boundary groundwater is part of a different

flow system.

Till-aquifer boundary; which corresponds to a
flow line, but also represents the geologic
boundary between coarse-grained aquifer deposits
and the relatively impermeable clay-loam till
plain to the north. Hydraulic conductivity of
clay-loam till appears to be generally 2 or more
orders of magnitude lower than the coarse-
grained glacial deposits (Cherry et al., 1970).
The clay-loam till, therefore, is regarded as
forming impermeable barrier under both natural
and pumping conditions. Similarly, the bottom
of the aquifer, which also consists primarily

of the clay-loam till, is regarded as an

impermeable boundary.

Water-table control boundary; which consists of
stream flow and marshy terrain, and defines a
segment of the aquifer in which the water-table

elevation is generally controlled by the surface
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water regime. Stony Creek generally controls
the water-table levels in the aquifer

adjacent to its channel. During periods of

high stream flow, water seeps from the stream
bed into the aquifer. During the low-flow
periods water enters the stream channel from

the aquifer. Seasonal variation of the water
table adjacent to stream appears to be generally
limited to less than 2 and 3 feet. To the south
of Broomhill the water table is generally close
to or above the ground surface and forms marshy
terrain or sloughs. Water enters the marshy
terrain from the adjacent areas where the water
table elevation is relatively high. As a result
the water-table levels in these segments of the

aquifer remain relatively constant.

Model Boundary Conditions

To formulate the digital model the aquifer boundary

conditions were described in terms of mathematical

properties which approximate the hydrologic conditions. The

digital model boundaries are shown in Fig. 19, and consist

of the following segments:

Zero hydraulic conductivity boundaries; which

are imaginary impermeable (zero-flux) barriers.
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(ii)
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The hydraulic conductivities beyond the
‘boundaries are zero. These boundaries are used
physically to approximate the field conditions
and to theoretically satisfy the mathematical
solution which requires that the gradient across
the aquifer boundary be zero. The zero hydraulic
conductivity boundaries were used in the digital
model of the Broomhill aquifer to approximate

two types of hydrologic boundaries, the ground-

water divide and the till-aquifer boundary.

Constant head boundaries; which represent zones
with relatively constant water-table elevations.
Water can move into or out of the aquifer
across these boundaries. At the beginning of

a simulation period two hydraulic head wvalues
are assigned to each node located at these
boundaries, one representing the initial aquifer
head and the other representing an imaginary
constant head separated from the aquifer by an
imaginary unit of a porous medium which is
assigned a value of hydraulic conductivity.

Flow of water will occur between the two head
values through the porous medium, if the head
values are different. The aquifer head is a

function of time and is calculated for each
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time step and compared with the constant head
value assigned to the node. If deviation occurs,
inflow or outflow into or from each node of the
aquifer is simulated using the third term in the
right hand side of equation [21], in which the
flux is proportional to the magnitude of the
deviation. This mechanism maintains the water
table in the aquifer at a relatively constant
value at and near the constant head boundaries.
Constant head boundaries were incorporated into
the model to simulate several different hydraulic
conditions of the aquifer system. These are

summarized below:

(a) Water-table control by stream; as
indicated on page 86 Stony Creek
affects the water-table levels in the
aquifer adjacent to its channel. This
effect was incorporated into the
aquifer model to allow vertical inflow
and/or outflow along the stream
channel at any node during the
simulation periods. At any node where
hydraulic head in the stream is higher
than the aquifer, water seeps from the
stream into the aquifer. At any node

where the hydraulic head in the aquifer



(b)
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is higher than the stream, water enters
the stream from the aquifer. Since the
natural water-table configuration simu-
lated by the digital model corresponded
to periods of relatively low stream flow,
the main objective of the arrangement
considered here was to provide natural
groundwater seepage to the stream. This
condition would be reversed, however,
when the water table drops below the
hydraulic head in the stream due to

pumping.

Water-table control by marshy terrain;
as indicated on page 86 the water table
in marshy segments of the aquifer is at
or above the land surface. These areas
behave in a manner somewhat similar to
the stream channels, in that the water
table is relatively constant. In the
digital simulation in which the natural
water table was used as an initial condi-
tion, water enters the marsh segments
from adjacent aquifer areas with high
hydraulic head values. Under natural
conditions water entering the marshes

evaporates. In the digital simulation



water leaves the aquifer through the

constant head boundaries.

(c) VWater-table control by subsurface cutficow;
which corresponds to the seepage outflow
boundary and was incorporated into the
model to simulate subsurface outflow from

the aquifer under natural conditions.

Water entering the aquifer across the subsurface
inflow boundary was not incorporated into thek
aquifer simulations. This boundary was approxi-
mated into the aquifer model by an imaginary

zero hydraulic conductivity boundary.

Modelling of Internal Aquifer Characteristics

Prior to operating the model to simulate the effects
of aquifer pumping shemes it was necessary to adjust the
grid spacing at and near the proposed pumping centers, to
improve the accuracy of the model. The adjustment was made
by comparing time-drawdown and distance-drawdown graphs
obtained from the model simulating a homogeneous, isotropic,
semi-infinite aquifer with results obtained from the Theis
equation. Using this result a rectangular grid composed of
42 rows and 50 columns (Fig. 19) was made to accommodate
the pumping centers and aquifer boundaries, with the distance

in the x and y directions indicated in Table XIII. A



(1)
1056.00

(11)
1056.00

{21)
981.00

{31)
150.00

(s1)
1056,00

(1)
1056.00

(11}
150.00

(21)
150.00

(31)
150.00

(v1)
1056.00

% Numbers

Distance between nodes, Axi and ij, used in the digital model of the

(2)
4224.00

(12)
1056.00

(22)
1056.00

(32)
981,00

(s2)
1056.00

(2)
1056.00

(12)
981.00

(22)
906.00

(32)
981.00

(v2)
1056.00

(3)
1056.00

(13)
1056.00

{23)
981.00

(33)
981.00

{u3)

1056.00

(3)
1056.00

(13)
1056.00

(23)
150.00

(33)
1056.00

Table XIII

Grid Spacing in x Direction (feet)

(%)
1056.00

(14)
1056.00

{24)
150.00

(34)
150.00

(us)
1056.00

Axi i=1, 2,

(s)
1056.00

(15)
1056.00

(z5)
981.00

(3s)
981.00

{us)
981.00

3, . ..

(s)
1056.00

(16)
1056.00

(25)
981.00

(3s)
1056.00

(s6)
150.00

50

(7)
1056.00

(17}
1056.00

(27)
150.00

(37)
981.00

(u7)
981.00

Grid Spacing in y Direction (feet)

(%)
1056.00

(14)
1056.00

(24)
906.00

(34)
981.00

are indices in x and y directions

ij J=1,2,3, ..

(s) (s}
1056.00 1056.00

(13) (18)
1056.00 981.00

(23) (26)
150.00 906.00

(35) (36)
150,00 981.00

. 42

(7)
1056.00

(7)
150.00

(27}
150.00

(37)
1056.00

aquifer system.

(8)
981.00

(18)
1056.00

(28)
981.00

(38)
150.00

(s8)
1056.00

(s}
1056.00

(18)
906,00

(28)
906.00

(38)
1056.00

(s)
150.00

(19)
981.00

(29)
1056.00

(39)
981.00

{us)
3168.00

(9)
1056.00

(19)
150.00

(29)
150.00

(33)
1056.00

(10)
981.00

(20)
150.00

(30)
981.00

(wo)
1056.00

(s50)
1056.00

(10)
981.00

(20}
906.00

(3¢)
906.00

(we)
1056.00

Z6



theoretical form of such a grid is shown in Fig. 20.

The internal characteristics of the aquifer were
then modelled by superimposing the finite-difference grid
(Fig. 19) over the aquifer area and assigning each node
representative values of saturated hydraulic conductivity,
effective porosity, aquifer base elevation, and initial
hydraulic head (Figs. 7, 8, 10, and 16). Inflow or outflow
across the constant head boundaries was permitted through
imaginary one-foot thick beds having the same transmissi-

bility as the aquifer in the boundary areas.

Operation of the Model

The aquifer model was subjected to pumping conditions
for 8.55 x 10° seconds or, approximately 99 days. This
pumping period was chosen because it approximates the three-
month irrigation period which would be required for
irrigation farming in the Souris River basin (Manitoba Water
Control and Conservation Branch, 1968). Pumping centers
were located at 26 locations, selected by combining the
hydrologic and geologic data obtained from the saturated
hydraulic conductivity, effective porosity, and saturated
thickness maps (Figs. 7, 8, and 17). The discharge rates
were adjusted so that the drawdown at the end of 99 days for
each pumping center was about seven feet above the base of
the aquifer. This drawdown, for example, would simulate

the effect of wells with five-foot screens installed at the
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base of the aquifer and would allow for two feet of well loss.
However, drawdown of this magnitude could be obtained by many
other types of well installations. All pumping rates were
greater than or equal to 75 gpm. Pumping occurred simultane-
ously at all pumping centers. The discharge rates along with
nodal-locations of pumping centers are indicated in Table XIV.
An initial time step of 10 seconds was introduced at
the beginning of simulation and increased logarithmically in

the program according to the eguation

Atk = At(k-]) + c (At [24]

(k-1)"

where the coefficient, c, depends upon the dynamics of the
system. More precise solutions can be obtained using
smaller values of c. Values ranging between 0.25 and 1.0
have provided satisfactory results in most cases. In this
investigation the final results were obtained using a ¢
value of 0.25, which was sufficiently small to obtain
relatively precise solutions.

A mass balance of the aquifer system was obtained at
each time step using a subroutine program which computed the
volume of water removed from the aquifer by integration over
the cone of depression and compared it to the total discharge
from the pumping centers.

