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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
sha11ow 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 wel-1s and dril-I holes "

The aquifer underlies an area of 25 square miles,
generally rangies in thickness between 10 and 40 feet, and
is bounded on its northern periphery by relatively
impervious glacial tiII, 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.

l4aps of the aquifer showing the distribution of
effective porosity and saturated hydraulic conductivity were
prepared by combining and correlating drill logs, dri1l
sample descriptions, and results of laboratory anallzses of
relatÍvely undisturbed samples collect.ed from a gravel
quarry in the aquífer" The saturated hydraulic conduc-
tivit.ies of the aquifer material-s typically rang:e between
1 x 10- 3 and 3 x 10- 3 feet per second, and effective
norosity between 30 and 35 percent. Maps of the averagie
water-table configuration based on the wel-I network and
drill results indicate the water table sl-opes from west-
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southwest to northeast towards the Souris River.
The above information was incorporated into diqital

model-s of the aquifer system using the methods developed
by Pinder and Bredehoft (1968), which solve a linear,
paraboli-c, 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

2å-hour pumping test conducted in a segment of the aquifer
by the Manitoba WaLer Resources Branch. The simulation
confirmed that the aquifer properties determined from the
test hole and laboratory data \,vere reasonable and al-so
indicated that non-instantaneous release of water durinq the
init.ial phase of the pumping test is a factor which
significantly affects the time drawdown graphs.

Digital model-s \^/ere also used to obtain an under-
standing of the response and general yield capabil-ities 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 l-ocated in the
zones of maximum initial saturated thickness in the eastern
half of the aquifer. Pumping periods of 99 days \¡¡ere used
to evaluate the aqui-fer 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 21310

acre-feet of water over the 99-day period"
The aquifer yield capabilities \À/ere also investigated

using a hydrologic budget approach" Analysis of hydrologic
data for the period I965-L97L suggest that the average yield
capability of the aquifer which could be real-ized by
conjunctive use schemes under ideal conditions involving
induced or artificial recharge from Stony Creek is 9330 acre-
feet of waier per year. Estimates of the annual develop-
mental yield of the aquifer during the above period rangie
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between 2 and 13 inches and indicate that the aquifer yield
capability is controll-ed by major effects of ci-imatic
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 \dere available.

It is concluded that the Broomhil-I 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 <Levelopment of the groundwater
resource coul-d only be attained by instituting a detailed
water manag'ement scheme"
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CHAPTER I

INTRODUCTTON

The souLhwestern 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 highry-permeabl-e, unconfined aquifers which are under-

laj'n by a relativery impervious graciar titr. The quality
of the groundwater in the aquifers is excellent for domestj-c

and irrigation purposes; however, very littre deveropment of
this resource has occurred.. rn response to renewed. interest
in the subsurface water resources of the area, in 1962 the

sout,hwest Manitoba Development commissíon was founded. in
order to organize and promote the economic development of
the aquifers. The first significant investigation to
evaruate the groundwater availability in the region was

conducted by the Manitoba water control and conservation
Branch (1968), during the period 1963 - l_968" This study

indicated that the only major sources of high-quality
groundwater in this region occur in the surficiar outwash

aquifers" The present stud.y was undertaken to obtain an

understanding of the hydrologic conditions and the yierd



capabilities of these aquifers " After completing a
reconnaissance investigation of the geology of many of the

outwash aquifers in this regionr ân aquifer near Broomhilr,

here referred to as the Broomhill Experimentar Aquifer, was

chosen for detailed stuclies. As the need for information
on the other outwash aquifers in the region devel-ops, data

and conclusions from the Broomhill aquifer wil-t be extra-
polated or used as a guideline for further studies. The

Broomhill aquifer \¡/as chosen for intensified studies

because:

(a) its boundaries are reasonably wel_L-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 easil-y accessible.