The aquifer model was initially formulated to

simulate response of the aquifer to multiple pumping centers



Table XIV

Discharge rates and nodal-~locations of the pumping centers

Center Discharge Rate
No. Node (Z,7)%* CFs GPM
1 (11,31) 0.334 150.0
2 (11,38) 0.167 75.0
3 (17,20) 0.445 199.8
4 (17,24) 0.223 100.1
5 (19,20) 0.334 150.0
6 (19,24) 1.559 700.0
7 (19,27) 1.559 700.0
8 (21,20) 0.334 150.0
9 (21,27) 0.167 75.0
10 (21,38) 0.390 175.1
11 (23,20) 0.278 124.8
12 (23,34) 0.167 75.0
13 (23,38) 0.612 274.8
14 (25,34) 0.445 199.8
15 (25.38) 0.835 374.9
16 (27,27) 0.278 124.8
17 (27,34) 0.223 100.1
18 (27,38) 0.835 374.9
19 (29,24) 0.167 75.0
20 (29,27) 0.557 250.1
21 (29,34) 0.278 124.8
22 (29,38) 0.334 150.0
23 (31,24) 0.167 75.0
24 (31,27) 0.668 299.9
25 (31,34) 0.223 100.1
26 (31,38) 0.167 75.0
Total 11.746 5274.0

* ¢ and §, row and column number regpectively
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when commencing with an initial water-table configuration
approximating natural conditions. The model was then used
to simulate the effect of an initially horizontal water
table. The purpose of this phase of the study was to
determine whether the natural water-table configuration
significantly influenced the response and yield capabilities
and whether the introduction of this complexity was
necessary. To model the aquifer with an initial horizontal
water-table configuration the base elevation of the aquifer
was adjusted at each node to maintain the initial saturated
thickness. The adjustment was made according to the
expression

(h - h) [25]

Be,7) =B, “,7)

where B @,3) and B @, 3)

elevation of the impermeable base respectively (L), h

are the adjusted and initial
“Z,J)
the initial hydraulic head (L), and h is the arbitrarily
chosen elevation of the horizontal water table referred to
the same datum as B',. ., and h' .. ...

(7/;:7) (/LJJ)

The saturated thickness, bo’ remains unchanged in

both models, that is:

bo =0y 5y T Bul )
[26]

il

h =B,
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The only modification, therefore, consisted of replacing

% ¢ 3
B';,5) and hig ) with B,

the two water-table simulations were similar in all other

and h respectively, otherwise

aspects.

To test the validity of the natural water-table
configuration obtained from field data and approximated in
the model, the aquifer flow system (two-dimensional basin)
was simulated for 99 days with no artificial pumping centers
being operated. Only a small adjustment of the initial
water-table data was necessary to obtain a reasonable
simulation of natural water-table behaviour during the
summer period.

To evaluate the aquifer response to pumping stress
under no-recharge boundary conditions, the aquifer model
with a horizontal water-table configuration was further

simplified by excluding the constant head boundaries.



CHAPTER VII
ANALYSIS OF PUMPING TEST RESULTS
USING THE DIGITAL MODEL

This phase of the investigation is directed towards
analysis of a pumping test conducted in a portion of the
Broomhill Experimental Aquifer by the Manitoba Water
Control and Conservation Branch in 1966 (Fig. 21). The
purpose of the analysis is to obtain an independent estimate
of the hydraulic conductivity and effective porosity of a
segment of the aquifer from field drawdown and pumping
rate data and to obtain a better understanding of the yield
mechanisms of the aquifer during short pumping periods.

The pumping test was conducted in an area underlain
by a narrow channel surrounded by a relatively thin aquifer
segment (Fig. 22). The channel is approximately 2,500 feet
long and up to 300 feet wide and has a saturated aquifer
thickness of more than 20 feet. 2 well, located near the
center of the channel, was pumped at a rate of 0.67 cfs
(300 gpm) for 24 hours. The drawdown of the water table
was measured in four observations wells located at distances
of 47, 104, 149, and 350 feet from the pumping well (Fig. 22).

The test was terminated when the water level in the pumping
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well had approximately attained equilibrium, although the
observation wells were still declining. Because the
pumping well and observation wells were located in a narrow
valley, effects of irregular lateral discontinuities rapidly
influenced the drawdown response. It was, therefore,
impossible to obtain a reasonable estimate of hydraulic
conductivity and effective porosity from the time-drawdown
data using conventional analytical methods such as those
outlined by Walton (1970). To overcome this difficulty the
digital model was applied in the pumping test analysis by
superimposing a 50 x 50 rectangular grid over the portion
of the aquifer affected by the test. The grid spacing was
decreased in the area occupied by the pumping well and
observation wells to provide more detailed results. The
grid spacing is indicated in Table XV. The water table

was assumed to be horizontal with an elevation of 53 feet
above an arbitrary datum. The elevation of the impermeable
base (Fig. 22) was referred to the same datum and was
recorded at each node.

The model was initially used to study the time-
drawdown response of the aquifer using values of effective
porosity which were maintained constant with time. It was
found that the field response of the aquifer could not be
simulated accurately on this basis. Model simulations
were then conducted using time-dependent porosity function,

summarized as follows. The effect of variable storage
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functions is often referred to as "delayed yield" to

evaluate the response of unconfined aquifers.

Case 1: Effective porosity as a step-function of time.

An initial value of effective porosity was used
at the beginning of the pumping period and increased in a
step-by-step manner to a maximum value after a given period
of time. During each step the effective porosity was

constant.

Case 2: Effective porosity as a linear-function of time.

A prescribed value of effective porosity was
introduced at the beginning of the pumping period and
increased linearly to a maximum value for a given period of
time, t', according to the expression

. = 6L+ (67 = 1) (E) [27)]
e e e e’ 't
where ¢e is the effective porosity at time t, ¢é represents
the initial value of effective porosity, ¢; represents the
value of porosity at time t', and t indicates the time since

pumping started. The computer program was arranged so that

= " > v
¢e ¢e for t 2 t
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Case 8: Effective porosity as an exponential function of
time.
This case is similar to case 2, except that effective
porosity is increased exponentially according to the

expression

u

0o = 9o + (81 - $) (1 - &™) [28]

e e
Gt . s
where u = o and G is an empirical constant chosen so that

o, = ¢n for t > t

The time dependency of effective porosity was
introduced to simulate non-instantaneous yield of water
from the unsaturated zone above the water table as the
water table declines due to pumping. In other words, it
recognizes the fact that water does not drain out of the
pore spaces instantaneously in response to a variable
hydraulic head regime. The effective porosity, as given
by equation [27] and equation [28] has two components; the
first term determines the instantaneous release of water
and is independent of time, while the second term allows for
non-instantaneous water yield from storage which is assumed
to vary with time over the entire aquifer system. These
methods are a rough approximation to the analytical

solution presented by Boulton (1963, 1955), who
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incorporated time-dependent storage functions in the

analysis of confined and unconfined aquifers.



CHAPTER VIII

RESULTS AND DISCUSSION

Effect of Multiple Pumping Centers

Results
As indicated in Chapter VI the digital model was used

to simulate the following aquifer conditions:

Natural water-table conditions; simulation of the
aquifer response under natural water-table configura-
tion with no pumping centers. Constant head boundary
conditions were used to represent the stream and
marsh areas and the subsurface outflow periphery of

the aquifer.

Multiple pumping center condition, using the

following simulations:

Simulation (Z):

At the beginning of the pumping period, the
water-table configuration represented natural
field conditions. Constant head boundary
conditions were used to represent the stream

and marsh areas and the subsurface outflow
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periphery.

Simulation ({Z71) :

At the beginning of the pumping period, the
water-table configuration was horizontal
and base elevation was adjusted accordingly.
Other boundary conditions were similar to

simulation (<).

Simulation (i) :

At the beginning of the pumping period the
water—-table configuration was horizontal and
base elevation was adjusted accordingly. The
effects of streams, marshes, and subsurface
outflow were eliminated from the simulation

by omitting the constant head boundaries.

The aquifer response and yield capabilities obtained
from the digital model using the above simulations are
described below. Emphasis is placed on determining the
factors which affect the response of the aquifer during
discharge from multiple pumping centers. A preliminary
estimate of the yield capabilities of the entire aquifer is
presented.

Contoured maps of water-table drawdown after 99 days
of continuous pumping during simulations (<) to (4{ii) are

shown in Figs. 23 to 25. The maps were prepared using a
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computer plotting program on a Calcomp pen plotter. The
drawdown resulting from simulation (72Z%) is also shown in
alphanumeric form in Fig. 26, as an example of the output
form that is normally used. The time-drawdown response at
three arbitrarily located observation centers are shown in
Fig. 27. Drawdowns at the pumping centers after 99 days
are listed in Table XVI. The changes in total aquifer
storage volume after 99 days of pumping as computed from
the water-table decline were 125.5, 99.7 and 100.5 million
cubic feet for the first, second, and third simulations
respectively. The total yield from the pumping centers
during the 99-day period was 100.5 million cubic feet. The
volume of water discharged from the aquifer system to the
stream and the other constant head boundaries totalled

25.0 million cubic feet using the first simulation. Using
the second simulation 0.8 million cubic feet of water entered
the aquifer system. For the third simulation the volumes

balanced because the aquifer was defined as a closed system.

Discussion

The simulation of the field response of the aquifer
system for 99 days with no artificial pumping operations
resulted in a natural water-table behaviour reasonably
similar to what normally occurs during the summer season.
This result supports the interpretation of the natural

water-table configuration as based on field data. Compared
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Table XVI

Drawdown at the pumping centers determined from the digital
model of the entire aquifer system after 99 days of pumping

Center First Second Third
No. Node (Z,7)*% Simulation Simulation Simulation
1 (11,31) 9.04 9.33 9.33
2 (11,38) 9.52 9.35 9.35
3 (17,20) 14.40 13.50 13.60
4 (17,24) 10.20 10.60 10.60
5 (19,20) 15.20 13.80 13.80
6 (19,24) 31.20 29.90 29.90
7 (19,27) 31.70 30.50 30.50
8 (21,20) 11.20 10.50 10.50
9 (21,27) 13.30 12.90 12.90
10 (21,38) 14.50 14.60 14.60
11 (23,20) 10.10 9.86 9.86
12 (23,34) 9.52 9.28 9.28
13 (23,38) 19.10 18.50 18.50
14 (25.34) 12.20 12.00 12.00
15 (25.38) 23.30 22.20 22.20
16 (27,27) 13.90 14.70 14.70
17 (27,34) 17.90 17.70 17.70
18 (27,38) 22.90 21.50 21.50
19 (29,24) 8.30 6.59 6.59
20 (29,27) 15.40 16.20 16.20
21 (29,34) 11.10 11.20 11.20
22 (29,38) 12.00 12.10 12.10
23 (31,24) 5.79 6.12 6.12
24 (31,27) 16.40 17.20 17.20
25 (31,34) 8.67 8.79 8.79
26 (31,38) 9.92 10.00 10.00

* ¢ and J§, row and column number respectively
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to simulations (Z<) and (4<<), simulation (<), which used
the natural water-table configuration at commencement of
pumping, resulted in higher drawdowns during the pumping
period in segments of the aquifer located near the streams
and marshes, particularly south of Broomhill. These results
were to be expected because with a sloping water table,
water moves from these segments of the aquifer into the
adjacent stream channels and marshy terrain. It should be
noted, however, that drawdown of the water table in the
aquifer area in which most of the pumping centers were
located did not vary appreciably between simulations (1)

and (Z<). This reflects the fact that the pumping centers
were located in the central portion of the aquifer in

which the natural hydraulic gradient is very low. It should
be noted, however, that digital modelling of the aquifer
system under natural water~-table conditions is a much more
complex operation than the horizontal water-table cases.