The specific objectives of the present study are:
(i) to define the physical properties and the

controlling bound.ary conditions of the Broomhil-l

Experimental Aquifer,
(ii) to define the pattern of groundwater movement in

the aquifer under natural conditions,
(iii) to devel-op a usef uI o two-dimensional, digital

model of the aquifer system using field data and

the modelling technique of pinder (l_969),

(iv) Èo conduct a preliminary appraisal_ of the yieJ_d

capabilities of the aquifer using field daLa and



the diqital model"

Data relevant to the above four obrectives were derived

from:

(a) description logs of several test holes drilled in
the aquifer,

(b) water level measurements taken in B0 smatl-diameter

water-tabl-e we1ls,

(c) interpretation of airphoto mosaics of the area,

(d) coi-Iection of seven relatively undisturbed

samples of the aquifer,
(e) laboratory tests on the undisturbed samples to

determine the saturated hydraulic conductivity
and effective porosity of the aquifer, using Lhe

techniques of Laliberte et aL. (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 tabl-e. Th-e

modeLs \^Iere pumped for selected periods of time and a

comparison was made between the results" Fi.:rally, th-e

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 wlr-ich was conducted

in October, 1966, by the Manitoba Water Control and

Conservation Branch (unpublished) .



CTAPTER II

GENERAL PHYSIOGRAPHY AND GEOHYDROLOGTC 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 I to

2 feet per I,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, L967) " About

B 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 gracj-al sediments consist primariry of
clay-loam ti11 which includes occasional interbeds of sand. or
gravel. The til-1 sequence is overl-ain by gracio-lacustrine
sediments in the eastern portion of the region and discon-
tinuous deposits of glacio-fruvial- sand and gravel in the

western area (r'ig. 4) . The sand and gravel_ has been ref erred
to as delta deposits by Elson (1958) and outwash deltas by

the Manitoba v'/ater control and conservation Branch (1968)"

rn this thesis the term outwash fan wirl be used because the
grain-size and bedding characteristics indicate a glacio-
fluvial- origin. The present stream channels in the area

\iüere 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, clayrand a mixture of these sediments. The thickness
of this unit varies up to 30 feet jmmediately east of the
Broomhill aquifer.

From the viewpoint of groundwater utilization the

outwash fan deposits constitute the most significant
aquifers in this region. rnvestigations conducted by the
Manitoba water control- and conservation Branch (1969)

indicated that the saturated thickness of the outwash
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aquifers is about 20 feet in approximately one-quarter of
the J-20 sguare 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 TII

METHODS OF TNVESTIGATION

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 regiion. Test

drilling was conducted in the farr of 1968 and spring of
1969 using a truck-mounted power auger to estabtish the

thickness of the outwash at representative rocations. rt
Ì,vas 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 serecting one of the aquifers as a site for
more detailed study" Additional test drilling was conducted
j-n the l-ate sprj-ng of 7969, and resulted in the selection of
Broomhill Experimentar Aquifer for further investigations.
on completion of the test drilling phase of the investi-
gation , 17 3 test holes had been drilled , IZO of which \.,rere

located in the Broomhill aquifer (Fig" 5).

During the test drilling and. the well instal_l_ation

1l_
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prograas more than 300 disturbed samples were collected off
the auger flights " During the drilling prograrn it was
possible to determine the sample depths to within I or z

feet. These sampres are representative of the various
textural units in each test hole. rn addition a totat of
seven reratively und.isturbed core sampres of the aquifer
materiars were corrected from the walr of a deep gravel
quarry excavation, l0cated approximately 1 mile north of
BroomhilJ-n and from two other sites, one located approx-
imatery 3 miles north of Bede and the other in the eastern
portion of the aquif er. These samples include a wid.e rang,e
of texture, from fine to very coarse sands, with depths
varying between l and 16 feeto and. \,üere 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.
ïn one location two samples \iùere taken, one in the horÍzontal
and one in the vertical direction. The cores \^/ere obtained
by manually forcing the sampler including the prastic
sleeve insert, approximately B inches into the sample medium.
The inner prastic sr-eeve containing the sample was removed.
from the sampler in the fierd and packaged in a manner to
prevent disturbance duri-ng transportation to the laboratory.
several bul-k-density samples uzere also corrected using the
field voh¡metric method of Zwarich and shaykewich (1969),



Fig. 6" Photograph of the removable*sl-eeve soil sampler"
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Aquif er f nstrumentation

In order to determine the water-table configuration
and transient water-tabl-e characteristics of the aquifer,
B0 narrow-diameter observation wells rvr¿ere install-ed in July,
L969. water-level measurements have been obtained weekly,

during the spring, summer and fall months since installation.
Additional water-table data is being colrected from the two

large-diameter continuous recording wells (MN24 near Bede and

MN1B near Broomhill) operated by the Manitoba Water Resources

Branch since 1965" The recording instrument of these two

observation wel-1s

Èhe chart period

(ii)
t l-rl- /

(iv)

of type rrFtl (Leupold and Stevens), and

eight days.