An overall comparison made between the water-table drawdown
obtained from simulations (Z), (Z4) and (4i4) indicated
that simplifying the boundary conditions of the model has

no major effect on the response and yield capabilities of
the aquifer, when the pumping centers are located relatively
far from the peripheral boundaries. Using the results of
simulation (£7) the volume of water withdrawn from the
aquifer computed from the decline of the water table after

99 days of pumping was 99 percent of the total yield of the
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pumping centers. This indicates that the cone of influence
caused by the pumping was not influenced significantly by
the constant head boundaries. In other words, essentially
all of the water withdrawn was obtained from aquifer storage.

In simulations (<), (ZZ) and (£4Z), the area of
water-table drawdown due to 99-day pumping from the 26
centers accounted for only 56 percent of the aquifer area.
The pumping centers were located in areas in which greatest
aquifer thickness occurs. These areas generally coincide
with portions of the aquifer in which detailed test drilling
data are available. The othef areas of the aquifer may also
have deep segments in which major pumping centers could be
located. However, until more detailed drilling data are
available it will not be possible to evaluate the yield
capabilities of these areas on a definitive basis.

The total yield from the 26 pumping centers was
approximately 3.1 inches of water over the 14 square miles
of influence. This is equivalent to 2,310 acre-feet. As
indicated in Chapter IV, the average annual developmental
yield of the aquifer is estimated to be approximately
7 inches. This is equivalent to 5,230 acre-feet for the
14 square miles of influence and suggests that a quantity
of water equal to 44 percent of the estimated annual develop-
mental yield would be withdrawn during the 99-day pumping
period. However, this volume of water represents only

25 percent of the annual average developmental yield if the
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entire aquifer is considered. It may be possible to increase
the gross developmental yield of the aquifer if lateral
recharge is induced by the drawdown cone across the aquifer
boundaries. However, it appears that only small quantities
of water would be obtained laterally by this mechanism,
because much of the aquifer area is encompassed with clay-
loam till and lacustrine sand and silt, which generally

have hydraulic conductivities which are two orders of

magnitude or more smaller than the aquifer conductivities.

Analysis of Pumping Test Data

Data obtained from the pumping test outlined in
Chapter VII were analysed using the digital model. The
methods of analysis are presented in the same chapter.

As mentioned previously, the objective of this phase of the
investigation is to simulate the response of the water
table as observed in three observation wells during the
pumping period in order to obtain a better understanding

of the aquifer characteristics. This was accomplished by
adjusting the aquifer parameters until reasonable simula-

tions were obtained.

Effect of Hydraulic Conductivity

The time-drawdown data obtained from the pumping
test were first analysed by simulating the response of the

aquifer system using a uniform hydraulic conductivity of



1.62 x 107° feet per second, and an effective porosity of
35 percent. These values were initially estimated by
correlating drill hole logs, field sample description and
the results of the laboratory analyses on the undisturbed
gravel quarry samples. For observation well 3, the simu-
lated drawdown values obtained using the above data were
smaller than the field data during the initial phase of
pumping and greater than the field drawdown values during
the terminal phase of the pumping test. For observation
well 1, computed drawdown values were always smaller than
field response. These relationships are illustrated in
Fig. 28, which shows the actual and simulated drawdown at
observation wells 1 and 3 located 350 and 104 feet from the
pumping well. The model was reformulated using hydraulic
conductivity values which were larger and then smaller than
initial estimates. The simulated drawdown values obtained
using a uniform hydraulic conductivity of 4 x 1073 feet per
second were smaller than the field response in both observa-
tion wells 1 and 3 (Fig. 28).

The results indicated that the smaller hydraulic
conductivity values yield larger slopes of the time-drawdown
graph. The results also indicate that a reasonable dupli-
cation of the time-drawdown graphs cannot be obtained by
simply adjusting the hydraulic conductivity uniformly over
the aquifer area. Drill logs in the aquifer area indicated

that it is unlikely that major spatial variation in conduc-—
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tivity strongly affected the pumping test data. It is
concluded, therefore, that the pumping test response must
be accounted for in terms of effective porosity or some

other aquifer phenomena.

Simulations Using Time-Independent

Effective Porosity Distributions

The results of time-drawdown simulations at observa-
tion wells 1 and 3 using several values of uniform effective
porosity are compared to the field data in Fig. 29. The
simulation graphs were obtained using a value of hydraulic
conductivity of 4 x 10~° feet per second in order to commence
with simulated time-drawdown graphs which were not totally

dissimilar from the field response.

Simulation Using Time-Dependent

Effective Porosity Distributions

The time dependency of effective porosity was
incorporated in the model to simulate non-instantaneous
yield of water from storage.

The computed values of the time-drawdown curves for
the three observation wells (Fig. 30) were obtained by
increasing the effective porosity in a stepwise manner. Using
this technique, it was possible to obtain a reasonable agree-
ment between the digital models and the pumping test results,
however, the disadvantages of this method were the lack of

smoothness of the time-~drawdown curves due to sudden
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increases of ¢e and that increasing ¢e in this manner could
not be duplicated in the field.

The digital model results were then compared with
the field responses by increasing ¢e linearly with time
according to equation [27]. The type "a" curves (Fig. 31)
were obtained by introducing an initial value of effective
porosity (¢é) of 0.10 at the beginning of pumping and
increasing the effective porosity linearly to a maximum
of 0.35 after 672 minutes; the type "b" curves were obtained
using ¢é = 0,14,

The final comparison was made between digital model
and field responses by expressing ¢e as an exponential
function of time according to equation [28]. The results
shown in Fig. 32 were obtained using an effective porosity
value of 0.02 at the beginning of the pumping and increased
exponentially to a maximum of 0.30 after 538 minutes.

The shape of the time-drawdown curve (Fig. 33) was
changed considerably by increasing the effective porosity
exponentially rather than linearly. In this figure, the
two time-drawdown curves for which ¢e is time-dependent
were obtained by introducing a ¢e value of 0.02 at the
beginning of the pumping and increasing to a maximum of
0.30 after 538 minutes. The third curve was obtained by
assuming a value of 0.30 throughout the pumping period.

If we assume that the irregular boundary conditions did not

greatly influence the pump test results, the most reason-
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able model response was obtained by increasing the effective
porosity exponentially. The above analysis indicates that
non-instantaneous yield of water from storage had strongly
affected aquifer response during the pumping period.

The simulation results indicate that by using a
homogeneous distribution of the effective porosity and hydrau-
lic conductivity, the simultaneous drawdown graphs of all
3 observation wells can not be totally matched with the model
response. For example, drawdown in observation well 1 is
generally greater than the model results when the drawdowns
for wells 2 and 3 are similar to the model response. However,
a minor spatial variation in porosity and conductivity would

likely overcome this difficulty.



CHAPTER IX

SUMMARY AND CONCLUSIONS

Following a reconnaissance investigation of shallow
outwash deposits in the southwestern portion of the Souris
River basin, the Broomhill Experimental Aquifer was chosen
for detailed investigation of its geologic characteristics
and response and yield properties.
Test drilling and compilation of existing data
indicated that the Broomhill Experimental Aquifer 1is
composed of clean coarse sand and gravel varying in
thickness up to 50 feet.
Hydraulic properties of a representative group of
disturbed and relatively undisturbed samples from the
aquifer deposits were determined from laboratory tests.
The results indicate that
(i) Saturated hydraulic conductivities of the
relatively undisturbed samples range between
2.15 x 107% and 2.72 x 10 ® feet per second at
4°C and effective porosity between 30.4 and
35.7 percent.

(1i) Retention porosity usually increased as

saturated hydraulic conductivity decreased.
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(iii) Effective porosity was only slightly correlated
with saturated hydraulic conductivity.
The results of the laboratory tests were combined with the
field data to obtain maps of the effective porosity and
saturated hydraulic conductivity of the aquifer.

The mathematical model based on the method of Pinder
and Bredehoft (1968), in which the finite-difference
approximation to the flow equations was solved using an
iterative alternating-direction technique, was used to
analyze the results of the pumping test conducted by the
Manitoba Water Resources Branch. The results indicated that
the aquifer response during 24 hours of pumping from a
single well was strongly dependent on non—instantanebus
release of water from the aquifer during the initial phase
of the pumping test. The digital analysis also indicated
that the estimates of aquifer properties in the pumping -
test area based on correlations between test drilling
samples, drill logs, and results of laboratory analyses
conducted on the quarry samples were reasonable.

Digital models were also used to obtain an under-—
standing of the response behaviour and general yield
capabilities of the aquifer system. The aquifer model was
initially formulated to simulate response of the aquifer
to multiple pumping centers when commencing with the initial
water—table configuration approximating natural conditions.

The model was then used to simulate the effect of an
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initially horizontal water table. The results indicated
that drawdown of the water table in the aquifer area in
which the natural hydraulic gradient was low did not vary
appreciably between the above simulations. Model simulations
were conducted using up to 26 pumping centers located in

the zone of maximum initial saturated thickness in the
eastern half of the aquifer. It was found that 56 percent

of the aquifer area is capable of vielding 2310 acre-feet

of water over the 99-day period of pumping.

The aquifer yield capabilities were also investigated
using the hydrologic-budget approach in which the annual
evapotranspiration from the aquifer was estimated using the
D'Arcy method and the winter water-table decline method of
estimating the annual groundwater outflow. The general
magnitude of the annual groundwater outflow was appraised
by comparing the estimated evapotranspiration values with
calculated potential evapotranspiration and consumptive-use
values, as well as with the annual distribution of
precipitation and change in the groundwater storage. The
results indicate that a more reasonable estimate of the
annual groundwater outflow from the aquifer was obtained
using the D'Arcy method.

The average yield capability of the aquifer during
the 1965-1971 period, which could be realized by conjunctive
use schemes under ideal conditions involving induced or

artificial recharge from Stony Creek, is estimated to be
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9330 acre-feet of water per year. Estimates of the annual
developmental yield of the aquifer during the above period
range between 2 and 13 inches and indicate that the aquifer
yield capability is controlled by major effects of climatic
conditions. It is, therefore, recommended that a more
detailed yield analysis be performed using long-term
regional climatic and stream flow data from adjacent water-
sheds. The yield analysis for the western portion of the
aquifer could also be refined if more detailed test drilling
data were available.