Canada (MSC), chart period one week

four standard rain gauges (MSC)

one barograph (MSC), chart period 3 days

one hygrothermograph, manufactured by LAMBRECHT,

chart period one week.

IÞ

l-s

Meteorological Instrumentation

The fol-Iowingi meteorological instruments were installed
in the aquifer area in late winter, L97Oz

(i) one tipping bucket recording standard rain gauge

manufactured by the Dleteorological Service of

Operation of the insLrumentation network (fig. 5) on a

continuous basis was started in the spring of r97o prior to
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the snov¡melt period and continued until November, L970"

Operation of the neLwork recommenced in April , L97I, and

will continue at least until fall ' L97L.

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 Propertie.s

In this phase of the investigation the intention \^/as

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 LaliberLe et aL, (1966t L967r 1968).

The laboratory procedure is described in Appendix A"

Digital Modelling Technique

A digital model which simul-ates the pumping from a
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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 qiven boundarv condition.



CHAPTER IV

GEOHYDROLOGIC CHARÀCTERISTTCS OF THE AQUIFER SYSTEM

Aquífer Properties Determined from Laboratory Tests

The LrydrauÌic properties of the aquifer materials were

determined by conducting laboratory tests on a representative

group of undisturbed samples. The tests vlere conducted on

the core samples without removing the soil from the plastic

sleeve" The relatively undj-sturbed character of the samples

v/as therefore maintained" To obtain an estimation of the

effect of disturbance on the hydraulic conductivity, each

sample was disturbed and the tests \,\iere repeated. In 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 brj-ef 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"I5 x 10-'* and 2"72 x l0-3 feet per second when undisturbed,

and between 1"18 x 10-4 and 3"BB x I0-3 feet per second after

1B



BuIk density, saturated
effective porosity along

Sample No"
and

Orientation

SSl-Vertical

ÞÞ¿-
(a) Horizontal

(b) Vertical

SS3-Vertical

Table I

hydraulic conductivity (disturbed and undisturbed), and
with a brief description of the tested aquifer samples.

Brief Description

uniform fine gravel,
no clay
depth 5-6 feet

very uniform coarse
sand
depth 7-B feet

coarse sand with pebbles
uptolcm
depth 15-16 feet

coarse sand +
medium to fine sands
depth 15-16 feet
medium c]ean sand
depth 3-4 feet
fine sand, very uniform
depth 1-2 feet

bb4-v ertl_car

SS5-Vertical

SS6-VerticaI

Bulk
Density
qm/cm3

1.63

Saturated
Conductivity
Undisturbed

I"64

1.63

1" 6B

2"72 x 10-3 3"BB x 10-3

Htt^ra11 | 1^

={- Aoa, çl /õ^^qL T \- ! L/ Þg\-

1" 16

8.73

r"02

1" 66

Disturbed

10- 3

l0-*

t0-3

1.s9

1"63

Effective
Þnrnq'i 'l-r¡

(dimensionless )

0 .347

8"79 x 10-a

1" 33

L "26

I no

4"89

2 "L5

10- 3

10- 3

l-0-3

x f0-"

x 10-'

1.07 x 10-3

0 "349

0 " 357

0"313

1" IB

x l0-'*

x 10-q

0.304

rì ??Á

0.307

P
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being disturbed" The general range of the hydraulic conduc-

tivities correlates with that considered by Walton (I970)

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 fValton (1970) " However, the tested

samples \,vere clean and. wel-l--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

loosesL packing of uniform-sized spheres produces an

effectj-ve porosity of 47.6 percent, and that the tightest

packing an effective porosity of 26 percent" The results

listed in Tab1e I indicate that for all tested samples but

one, Lhe 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

vras 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"

fn order to reformulate the qualitative drill log
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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
xK^b.u-nn=_L rr tlloN

r ¡ln=,L

and

N
I ó^ b

n=l- 'vn n
12l,À-

¿N
Tb tìn=I

where x and õ' are representative values of the saturatedo 'e
hydraulic conductivity and effective porosity, assigned to

the total test hole column which includes N strata, Ro and

þ e are the saturated hydraulic conductivity and effective

porosity of each stratum and b is the thickness of each

stratum"

The resul-ts 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, ât most locations, rests on a

base of clay-loam tiII" 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 till 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 occuï arong the southern

and eastern boundaries of the aquifer (Fig. 11) and vary in
thickness up to 30 feet.

The clay-loam til1, which incl-udes numerous boulders

and pebbles, forms a boundary along the northern and western

segments of the aquifer. The titr plain is characterized by

a l-ack of integrated drainage channel-s and numerous small

hills and depressions (Fig" L2) " It is typical of moderate-

relief ablation morainer âs described by Cherry (1966),

although it is referred to as ground moraine by Elson t1958) "

The 1og descriptions of the LzA test holes drilled
within the aquifer area and observations of several gravel

quarries in the aquifer indicated that horizontal and near-

horizontal beddinq planes are frequent" Lateral and
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Fig" 12. Vertical air photo mosaic of the Broomhil1
Experimental Aquifer and. adjacenL areas.
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vertical- heterogeneity is al-so conrmonr âs can be seen from

the three sel-ected geologic cross-sections shown in Figs. f3,
14 and 15. The location of the three cross-sections is shown

in Fig. 11.

Groundwater movement in the aquifer interpreted from

the naturar water-table configuration [Fig. 16) is from west-

southwest to north-northeast towards the souris River. rn

the upper portion relatively smaller cross-sectional area

resulted in higher hydraulic gradients than the mid.dle and

l-ower portions of the aquifer" The saturated thickness of
the aquifer (rig. L7) indicates a good correration with the

total- thickness (Fig " 9) , and results from the fact that the

water table Eenerally follows the topography"

Prelj:ninary Calculations of the Hydrologic

Budget of the Aquifer

Hydrologic Budget Equation

The hydrologic budget is defined as a quantitative

statement of the barance between the total water gains and

l-osses of a specified area or aquifer system. ft can be

used to estimate the actual evapotranspiration from an

unconfined aquifer. rn thj-s 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 aquifer during a t.ime interval, At, is siven as

Po +f.*+In =O^+O_+ETtAS^tAS_ t3lct ö g s g g---m

t^llr o rorr¡¡v4 v t

no = precipitation,

f = surface inflow,
ù

I - groundü/ater inflow,ñ

O^ = surface outflow,a

O = groundwater outflow,n

ei = actual evapotranspiration,
AS = change in groundwater storage, andg

Oa, = changre in soil moisture storage.

Prel-iminary calculation of some of the components of
the above equation during time intervals within the period
1965 797r has been made to obtain an estimate of the gross
yield capabilities of the aquifer under natural pre-pumping

condi-tions.

rn the following discussion a time interval of one

hydrologic year is used. The hydrologic year is defined as

extending from April lst Lo March 31st. The water quantities
are expressed in acre-feet and inches of water over the aïea
of the aquifer which is approximately 25 square miles or
16, 000 acres.

rn the following païagraphs 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 variabl-es and \,vas therefore dropped

from the budget eguations.

Precipitation, Po

The mean annual precipitation at Bede, measured during

the period 1965 l-970 by the Meteorological Branch using a

manual rain gauge, is approximately 17 inches. The monthly

distribution of precl-pitation during this period and the

first three months of I97L is listed in Table II. The

long term mean annual precipitation for the general region

is about 18 inches as cal-culated 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 II 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 B 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 rechargies the aquifer during and immedÍately following
the snowmelt period which normally occurs in April"



Year ,fan.

1965 0.50

1956 0.70

1967 I.30

1968 L.22

1969 1.94

1970 0. s0

1971 0.70

Feb.

U.If,

0. 20

0. 30

u.af

0. 85

0.05

Mar.

0. 20

0.41

À.4f,

0.30

0.40

1.08

0.97

Tabl-e fI

Monthly Precipitation at Bede, 1965-197L

õHr .

r.If,

1.43

0. 90

¡. oo

3.40

¡lay

3. s9

2.15

v. ¿J

¿.öf

ì ?t

2 .38

June

3.34

r. vb

2. 0t

3.49

¡. JI

Julv

r. oö

0.99

u.5/

z. bb

o.¿)

Àuq.