It is concluded that the Broomhill Experimental
Aquifer is a significant source of high-quality water in the
Souris River basin. The hydrologic controls on the aquifer
system are such that optimal development of the groundwater
resource could only be attained by instituting a detailed

water management scheme.
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APPENDIX A



A LABORATORY METHOD TO DETERMINE THE
HYDRAULIC PROPERTIES OF DISTURBED

AND UNDISTURBED SOIL

Determination of Hydraulic Conductivity

The method described herein is similar to that used by
Laliberte et al. (1966, 1967, 1968) and is based on the
determination of soil permeability as a function of capillary
pressure. Gardner (1958) represented the functional relation-
ships between permeability and capillary pressure over the

entire range of capillary pressures by

b + po
e
where,
C = intrinsic permeability, cm?
P, = capillary pressure, dynes/cm?
n = a positive constant
a,b = constants, units dependent on the units of perme-
ability, capillary pressure,and on the value of n.
The Gardner equation demonstrates a continuous smooth
relationship between permeability and capillary pressure.
However, experimental research on porous rocks, as pointed

out by Laliberte and Corey (1967), shows that this relation-
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ship is often not smooth. The permeability and capillary
pressure relationship often has a sharp transition occurring
at a capillary pressure very near bubbling pressure. Brooks

and Corey (1966), therefore, have represented the relation-

ship as
cC=2cC for Pc < Pb
C =¢C (Eé)ﬂ for P 2P e
o'P e T b

where

Co = intrinsic permeability when the soil is fully

saturated, cm?
P, = bubbling pressure, dynes/cm?
n = positive dimensionless number

and the other quantities are as previously defined.
They related n to a pore-size distribution index, A, by the
relation

n =2+ 3A

The pore-size distribution index is dimensionless and can
be obtained from capillary pressure desaturation data.

The hydraulic conductivity, K (dimension LT™1!), is
related to intrinsic permeability, C (dimension L?), by the

equation

H

where

p = density of the wetting fluid, ML™?®
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acceleration due to gravity, LT ?

tQ .
1

dynamic viscosity of the wetting fluid, ML™!'T™!

=
1

Method of Test and Calculation

For this study a total of seven relatively undisturbed
soil samples were collected at three locations in the aquifer
area. All samples but two were obtained in the vertical
direction. At one site two samples were collected; one in
the horizontal and one in the vertical direction.

The samples included a wide range of textures, from
fine to very coarse sands, taken from depths varying between
1 and 16 feet. A brief description of these samples is given
in Table A-1.

All samples were obtained using a removable-sleeve
sampler, a photograph of which is shown in Fig. 6. For a
detailed description of this apparatus, the reader is referred
to Laliberte and Corey (1967). Samples were obtained by
manually forcing the sampler into the soil approximately
8 inches below the soil surface. Then the inner sleeve,
containing the sample, was removed from the sampler at site
and carefully packed to prevent any disturbance during trans-
portation to the laboratory. In order to remove the inner
sleeve containing the soil sample from the sampler it was
desirable to lubricate its outer surface. For this purpose
an ordinary type of oil was used. Care also was taken while

pushing the sampler into the soil to protect the soil sample



Table A-1

Brief description of the tested samples

Bulk
Sample Density Depth
Number pz,gm/cm3 Orientation Feet Description*
Ss1 1.63 Vertical 5-6 A rather uniform fine gravel, no clay, grain
size 0.2 to 0.5 cm.
(a) 1.64 Horizontal
8s2{ } 7-8 very uniform coarse sands
(b) 1.63 Vertical
SS3 1.68 Vertical 15-16 Coarse sands with pebbles up to 1 cm
554 1.66 Vertical 15-16 A mixture of coarse and medium to fine sands
with pebbles up to 1 cm.
885 1.59 Vertical 3-4 Medium clean sands with some coarser materials
SS6 1.63 Vertical 1-2 Fine sands, very uniform

* All samples are from glacial outwash sediments collected from the Broomhill Experimental
Aquifer.

vl
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against the possibility of compaction.

The samples were dried in a vacuum oven at 60°C,
without removing the soil from its holding sleeve. At this
stage the bulk density of each sample, Py (gm/cm?®), was

determined as follows:

MT - Ms
Py =~ [A-3]
s
where
MT = total mass of the dry soil plus sleeve, gm
MS = sleeve mass, gm
V = sleeve volume in cm?®, which is the same as the

volume of the undisturbed sample.
The computed values of P, are shown in Table A-l1. The bulk
density of the samples was also determined on site using the
field volumetric method of Zwarich and Shaykewich (1969).
The two techniques gave satisfactory agreement.

Prior to vacuum saturation of each sample, two
pressure controllers made from Porvic' filter material were
mounted in Plastic to fit the ends of the sleeve containing
the sample. The tensiometers, also made from Porvic filter
material, were installed in provided spaces and fastened
with a waterproof plastic tape. The plastic tape was left
attached throughout the vacuum saturation process which often

lasted several hours depending upon the texture of the sample

Porvic Filter Material, Pritchett and Gold and E.P.S., Co.,
Dagenham Dock, Essex, England.
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materials.

The wetting fluid used in this experiment was a
solution of 0.1 percent formaldehyde in distilled water.
Topp (1969) used a water solution of 0.0l1N CasO, and 0.1
percent formaldehyde in his investigation. The saturation
equipment was a vacuum pump connected to an acrylic plastic
chamber large enough to accommodate the wetting fluid and
the entire assembly (sample and barriers). After having
fully saturated the sample, it was transported to the
mounting board, and the tubes leading to the manometers,
the supply, and the outflow siphons were connected to the
tensiometers and capillary barriers. Figures A-1 and A-2
show a schematic diagram of the assembly and a photograph
of the apparatus respectively. The elevation of the supply
bottle and the outflow was adjusted to produce steady down-
ward fiow, with capillary pressure low enough to insure no
desaturation (Pc << Pb).

The hydraulic conductivity in cm/sec was calculated
és follows:

- g -
K—-VH [A-4]

where

g = volume flux in cm/sec

VH hydraulic gradient between the tensiometers,
dimensionless

The hydraulic conductivity measured at complete saturation,
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Fig. A~2.

Photograph of an undisturbed aquifer sample
during the hydraulic conductivity test,
showing inflow, outflow, pressure
controllers and tensiometers.
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Pc = Pb’ was designated KO.

Volume flux was calculated using the relation

Vw
9= 3 [A-5]
where
Vw = volume of water, cm?®, measured in an outflow
burette
t = time, sec, corresponding to Vw
A = cross-section area of the sample, cm?.
Hydraulic gradient was calculated as follows:
Aht
VH = —T [A-6]
where
Aht = hydraulic head difference between tensiometers
in cm of wetting fluid
1 = distance in cm between tensiometers.

A study was made to determine the effect of disturbance
on the saturated hydraulic conductivity, KO, for the materials
of the aquifer. After measurement was completed on the un-
disturbed materials, they were disturbed, and the measurements
were repeated. Each disturbed material was repacked to the
same bulk density as its corresponding undisturbed sample. Th
repacking procedure was similar to that used by Laliberte
(1966) in which a long-spout funnel was used to fill the

container. The funnel was first filled with the soil, with

147
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the lower end of its spout positioned on the bottom of the
container. As the funnel was slowly withdrawn, a random
motion was imparted to its lower end in order to minimize
the concentration of large particles at the wall of the
column. The desired bulk density was attained by gently
tapping the side and top of the column with a rubber mallet.
The method of determining the saturated hydraulic
conductivity of disturbed samples was identical in principle
to that used for undisturbed samples except that the
apparatus had a somewhat different appearance (Fig. A-3).
When testing a sample, either disturbed or undisturbed,
the readings were repeated several times and an average value

was calculated.

Determination of Effective Porosity

The effective porosity ¢ (dimensionless) was calcu-
p Y 9,

lated as follows:

4, = ¢ - 9, [A-7]
where
¢ = total porosity of the porous medium, dimensionless
¢ = retention porosity, also dimensionless.

The total porosity was determined as follows:

¢ =1 - — [A-8]

where
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Fig. A-3, Photograph of a

pparatus for testing the

hydraulic conductivity of disturbed
materials,
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Py and Py, = bulk density and particle density respec-
tively in gm/cm?.

The particle density,ps,was computed from the expres-

sion:
M xopo
Pe = Mo +SMS —wawS [A=9]
wheré
M, = mass of the solids, gm
o, = density of water, gm/cm®, at temperature of test
Mfw = mass of the flask + water, gm
Mfws = mass of the flask + water + soil, gm.

The apparatus and procedure for determining p, was similar
to that described by Lambe (1951).

The retention porosity or specific retention of a
rock is defined as a measure of the water-retaining capacity
of a rock. It is expressed quantitatively as the percentage
of the total volume of rock occupied by groundwater that will

be retained in interstices against the force of gravity

Walton (1970). This definition yields the expression:
°p
¢ =R 2 [A-10]
r wp,,
with
M,
Rw = D—d— [A"ll]

where
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Py and P, = bulk density of soil and the density of
water respectively, gm/cm?®

R = retention water expressed as the mass, Mw’
of water that will be retained in porous
soil against the force of gravity per
unit mass, Ms’ of dry soil (dimensionless).

Equation [A-11] can also be expressed as

M
_ _sw _ _
Rw = 1 [A-12]
S
with
Msw = Ms + Mw [A-13]

After calculating the saturated hydraulic conductivity
of a sample, the sample was used to measure Msw' Thus, the
inflow tube was disconnected and the sample was subjected to
one meter suction for a period of 24 hours after which the

sample was weighed.

Results and Discussion

Saturated Hydraulic Conductivity

Table A-2 shows the saturated hydraulic conductivity
results of the representative group of aquifer samples
described earlier in Table A-1, calculated for several
measurements during each test. The disturbed samples were
repacked to the same bulk density as that of their corres-

ponding undisturbed materials.



Table A-2

Change in saturated hydraulic conductivity, Ko' values of the porous media during laboratory tests

Number of Measurements

Sample romp. 15t ond 3¥d Pt 5th 6th
Number Orientation State °C Saturated hydraulic conductivity (mm/sec)
SSs1 Vertical Uhdist. 24.0 1.224 1.415 1.427
Dist. 22.4 1.950
{(a) Horizontal Undist. 24.7 0.624 0.609 0.608 0.623
ss2{ Dist. 23,0 0.659 0.677 0.679 0.684 0.688
(b) Vertical Undist. 24.0 0.451 0.455 0.460
Dist. 25.9 0.682 0.689
Ss83 Vertical Undist. 24.2 0.590 0.537 0.551 0.502 0.544
Dist. 25.0 0.581 0.578 0.581 0.581 0.581
554 Vertical Undist. 24.5 0.461 0.464 0.464 0.465 0.465
Dist. 24.9 0.566 0.568 0.568 0.568
8585 Vertical Undist, 20.3 0.238 0.230 0.231
Dist. 24.8 0.291 0.292 0.290 0.293 0.295 0.295
S56 Vertical Undist. 24.0 0.116 0.108
Dist. 26.4 0.0647 0.0676 0.0651 0.0636 0.0651

ST
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An average value of Ko was calculated for each sample
using the results indicated in Table A-2 and corrected to
4°C taken as the standard temperature. The correction was

obtained using the relationship:

M, X P,
K, ='5:??7T; K, [A-14]
where
K = hydraulic conductivity, cm/sec
U = dynamic viscosity, centipoises
p = density of the wetting fluid, gm/cm?®

and subscripts 1! and 2 refer to the properties of the wetting
fluid and the soil at test temperature and 4°C respectively.
Computed values of K, along with the hydraulic properties
used in these calculations are presented in Table A-3.

The saturated hydraulic conductivities of undisturbed
samples, Ko’ and of their corresponding disturbed samples,
Kod are compared in Table A-4. The results disclose that
for all tested samples but one, disturbed materials have a
larger hydraulic conductivity when fully saturated than do
the corresponding undisturbed samples. In order to gain an
insight into the cause of the above phenomena it is useful
to recall some factors affecting hydraulic conductivity of a
porous material. Hydraulic conductivity of a porous solid,
among other factors, is directly proportional to porosity

and to the mean value of the square of the hydraulic radius,



Computed values of saturated hydraulic
used in calculating the eqguation

Sample

SS1-Undisturbed
Disturbed

« rUndisturbed
(a){Disturbed
582

Undisturbed
(b){Disturbed

SS3-Undisturbed
Disturbed

5S4~Undisturbed
Disturbed

SS5~Undisturbed
Disturbed

SS6-Undisturbed
Disturbed

* p,/U, = 0.638

K, ,mm/sec at Test

Test Temp. Temp.°C
1.420 24.0
1.950 22.4
0.616 24.7
0.677 23.0
0.455 24.0
0.686 25.9
0.534 24,2
0.580 25.0
0.464 24.5
0.568 24.9
0.233 20.3
0.293 24.8
0.112 24.0
0.652 26.4

Ta

ble aA-3

conductivity at 4°C with the hydraulic properties
for several aquifer samples*

K

= Hi1P2

2 P1U2

My

Centipoises

0.9142
0.9490

0.8999
0.9358

0.9142
0.8757

0.9101
0.8937

0.9040
0.8958

0.9978
0.8978

0.9142
0.8660

1

D1 Ko ,mm/sec Ky, ft/sec
gm/cm? at 4°C at 4°C
0.99732 0.830 2.72 x 1073
0.99756 1.184 3.88 x 10~
0.99714 0.355 1.16 x 10”°
0.99756 0.405 1.33 x 10~°
0.99732 0.266 8.73 x 10~
0.99684 0.384 1.26 x 10~ 3
0.99727 0.311 1.02 x 1077
0.99707 0.332 1.09 x 10
0.99720 0.268 8.79 x 107}
0.99710 0.326 1.07 x 10
0.99817 0.149 4.89 x 10‘:
0.99712 0.168 5.51 x 10~
0.99732 0.0655 2.15 x 10::
0.99670 0.0361 1.18 x 10

ANE



Table A-4

Comparison between saturated hydraulic conductivity of disturbed

and undisturbed samples of the aquifer formations

Saturated hydraulic conductivity

Sample to water at 4°C, ft/sec
Number Orientation Undisturbed Kj Disturbed K,4 K,/Kpg
ssl Vertical 2.72 x 10”3 3.88 x 10~ 0.701
(a) Horizontal 1.16 x 10°3 1.33 x 10”3 0.872
ss2{ - -
(b) Vertical , 8.73 x 107¢% 1.26 x 1073 0.693
-3 —
SS3 Vertical 1.02 x 10 1.09 x 10°° 0.936
ss4 Vertical 8.79 x 10~" 1.07 x 10~° 0.821
L - .
ss5 - Vertical 4.89 x 10~ 5.51 x 10~ " 0.887
L
SS6 Vertical 2.15 x 10~ 1.18 x 10”" 1.822

SaT
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and is inversely proportional to a factor called tortuosity.
Therefore, a larger value of hydraulic conductivity will
result by increasing porosity and hydraulic radius and/or
decreasing tortuosity of a given soil. It is known that
the hydraulic radius will be greater for porous solids
having secondary porosity as well as primary porosity.
Therefore, an increase of secondary porosity of the disturbed
samples relative to the undisturbed samples due to disturbance,
could have caused the hydraulic conductivity to increase.
Another factor which appeared to be more important in
this regard, is the difference between the tortuosity value
of disturbed and undisturbed samples. According to Carman
(1937) the tortuosity of fully-saturated porous solids which
are isotropic and granular in nature is about 2, but if the
medium has bedding planes composed of clay particles oriented
perpendicular to the flow direction, the tortuosity will be
much larger than 2. If such bedding planes are oriented
parallel to the flow, tortuosity will be smaller than 2.
Since most of the undisturbed samples tested here were taken
in the vertical direction, and therefore perpendicular to the
aquifer bedding planes, and were subjected to downward flow
during the saturated hydraulic conductivity test, it is
reasonable to assume that bedding planes composed of clay
particles, if any, could have produced a larger value of
tortuosity for the undisturbed sample than in corresponding

disturbed materials.
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The only sample (out of seven tested samples) which
did not satisfy the relation Ko < Kod was a very fine sand
in lake deposits. The accuracy of the result for this
sample when undisturbed is dubious, however, because the
sample was eroded while being tested and furthermore its
holding sleeve was broken.

The results also show that for the tested samples
Ss2(a) and S8S2(b) in their undisturbed states, the horizontal
sample had larger hydraulic conductivity when fully saturated
than the corresponding vertical sample. This also could have
resulted from the bedding planes of clay materials being
perpendicular to the flow direction for the vertical sample
and parallel to the flow for the horizontal sample. This is
supported by the fact that the saturated hydraulic conduc-
tivity of these samples in the disturbed state are almost

the same (Table A-4).

Effective Porosity

A summary of the hydraulic properties of the repre-
sentative group of aquifer materials such as bulk density
(pb)’ particle density (ps), total porosity (¢), retention
water (Rw), and retention porosity (¢r) along with computed
values of effective porosity (¢e) is presented in Table A-5.

The results disclose that for the samples tested here,
the lowest value of bulk density is about five percent

smaller than its highest value, whereas for particle density



Sample
Number

ssl
(a)
ss2{
(b)
SS3
Ss4
sSs5

5S6

Table A~5

Effective porosity, total porosity, retention porosity,

1.63

gm/&m?

2.712
2.679
2.685
2.677
2.658
2.684

2.669

density of the several aquifer formations

M M

gg‘ ¢=l_§€ §ta gt szMigrl ¢r=ng§' b =0-0,
0.601 0.399 272.31 263.75 0.032 0.052 0.347
0.612 0.388 336.10 328.30 0.024 0.039 0.349
0.607 0.393 275.00 269.02 0.022 0.036 0.357
0.628 0.372 309.95 299.49 0.035 0.059 0.313
0.625 0.375 326.90 313.46 0.043 0.071 0.304
0.592 0.408 285.45 273.10 0.045 0.072 0.336
0.611 0.389 287.20 273.50 0.050 0.082 0.307

and particle

86T



159

it is only two percent. Total porosity, therefore, depends
mainly upon the variation of bulk density, and consequently,
particle density could be treated as constant. A comparison
made between the results shown in Tables A-4 and A-5 dis-
closed that retention porosity usually increases as saturated
hydraulic conductivity decreases. Effective porosity, however
was only slightly correlated with saturated hydraulic conduc-

tivity.



APPENDIX B



A COMPUTER PROGRAM FOR AQUIFER EVALUATION

The digital computer program described here computes
the hydraulic head distribution in a confined or unconfined
aquifer during periods of water withdrawal or recharge at one
or more locations. The program solves the finite-difference
approximations of the unsteady-state saturated flow equation
using an iterative alternating direction implicit technique
described by Pinder (1969). The program can accommodate
heterogeneous distributions of effective porosity and satu-
rated hydraulic conductivity and relatively complex boundary
conditions. The dimensions of the nodal array can be up to
50 x 50 nodes. The program is written in "Fortran IV" for
the IBM-360 system. The computer program is basically similar
to one developed by Pinder (1969), however, several changes
have been made to meet the requirements of the present study.

~The time required for the program to camplete its
computations depends mainly upon the nodal array dimensions
and the number of time steps demanded during simulation.
The larger the nodal array and the number of time steps,
the more computer time is required. For example, a 50 x 50
nodal array and 35 time steps; the computer time required
is approximately 6 minutes on an IBM-360/65 computer.

The message "EXCEEDED PERMITTED NUMBER OF ITERATIONS"

16l
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is printed when the head difference between a row and column
computation at any node is greater than a prescribed error
criterion after 100 iterations. An error in the input data
would generally result in this message being obtained. The
message "WELL GOES DRY" is printed when the cone of depres-
sion in an unconfined aquifer drops below the impermeable
bottom of the aquifer.

The value of the error criterion, ERR, and the number
of the iteration, LENGTH, depends upon the specific problem.
A value for ERR of 0.001 and number for LENGTH of 3 to 5
provided satisfactory results.

A mass balance of the groundwater reservoir is computed
in the program by comparing the volume of water removed from
the aquifer with the volume computed by integration over the
cone of depression. The volume of water removed from the
aquifer is calculated directly from the discharge rates. The
mass balance results can be used to measure the model's
precision if there is no flux boundaries and to calculate
the volume of water entering or leaving (in addition to
pumping discharge) in the cases where flux boundaries occur.

The hydraulic head matrix and the elapsed period of
pumping may be punched on cards at the end of the computation.
These cards can be used as input data, if it is necessary,

to extend the simulation period.