3.06

0.38

Þ. vÞ

Sept.

5. 0I

0.2r

0.60

I AÁ

0.99

¿.IJ

0,02

0. 39

¿. L)

L.22

I.I5

L.24

Nov.

I ôô

0.60

0.4s

0.75

V. L¿

U.I5

recordg not available

Dec.

L. 00

0.30

0.96

U.Jf

0.50

0.30

Total
Inches Àcre-feet

19.66 26200

L2.40 I6500

11. 50 15300

20.33 27100

1/ . ðb

20.39

23800

27 200

UJ{
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The annual precipitation per hydrologic year during

the period 1965 I97L, 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 minjmum of 11.50 inches during 1967 to a

maximum of 20.39 inches during 1970. During the hydrotogic

years precipitation varied from a minimum of I0.42 inches

during L967 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 andO

Surface water enters the aquifer 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 B3 which is located nearly coincident

with the eastern boundary of the aquifer.

Streamflo* t""ordl are --r.ifr¡f" for Stony Creek

during the seven-year period of 1965 I97L" The inflow, ts,
is gauged by the lVater Survey of Canada near Broomhill and

outflow, Os, near Bede at locations shown in Fig. 5.

The surface Ínfl-ow and outflow records for Stony

Creek per hydrologic year during the period 1965 I97L, âs

tabulated in Table IV, indicate that stream outflow is



Precipitation

Hydrologic Year

1965-1966

]-966-1967

L9 67 -1968

1968-1969

1969-I97 0

I97 0-I97L

J.'ADte l.tI

Per Hydrologic

Inches

20 "72

13"84

IU"+Z

22 "20

L6 "75

19.68

Year, ]-965-1971

Acre-feet

26800

r_8s00

13900

29600

22300

26200

UJ
LO



Hydrologic
Year

Table IV

surface rnflow and outflow for stony creek, Lg65-197r

1965-1966

l-966-l-967

1967-1968

1968-1969

1969-I97 0

L97 0-197I

Surface Infl_ow

Acre-
feet

37 40

3540

850

226

657 0

l_0600

(r^)
Ð

Inches

Surface Outflow (O.)

2. BI

2.66

0 .64

0.17

4"93

7 .9s

Acre-
f oa{-

418 0

4450

747

331

10400

I3600

ïnches

3 .14

3 .34

0.56

0.25

7 "80

10.20

Acre-
f oo'l-

440

910

-103

105

3830

3000

¿¡rultc¡

0.33

0.68

-0.08

0.08

) a'l

2.25

À
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general-Iy higher than inflow" Since discharge measurements

for the intermittent stream were not obtained during the

above period the actual outflow-inflow differences, O" I" ,

would be higher than that indicated in this table particularly
during high-flow years such as 1969 and L970 when active

discharge in the intermittent stream was observed by l-ocal

residents during April and early l4ay. During moderate and

l-ow runoff years such as 1967 and 1968 this outlet was not

active. ft is probable that even during high runoff years

discharge via Stony Creek accounts for more than B0 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, ASo

Additions and losses of *a"t"r stored in the aquifer

are reflected by fluctuations of the water table. Changes

in aquifer storage were calculated during the period 1965

I97I by multiplying the change in the water-table elevation
Â"", during an inventory period by the average effective
porosity of deposits within the zone of the water-table

fl-uctuations. This relationship is expressed as follows

AS ll.r1n

To obtain estimations

" 
* þe I4l

of the gross storage changes in
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the aquifer on an annual basis, during the above period,
hydrographs from the t\,vo continuous-recording observation
wells, MN 18 near Broomhill and MN 24 southwest of Bede

(Fig" 5), were used. The water-tabl-e elevations on Aprir rst
during the 1965 r97r period are listed in Table V. carcu-
lated storage changes for hydrologic yeaïs during the 1966

r97L period are indicated in the same table and aïe based

on an average effective porosity of 30 percent. As indicated
previously this value was obtained by comparing tested
laboratory samples to drirr hole samples obtained from the
werl l-ocations. The effective porosity may be somewhat

higher, but the above varue has been used as a conservative
magnitude 

"

The highest water-table erevation on April rst 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 L965. This period was followed by extremely dry
years ' l-966 and L967, during which the two-year precipitation
\,vas only 24 inches. consequentlyr on April rst , 1968, the
water table was approximately 33 inches rower than that of
April Ist, L966" The water-tabre elevation on April J_st,

L969, was the same as that of 1968, despite about 22 inches
of precipitation which occurred. during this period. Ho\^/ever,

more than 50 percent of this precipitation occurred. during
the summer months of June to August incl_usive and therefore
did not contribute greatly to groundwater recharg.e.