The Arrangement and Definition of the Program Variables

Parameter Cards

Card 1
Column Variable

1-10 TMAX
11-20 DIML
21-30 DIMW
31-40 NUMT
41-50 QORE
51-60 DELT
61-70 M
71~80 KTH
Card 2

1-10 LENGTH
11-20 ERR
21-30 SPACING
Card 3

1-20 SUM

period of pumping (hours)

number of nodes in a column of the
matrix (no decimal point)

number of nodes in a row of the
matrix (no decimal point)

maximum number of time steps
(no decimal point)

vertical recharge into the aquifer
(feet per second)

size of initial time increment
(seconds)

thickness of porous medium through
which water recharges into or dis-
charges from the aquifer (feet). The
parameter is normally referred to as
thickness of the stream or lake bed.

number of time steps between printouts
(no decimal point)

number of iteration parameters
(no decimal point)

error criterion for closure

contour interval (feet)

elapsed time at beginning of computa-
tion, usually 0, unless provided as
punched cutput, (seconds)
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Card 4

1-5

Card 6

Card 7

Data Cards

DELX and DELY:

PUNCH

WATER

CONTR

NUM

CHCK

indicator for punched output, if
punched output is desired at the end
of the computations write PUNCH,
otherwise leave the card blank

indicator of water-table condition,
if an unconfined aquifer is to be
modelled write WATERTABLE, otherwise
leave the card blank

indicator for contoured printout, if
a contour map of drawdown is desired
write CONTOUR, otherwise leave the
card blank

indicator for numerical printout, if
the numerical drawdown values are
desired write NUMERIC, otherwise
leave the card blank

indicator for computational check, if
a mass balance of the aquifer system
is desired write CHECK, otherwise
leave the card blank

164

distance between nodes in the prototype

in the x and y directions in feet; the distance in the x

direction, DELX, is recorded from left to right and is

followed, beginning in a new card by the distance in the y

direction, DELY, recorded from top to bottom. There would
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be DIMW values for DELX and DIML values for DELY. The
values for DELX and DELY must remain constant for each
column and row respectively. FORMAT:8G10.0.

The values of the following variables are recorded
from left to right along the rows beginning with the first
row from the top, under the FORMAT:8G10.0. The values of
the first row are recorded first and are followed, beginning
on a new card, by the values of the second row. The procedure
is then continued until the last row in the matrix is reached.
There would be, therefore, DIMW x DIML values for each

variable.

STRT: Initial hydraulic head in the aquifer in feet.

RIVER: Hydraulic head in stream and lakes in feet.
(This set of data is omitted if an unconfined
aquifer problem is considered, in such cases
the computer program equates the hydraulic
head in stream and lake to the initial
hydraulic head in the aquifer, STRT, at
appropriate nodes).

RATE: Pumping rates in cfs, and hydraulic conduc-
tivity of stream and lake bed in feet per
second. At any node where a pumping well is
located the discharge rate is recorded
preceded by a negative sign. At any node
where a stream or lake is located the
hydraulic conductivity of the bed is recorded.

PERM: Hydraulic conductivity of the agquifer in feet
per second. (This set of data is omitted if
a confined aquifer problem is considered).

T: Transmissibility of the aquifer in square
feet per second. (This set of data is omitted
if an unconfined aquifer problem is considered).

BOTTOM: Elevation of the impermeable bottom of the
aquifer in feet. (This set of data is omitted
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if a confined aquifer problem is considered).

Storage coefficient or effective porosity of
the aquifer (dimensionless).



Computer Program
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TU PROVIDE THE POTENTIAL DISTRIBUTIUN IN A CONFINED GR UNCONFINED

AQUIFER AFTER A DESIGNATED PERICD OF TIME
R etk toRokok Sk etk ool ol ok ool sk ok il sk ok ok ook o sk ol skl sk sk ook ok oo ok sk

DESCRIPTICN OF PARAMETERS
A=COEFFICIENT IN FINITE DIFFERENCE EQUATION
B=COEFFICIENT IN FINITE DIFFERENCE EQUQTION
BE(I)=DUMMY VARIABLE DEFINED AS C/wW
BOTTOM(IJY=ELEVATION OF BOTTOM{FEET)
C=COEFFICIENT IN FINITE DIFFERENCE EQUATION
D=DUMMY YVARTABLE REPRESENTING PARAMETERS OF EQUATION WHOSE VALUES
ARE KNOWN FROM PREVIOUS ITERATION
DAYS=MUMBER NF DAYS SINCE PUMPING STARTED
DELT= LENGTH OF INITIAL TIME STEP (SECONDS)
DELX=DISTANCE BETWEEMN NODES IN THE PROTOTYPE IN THE X DIRECTION
{FEET)
DELY=DISTANCE BETWEEN NODES IN THE PROTOTYPE IN THE Y DIRECTION
(FEET)
DIML=MUMRER OF NODES IN COLUMN OF MATRIX
DIMW=UMBER OF NODES IN ROW OF MATRIX
ERR=CLOSURE CRITERIA FOR I[TERATION
G=DUMMY VARTABLE DEFINED AS (D-A%G{J-1))/W
HRS=MUMBER GF HOURS SINCE PUMPING STARTED
[MK=TTERATIUN PARAMETER
KeEP(T,J)=STORAGE MATRIX FOR PHI VALUES
KTH=NUMBER OF TIME STEPS BETWEEN PRINTOUTS
M=THICKNESS OF STREAM BED OR LAKE BOTTOM {(FEET)
NUMT=MAX IMUM NUMBER OF TIME STEPS
PHI(TJ)=HEAD IN AQUIFER AT NODE (I,J) IN FEET
PRNT(I,J)=ARRAY FOR PRINTING OUT HEAD MATRIX IN CONTOUR FORM
ORE= RECHARGE FLUX FROM THE CONFINING LAYER (FEET PER SECOND)
RATE(L,J)=RATE OF PUMPING IN CFS IF NEGATIVE
HYDRAULTC CONDUCTIVITY OF STREAM OR LAKE BCTTOM IF
PASITIVE (FEET PER SECOND)
RHO=DUMMY VARIABLE DEFINED AS S(I,J)/DELT
RIVER(TsJ)=HYDRAULIC HEAD IN RIVER (FEET)
RR=VARTABLE ACCOUNTING FOR VERTICAL LEAKAGE
RW=VARTABLE ACCCUNTING FUR PUMPING
SUI,J)=STURAGE COEFFICIENT OR EFFECTIVE PORASITY {DIMENSIONLESS)
SATHI(TI,.J)=SATURATED THICKNESS IN AQUIFER (FEET)
STRTUI,J)=INITIAL HYDRAULIC HEAD IN AQUIFER(FEET)
SUM=DURATION OF PUMPING IN SECONDS
SYMUJI=LINEAR ARRAY CONTAINING SYMBOLS FOR PRINTING OUT HEAD

MATRIX
TOLy JI=TRANSMISSIBILITY (FEET*%2/SECAND)
EMP (1) =TEMPORY LOCATION 0OF CURRENTLY CALCULATED VALUES OF HEAD

THAX=MAXIMUM ALLOTTED PERIOD OF PUMPING (HOURS)
W=DUMMY VARTABLE DEFINED AS B-A%BE{J-1)

oaauoooaeoooueeaeeeoaoooouoeaooooeoeooaooooccoooooooo-oooooooconao

oaooo-eo-ooaooooaeooeooeeeeaosoto»oeewooeaoeoooooeoceoooceuoooeooo

COMMON PHT sSUM, DELXDELY s DIML, DIMW,RATE,S,STRT,SPACNG

DIMENSIUN S(50,50), PERM(50,50}, BOTTOMI{50,50), RATE{50,50), KEEP{
150,50}y G(501}, TEMP(50), BE{50), RHIP{25), CHK{10)s STRT(50,50}), T
2050550}y PHI(50,50) sRIVER(50,50),SATHI(50,50)
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OIMENSION DELX({50), DELY(50}

REAL MINS, MK

REAL*E KEEP, IMK,NUM

INTEGER DIML,DIMW

DOUBLE PRECISIGN PHIoKEEPyDyGoTEMPyREyWeT1yT2,T3,T4,RHD,A3B,C,DELT
1yRHUPyPARAMy IMKy RIVER yCHK s PNCHy WATFRyCONTRyNUMyCHCK

® 90 35000005 0G009080C0DOO0 L0000 O0DOO SO0 0 SDO L 00DV OO0ODODH OC OO 00V 0DO OGO OO QO O O

DATA CHK {1} /5HPUNCH/sCHK{2)/8HWATERTAB/ s CHK(3) /THCONTNUR/ yCHKI{4) /T
THNUMERIC/ 3 CHK{5) /SHCHECK/

READ (5452001 TMAX,DIML yDIMW,NUMTyQRE yDEL T yMeKTH,LENGTHsERR s SPACNG
READ (54,610) SuUM

READ {5,600) PNCHyWATER,CONTR NUM,CHCK
READ {54680) (DELX(J)sJd=1,DIMW)
READ ({54680) (DELY(I},1=1,DIML)
D5 I=1,DIML

READ {57620) (STRT{IsJ)3d=1,DIMW)
DO 5 J=1,DI4W

PHI(I sJ)=STRT{I,4)

IF (WATERNELCHK{2)} GO TD 15

DO L0 I=1,DIML

DO 10 J=1,DIMW

RIVER{I,J)=STRT{{,4)

GO TN 20

DT 20 I=1,DIML

READ (55620) (RIVER (I,J)sd=1,DIMKW)
CONT INUE

D25 I=1,DIML

READ (55620) (RATE(I,J4),d=1,DIMW}
IF (WATERLNEL.CHK{2})} GO TO 50

U 30 I=1,DIML

READ (5:620) (PERM(Isd)sd=1,DIMW)
DG 40 I=1,DIML

READ (54620) (BOTTOM{Id) sJ=1,DIMW)
DO 40 J=1,DIMW

TOLy DI=PERM{T s J) % (STRT(I,J)=BOTTOM(I,Jd))
GO TD 70

DG 60 I=14DIML

READ (55620) (T{IJ)sJd=1,DIMW)

DO 80 I=1,DIML

READ (54620) (S{T14J),d=1,DIMw)

O 6B O OGS BOO00 L0000 500020000 000 OS 0V Y OOHE OO0 OO0 OO VI G000 O OCCI0 OO0 O OO 00O O O

PRINT PARAMETER VALUES

ARITE (645550) DELT s TMAX, NUMT 3 QREs DIML 3 DIMW LENGTHyERR s M,KTH
WRITE (64690} (DELX(JS) sd=1D1MNW)

WRITE (65,700) {(DELY(I1)},I=1,DIML)

TMAX=TMAX*3600.

IF (WATERLEQ.CHK(2)}) GO T2 100

WRITE (64560)

DO 90 1=1,DIML

ARITE {(64570) I,(T(I1sJ)ed=1yDIMUW)

WRITE (64575)



[eEeNeReNea!

T NeEeNeNe!