Hydrologic MN I8 Nea¡ Broo¡rrhill
Year

1965-66

1966-67 1475.8

1967-68 L473.6

1968-69 L473.2

I959-70 L473.2

1970-71 l-47 4.I

H, H" Inches Inches Àcre-feet

H_ feet ôH =H^-H. ÁS =AH xó *
A a 2 ¡ n a 'o

Table V

Change in groundwater storage (^S^), 1965-1971

r475.8

1473.6

r47 3.2

L47 3 .2

I474.r

I473.7

n ô = o.3o
t* elevation was not recorded
T value assumed equal to MN 1g for same period

-26 .4

- 4.8

0.0

10. I

- +.õ

- I .J¿

-1.44

0.00

3.24

-r.44

-IUfbU

¡¡-'t

r453.0

]-452 .3

Lt)¿. J

]-452.7

H^ feet

0

- 1920

MN 24 Near Bede

"2

l^452.3

1452,3

L452.7

1452 .9

ôH"=H, -H,

fnches

AS =ÀH xô *gr6e
Inches Acre-feet Inches Àcre-feet

-8.4

0.0

4,8

2.4

-? o?+

0.00

r.44

0.72

Averaqe 
^S--------s

-10560+

- 3360

0

ì o?n

960

-7 .92

-l qe

0. 00

2 .34

--106 0 0

- 2640

3L20

480

È
UJ
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Water-table elevation on April l-st during 1966 1971

suggested that the largest decrease in groundwater storage

occurred during the 1966 1967 hydrologic year. The water-

table elevation on April 1st, 1971, h/as almost the same as

that of 1-967 and therefore the net change in groundwater

storage during this period was negligible"

Groundwater Inflowr I,

The approximate magnitude of the groundwater inflow

to the aquifer across the western seepage inflow boundary

(I'ig. 16) was calculated using the D¡Arcy equation. For

this calculation an inflow width of four mil-es 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 averag'e seepage cross-sectional depth of 7 feet

was estimated from the map of the saturated aquifer thickness

(Fis. 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 t0-3 feet per

second. A minimum value of 0.56 inches was obtained using

the lowest estimated hydraulic conductivity of l-"39 x 10-3

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 t o! 11070 acre-feet. This value
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corresponds to an average hydraulic conductivity of z.oo x
. ^- 3r_u teet per second.

The hydraulic gradient across the seepage inflow
boundary during the spring of l97l was comparable in magni-
tude with the r970 gradient and suggests that the hydrauric
gradient across this boundary has been reratively constant
during the past few years.

The aquifer is reÌativery thin in the inflow area

and a lower water-table l-evel would be expected to paralrel
the ground surface as a first approximation. rt must be

recognized, however, that the estimated infl_ow rate coul_d

vary significantly on a long-term basis as the cross-
sectional depth varies with long-term climatic cycles.

The annual subsurface giroundwater outfrow from the
aquifer across the seepag,e outflow boundary (Fig. 16) \^ras

estimated using two independent methods. The first was

based on the water-table decline during the winter monrhs -

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, r g, is the onry 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

equar to the net difference between the groundwater outflow

Groundwater Outflow, O
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and inflow. The annual g:roundwater outflow from the aquifer

during the l-965 L97:. period was estimated using the

relationship

O =AH xó +Ig g 'e g lsl

where aH is the average decline of the water table over theã

aquifer lr". during an inventory period, ôn 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 L97r period from

the hydrographs of the two continuous-recording observation

wells. The results listed in Tabre vr 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 estimatingi groundwater outflow
an outflow width of B miles and an average hydraulic gradient

of 1.19 x 10-3 feet per foot, estimated from Fig. 16, were

used in the DtArcy equation. similarly, âr average saturated
hyd.raulic conductivity of 2.50 x 10-3 feet per second. and an

average cross-sectional- depth of 15 feet r\rere estimated from

the maps of hydraulic conductivity and saturated thickness
(Figs" 7 and L7) "