170

N 95 I=1,DIML
95 ARITE {69570V Iy {RIVERII J)9d=1,0IMU}
100 wRITE (6,590)
DC 110 1=1,DIML
L10 WRITE (65570) I3(SUIsddsd=1,DIMW)
WRITE (6,540)
DO 120 [=1,DIML
L20 WRITE (645570) I3 (RATE(IsJ)4d=1,DIMW)
IF {WATERLNE.CHKI(2}) GO TO 150
WRITE (64630)
DC 130 I=1,DIML
130 WRITE {645570) I3(PERM{I;J)sd=1,DIMW)
WRITE (65640)
DO 140 I=1,DIML
140 WRITE (645570) 1,(BOTTOM{I,d)3J=1,DIMW)
150 JUNJ1=DIMW-1

ooaco-coooo‘oonoeoooaeuoeaoeooeaaoaeowoooocoooooooQoooooaenooooo-o

COMPUTE ITERATIGN PARAMETERS
COMPUTE HMIN
HMIN=2,
XVAL=31415%% 2/ {2, %D MWi%x2)
YVAL=3,1415%%2/(2%NIML%%2)
DY 160 I=2,DIML
DB 160 J=2,DIMy
IF (T(I,J}.EQ.0.) GO TO 160
XKPART=XVAL% {1/ (L +DELX(J)*%2/DELY (I )%%2)})
YPART=YVAL*(1/{1+DELY{ I ) %%2 /DELX(J)%%2))
HAIN=AMINL (HMIN; XPART, YPART)

160 CONTINUE
ALPHA=EXP{ALOG(1/HMIN) /(LENGTH-11})
RHOP (1) =HMIN
DU 170 NTIME=2,LENGTH

170 RHOP(NTIME)=RHOP(NTIMFE-1)%ALPHA
PARAM=RHOP (1)
WRITE (6+650) {RHOP(J)sJ=1,LENGTH)
KT=0
TEST=0

oncoa-ooo.oa-oeoooe-ao.oe'owoaoooe-.oaoooooaeaoaonoeo-nooeoooobooo

IF TEST EQUALS 1 CONTINUE ITERATION, IF TEST EQUALS O GO T3 NEXT
TIME STEP
180 IF (TEST.EQ.1) GU TO 250

IFINAL=0
It (KT GTNUMT.ORSUM.GT .TMAX) IFINAL=1
NTH=0

[F (WATERGNECHK(2)) GO TD 190

WRITE (645185) KT,DELT,SUM

DY 190 I=1,DIML

DD 190 J=1,DIMW

I {RATE(I+d) GE.0.0) GU TO 190

SATHI( L4 J¥=PHI{T,J)-BOTTOM(1,J)

WRITE(6,750) I,JyRATELTJ),SATHI(I,J)
190 CONTINUE
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IF (MOD(KTgKTH) cNEoOoOReKToEWa D ANDo IFINALNELL) GO T 210
WRITE (65580) KT,DELTySUMGMINS,HRS,; DAYS KOUNT
IF (CIONTR.EQ.CHK{3}) CALL PRNTA
I (NUMeEQ.CHK{4)) CALL PRNTI1
I (CHCK.EQ.CHK(5)) CALL CHECK
T (1IFINAL.NE.1) GG TO 210
[ (PUCHNELCHK (1)) STOP
RO 200 I=1,DIML
200 WRITE (7,620) (PHI(T3d),3Jd=1,0I4W)
WRITE (74610) SUM
205 STOP
210 CONTINUE
KT=KT+1
KUUNT=0
LG 220 I=1,DIML
D 220 J=1sDIMwW
220 KEEP(I,J)=PHI(I1,J)
IF (WATER.NE.CHK(2)) GO TO 240
DD 230 I=1,DIML
DO 230 J=1,DIMW
T{IsJ)=PERMII J )R (PHI(I,J)=BOTTOM{I,J))
[F (T(I,4).GE.0.) GO TO 230
SATHI{I s J)=PHI{I:J)~BOTTOM(I,J)
WRITE(69800)I4Js SATHI(L3J) sPERM{I yJ),THI ¢d)
230 CONTINUE
DU 235 I=1,DIML
D 235 J=1,DIMW
IF (T{I,J)eGE-D) GO TO 235
WRITE (64660)
G 1O 205
235 CUNTIMNUE
240 DELT=DELTH(.25%DELT)
SUM=SUM+DELT
HRS=StM/3600.
MINS=HRS*60,
DAYS=HRS /24,
GO T 270
250 IF (KOUNT.LT.100) GO TO 260
WRITE (645670)
Gy T 205
260 KOUNT=KUUNT+1
IF (MOD(KOUNTLENGTH)) 270,270,280
270 NTH=0
280 NTH=NTH+1
PARAM=RHOP (NTH)
TEST=0.
2390 DO 300 J=1,D1MW
300 TEMPUJ)=PHI{1,4)
D400 1=2,DIML
DG 360 Jd=2,JdNi1

eeea.eooaoeoeoooooooaoeoo-enoo.nooooooooooooa0q.ooooavcocoaaeooooa

DETERMINE WHETHER NODE IS OUTSIDE AQUIFER BOUMNDARY
IF {T({IsJ¥) 31043604310
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RHO=S(I,J)/DELT
© S0 20000000V VLCEVSH000OB0CGO V00DV OO GO OBCU ODE OO0 LD OOS HOL 66 00D 006D 0 E O

CALCULATE AVERAGE VALUES OF T BETWEEN ADJACENT NODES
NODE CONFIGURATIONO T1=LEFT, T2=RIGHT, T3=UPPER, T4=L(OWER
TLI=0(2:%TUIod=-1) R T{I o)) ZUTUL ) *DELX{J=1I+T (T, J=L)XDELX(J) ) I/ DELX
1(\.’)
T2={ 2%V Lo J+1I*T{L o) I/ (TL{I o J)EDELX{I+L)+T LI, J+1)%DELX{J) ) )/DELX
1(J)
T35 (2T {14 )5 T (Lo d ) ) /{T UL JIXDELY(TI-1)4+T(I~1,J)*DELY(I)))/DELY
1(1)
Ta={ {2 %TCI+1ed )RTUI I Y /U TCIJIRDELYITI+1)+T{I+1,J)%DELY(I)))/DELY
1D
IMK=PARAMX(TL+T2+73+T4)
K=0,0

o‘ononaoaoooooooceo‘eooeoooooaoooooaooeoaooe.ooecsooweaaooenaeeoa-

CHECK WHETHER NODE IS ALONG A STREAM OR ON A LAKF
IF (RATE(I,J)) 330,330,320
K=RATE(I,d)

eoaoooc.ooeooeeooo.eooeoeancaaaooeoaeeosocoooonc.oecoeoeoooao-eeoo

CALCULATE VALUES FOR PARAMETERS A,8,C, AND BE
B==T1-T2-RHO-K/{2,%M)=IMK

A=T1

C=T72

W=B~A%BE(J-1)

RE(J)=C/W

oooenaoooooooonoooqo.concooooeeoaoooooouooeowooaooeoeooeaoooQooooo

CHECK NLDE FOR POSSIBLE WELL LOCATION
RR=QRE
RW=0.0
I[F (RATE(I,J}) 3405350,350
RW==RATE(IL,J)/(DELX{II*DELY(]I))
D==T3%PHI(I-1sJ) +(T4+T3=IMK)HPHI{LsJ)=T4*PHI(I+1,J)-RHOXKEEP([,J)~
LIK/MIS(RIVER{ T3 J)~KEEP{I yJ)/2.)+RW=-RR
GUIY={D-A%G(J~1)) /W
CONT INUE

0eooooooao¢oooeoo-oooooooecoeeooooeo.aeo.oaou.eoooeooooooonoo.ocao

CALCULATE HEAD VALUES FGR ROWS OF MATRIX AND PLACE THEM IN
TEMPORARY LOCATION TEMP

NOU3=DIMW=2 _

DO 390 KND4=1,N03

NG4=DIMW-KNU4

PHI{I-1,NQ4)=TEMP{ND4)

IF (T(I,NC4)) 380537045380

TEMP{MNC4)=PHI (I NO4)
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Gl TO 390

TEMP(NO4 }=G(NC4 ) ~BE(NG4 ) *TEMP (NO4+1)
CONTINUE

CONT INUE

4 e R e e R st R st etk it e i e ol sl el o o e s e skt o ok o ok sk o ok ok e o e ok s

FOLLOW SIMILIAR PROCEDURE FOR COLUMNS DF MATRIX AS THAT CONSIDERE(
FOR ROWS

DU 410 I=1,DIML

TEMP{I)=PHI{I,1)

INOI=DIML-1

DY 510 J=2,DIMW

DG 470 I=2,1N01

IF (T(Isd)) 420,470,420

oooono.aue.n.oc.oe.eouoo.snoeaoeobaoooaaGEQQOQQOBQOOGOGGOOOOOQQQou
RHO=5(1,J) /DELT

oooaoaeoooertaeooc.a-.oooaocoooceoanacooouwo'a‘oeanes-eoea-ooooec

CALCULATE AVERAGE VALUES OF T BETWEEN ADJACENT NODES
T]=((ZG*T(19J~1)*T(IvJ))/(T(I9J3*DELX(J—13+T(I,J“l)*DELX(J)))/DEL)
1(4)
T2=(KZe*T(IyJ+l)*T(19J))/(T(IqJ)*DELX(J+l)+T(IyJ+1)*DELX(J)))/DEL)
1(4)
T3=((2a*T(I—lyd)*Tllyd))/(T(IgJ)*DELY(I—l)+T(I—1,J)*DELY(I)))/DEL\
(1) :
T4=i(?.*T(I+19J)*T(IqJ))/(T(I,J)*DELY(I+1)+T(I+l;J)*DELY(I)))/DELY
Hn

IMK=PARAMX(T1+T2+T3+4+T4)

K=0,.0

oooooococanooos-oooo-aeooopeoaoconea.oooo-ooooooQowoaeoaao‘eeneooo

CHECK WHETHER NUODE IS ALONG A STREAM OR ON A LAKE
It {RATE(I,J)) 440,440,430
K=RATE(T,J)

.‘.009‘90..0.00.QOO‘QOOG000000.9000000‘00000QOO@QBO‘OOOQ0.000.0U..

CALCULATE VALUES FOR PARAMETERS AsBsCyAND BE
A=T3
C=T4
==T4-T3-RHO-K/ (2. %M} -IMK
W=B-A%BE({I-1)
BE(I)=C/W

eoaooceoeuoooeaoooooaooooeeooooocaoaooaa000008000060090900000!0980

CHECK NODE FOR POSSIBLE WELL LOCATION
RR=QRE

Rw=0,0

IF {RATE(T,d)) 450,460,460
RW==RATE{I,J) /{DELX{J}*DELY(I})
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460 D=—?I*PHI(IvJ—1)+(Tl+T2~IMK)*PHI{Isd)~T2*PHi(19J+1)—RHQ*KEEP(19J3-
LIK/MIR{RIVER(I,J)~KEEP{I,4)/2.)+RW-RR
GUI)=(D-A%G{I-1}) /W

470 CONTINUE

ooc-acooo.eoeoeeooetooaonoooaooeoooooooooeeoeoouo..occn-ooooaoonoe

CALCULATE HEAD VALUES FOR COULUMNS OF MATRIX AND PLACE IN TEMPORARY
LOCATION TEMP
NO3=DIML -2
DO 500 KND4=1,NC3
NO4=DIML-KNO4
PHI(NO4,J~-1)=TEMP(NO4%)
IF (T{NO4,J)) 490,480,490
480 TEMP(NO&4)=PHI{NC4,J)
G0 1O 500
490 TEMP(NO4)=G(NO4)-BE(ND4)%TEMP (NO4+1)
[F (DABS(TEMP(NDO4)-PHI(NO4,J)).GT.ERR) TEST=1.
500 CONTINUE
510 CONTINUE
GO T0O 180

185 FORMAT {1H1,55Xy LTHTIME STEP NUMBER=3110/50X,29HSTZE (F TIME STEP
LIN SECONDS=,E10.3/40Xy 48HDURATION OF PUMPING AT THIS PRINTOUT IN S
2ECONDS=3E10.3)

520 FORMAT (8G10.0)

540 FORMAT (1H1:61X, 11HRATE MATRIX)

550 FORMAT (*1',60X,* INPUT PARAMETERS®s//+ ' LENGTH OF INITIAL TIME ST
LEP IN SECOND=',E10.3//,' MAXIMUM PERMITTED PERIOD OF PUMPING IN HOD
2URS=*,£10.3//5" MAXIMUM PERMITTED NUMBER 0OF TIME STEPS=*,14//,° FL
3UX DUE TO VERTICAL LEAKAGE FROM A CONFINING LAYER IN FEET PER SECD
4ND='3E10.3//4 % NUMBER OF NODES IN COLUMN OF MATRIX=',14//4% NUMBER
5 OF NODES IN ROW OF MATRIX=',14//,' NUMBER OF ITERATION PARAMETERS
6='314//% ERROR CRITERIA FOR CLOSURE='",E10.3//4" THICKNESS OF STREA
7M BED IN FEET=?,E10.3//,' NUMBER OF TIME STEPS BETWEEN PRINTOUTS =
8,14

560 FORMAT (1H1,464X,23HTRANSMISSIBILITY MATRIX)

57C FORMAT {1HO s I3 1Xy1P10EL2.3/(5Xy 1P10EL12, 3))

575 FURMAT ("1',61Xs*' RIVER MATRIX')

580 FORMAT (1H1,55X, 17HTIME STEP NUMBER=43T110/50X429HSTZE (F TIME STEP
LIN SECONDS=yE10.3/40X,48HDURATION OF PUMPING AT THIS PRINTOUT IN S
ZECONDS=gEIO,3/86X98HMINUTES=9E10°3/86X76HHDURS=9ElO«B/SéXvSHDAYS=9
3E10.3/55X, 17HITERATION NUMBER=,110)

590 FORMAT {(1H1,54X,26HSTORAGE CNEFFICIENT MATRIX)

600 FORMAT (AS/A8/AT/AT/AS)

610 FORMAT {(F20.3)

520 FORMAT (8G10.0)

630 FORMAT (1H1,52Xs29HHYDRAULIC CONDUCTIVITY MATRIX)

640 FORMAT (1H1,46X,40HELEVATION DF IMPERMEASBLE BASE OF AQUIFER)

650 FORMAT (1H1,56X, 20HITERATION PARAMETERS///(LH y10E12.3))

560 FORMAT {1HO, 13HWELL GOES DRY)

670 FURMAT (1HO,39HEXCEEDED PERMITTED NUMBER 0OF ITERATIONS)
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580 FORMAT (8G10.0}
690 FORMAT (1H1,40X,40HGRID SPACING IN PROTOTYPE IN X DIRECTION///(1HO

1310F12.21%)

700 FORMAT (1HO,40X,40HGRID SPACTING IN PROTOTYPE IN Y DIRECTION///{LHO

50

300

10

20

30
40

50
60
70

1s10F12.21))

FORMAT{ /% GRIDE("313,%,8[3,%)¢ 5Xy ! DISCHARGE RATE IN CU.F/SEC
. ="1PF12.3, 20X,' SATURATED THICKNESS IN FEET ='1PE12.3)

FORMAT (///7/7H GRIDE(91391H9yI391H)//20X730H SATURATED THICKNESS
LIN FEET=y 1PE12.3//20X,s30H HYDRAULIC CONDUCTIVITY F/S =, 1PE12,.3
2/720Xy 30H TRANSMISSIBILITY 1IN FTI%%2/S =3 1PE12.3//7/1X)

END

PROFI A R A stk et ek e s oo Rk R ol e sl RO Ko R el e s ok e o e o e ok o o ok o o o o o s o

SUBRCUTINE PRNTA

A AR AR ek ok SRR sttt s Rk sk st ottt ok ok s s 3ol s sk ek 6 R R R o s oo o K o o e

THIS SUBROUTINE PRINTS OUT THE DRAWDOWN MATRIX AS ALPHABETIC

CUNTQURS
CUOMMON PHIySUM,DELX,DELY,DIML9DIMW,RATE7SvSTRTYSPACMG

INTEGFR DIML,DIMW

REAL K

DIMENSION RATE(50,50), SYM{39), PRNT{60), PHI{50+50)s STRT{50,+50),
I BLANK(60), S{50,50)

DIMENSTION DELY{50), DELX{50)

DUGUBLE PRECISION PHI

WRITE (6450)

DATA SYM/1H191H291H391H4y1H591H6,1H7ylH8qu99lHA,lH8;lHCylHDleE,1
lHFylHGylHquHIgIHJleKylHLQ1HM71HN’1HG?1HP!1HQ9lHvaHS,lHTVlHleHV
Z,IprlHX,IHYlelylHO,lH sy LH% 3 LHG/ s BLANK/60%1H /

IND=(65~-DIMW) /2

DO 40 IB=1,DIML
DR 30 JB=1,DIMw
K=STRT({IByJB)=-PHI(IR,JB)

K=K/SPACNG

IF (K.LT.0) GO TO 10
K=AMOD(K 336,)

[F (KelTolo) PRNT(UB)I=SYM{36)

IF (KeLT.0) PRNT({JB)=SYM(39)

IF (PHI(IB,JB).EQ.STRT(IB,JB)) PRNT{JB)=SYM{37)

N=K

IF (N.LT.1) GO 10O 20

PRNT{JB)=SYM(N)

IF {(RATE(IByJUB)oGTa0.) PRNT{JB)=SYM({27)

IF (RATE{IByJB)}oLTo0.1) PRNT(JB)=SYM{32)

CONT INUE

WRITE (6460} (BLANK(I)91=1yIND)y(PRNT(JB)1J8=l,DIMW)

WRITE (6570) SPACNG

RETURN

SSRd ot e e St 3k ot s sl ool R el e e sl iR oK R e e o ook s ol o oK R KK e ek s o o ok ok oo e e ok ok

FORMAT (1HO, 50X 32HALPHABETIC CONTOURS FOR ORAWDDWN, //77)

FORMAT {1H 4 65A2)

FORMAT { 10HOL EGEND¥%%3%/18HOCONTIUR INTERVAL=3,F10.3/32H0LNOCATION OF
IRECHARGE BOUNDARY=R/16HOWELL LOCATION=W/21HOCONE OF IMPRESSINN=G)
END
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***************#**************************************************
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SUBRQDQUTINE PRNTL

RN el o 3R sl Akl e etk 3l ok sk ook st ol ol sk oo el sl ol e sk o s s s a s ok e o s ok o
THIS SUBROUTINE PRINTS OUT THE DRAWDTWN MATRIX IN NUMERICAL FORM
COMMON PHIvSUMyDELX;DELY,DIML,DIMW,RATE,S,STRT,SPACNG

DIMENSION RATE(50,450), DDN(60)y, PHI{530,50})s S{504501}, STRT{50,50}
DIMENSION DELY(50), DELX{50)

INTEGER DIML,DIMW

PDUUBLE PRECISION PHI

WRITE (6,30)

DG 20 I=1,DIML

D10 J=1,DIMW

BONCJII=STRT{I 4 J)=PHI(I,J)

WRITE (64+40) 15 (DDN(K) K=1,D1MW)

RETURN

A i R Rl Rk R R i skstokaRolok Ok solole sl sololok otk Sl ook sk kol sk ok sk st o o o o il oK o oo o o

GRMAT (1H1,58X, 16HDRAWDOWN IN FEET//)
FORMAT(1HOI341Xy10E12.3/{5X410E12.3))

END
****$*************************************************************
SUBROUTINE CHECK _
***************************#**************************************
THIS SUBROUTINE COMPUTES A MASS BALANCE QOF THE AQUIFER SYSTEM
COMMON PHI9SUM,DELX,DELYyDiMLyDIMw,RATE,S,STRT,SPACNG

INTEGER DIMLyDIMW

DIMENSION RATE{50550}), S(50,50), PHI(504550)y STRT{50,50)
DIMENSION DELY(50)y DELX(50)

DOUBLE PRECISION PHI

TOTL=0.0

PUMP=0.0

DN 10 IC=2,DIML

D0 10 JC=2,DIMW
TOTL=TDTL+S(ICyJC)*DELX(JC)*DELY(IC)*(STRT(IC,JC)—PHI(IC;JC))
IF (RATE{IC+JC)LT.0.0) PUMP=PUMP-RATE(IC,JC)*SUM
DIFF=PUMP-TOTL

PERCNT={DIFF/PUMP)*100,

WRITE (6,203 TCTL,PUMP,DIFF,PERCNT

RETURN

********************************$*******************‘*************

20 FORMAT (63HOQUANTITY PUMPED ACCORDING TO CONE OF DEPRESSION IN CUSB

LIC FEET=4E20.10//59H QUANTITY PUMPED ACCORDING TO WELL DISCHARGE I
2M CUBIC FEET=,E20.10//51H ESTIMATE FROM PUMPING LESS ESTIMATE FROM
3 DRAWDOWN=4£20.10//42H DIFFERENCE AS A PERCENT OF VOLUME PUMPED=,E
420,109

END