Table Vf

Groundwater subsurface ouÈflow esti¡ated using water-table decline during the winter mcnths , 1965-197I

Hydrologic
Year

196s-1966

1965-1967

1967-1968

19 6 8-196 9

19 6 9-19 70

L970-197t

l4N 18 Near Broomhill

Period,
Months

3

3

4

3

3

2

Water-table
Decline Per Average

Period, Per Month,
Inches Inches

11. I 3. 93

s. 0 t.67

4.8 1.20

7.2 2.40

*
+

Average of columns four and seyen
Records interrupted, valve assumed equal to ¡4N

Water-tabIe
Decline per Average

Period, Period, per Moñth,
Months Inches Inches

3. 93t

'l ç.'7 +

4 s.3 1. 33

3 7.2 2.40

MN 24 Near Bede

8.4

6.0

2.80

3. 00

^*Gross
Àrrôrâ^ô

Decline
Per Month.

Inches

3. 93

¿.o/

L.¿t

2 .40

2.60

3.30

7.2

7,2

Decline
Per Year

A,Hn t
Y

fnches

47.16

20 .04

L5.24

28.80

31.20

39.60

18 for

2.4Q

3 .60

the same period

O-=AH^x0-+I_cges

fncþe-E Acre-feet

L4.95 19900

6. 81 9080

s.37 7l.60

9 .44 12600

10.16

L2.68

13s00

16900

À{
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Calculations based on the D'Arcy equation using the

above data yield an average annual g-roundwater outflow of

I"02 inches. This quantity is very smal1 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 10-3 to 5 x l0-3 feet per second.

For example, pumping test data from a portion of the aquifer

Iocated 2 miles southwest of Bede suggest a conductivity

range of 3 x I0-3 to 5 x I0-3 feet per second" However,

comparison between the laboratory conductivity resul-ts and

estimates from drill-hole samples obtained from the same

portion of the aquifer indicated a conductivity value of

I.62 x 10-3 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 L97L period obtained

using the winter water-table data"

The water-table records obtained. during L970 I97L

together with a review of the hydrologic characteristics of

similar aquifer reported by Walton (I970) , suggested that
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the gradient, hydraulic conductivity and effective porosity
values as used previously are within a reasonabre range.

It was, therefore, concluded that the annual_ groundwater

outflow from the aquifer is probalrry between I to 4 inches.

The higher varues obtained using the water-table decline
method courd be explained by redistribution of water within
the aquifer rather than by outflow" For example, water

could be moving from the segments of the aquifer in which

the water-tabl-e erevation is high to the stream channers

and marshy areas where the levels are lower. ft is
probable that data from the two recording werls 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 VITf 

"

The groundwater estimations obtained using both

methods are entered independently in the calculations of the

annual evapotranspiration from the aquifer. The resul-ts of

these calculations are then appraísed in liqht of other

information.
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Evapotranspiration, ET

EquatÍon 3 was used to ca1culate the annual- evapo-

transpiration from the aquifer during the period 1966 1971.

The calcurations were performed using the inflow and outflow
components of the aquifer system presented previously.
change in soil moisÈure storage was assumed negrigible
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 cal-curation within the above period the budget

equat.ion was solved using the results of both methods (TabJ-es

vrr, vrrr, and rx). Tables vfr and vrrr are similar except

that the results are expressed in different units.
The resul-ts indicate that evapot,ranspiration varies

considerably depending on whether the water-table decrine
method (Tabl-es VII and VIII) or the D'Arcy method (Tab1e IX)

vras used to estimate the ground.water outf low from ttr,e aquif er.
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 winte,r wate.r-

table decline are unreasonably low. This is ilrustrated in
the following exanples.

The hydrographs of ttre two recording we1Is indicate



Hydrologic Inflow
Year

Table VII

Evapotranspiration estimation using aquifer r,¡ater budget method,
groundwater outflow estimated using water-tabre decline methodf Lg66-7r (inehes)

1966-67

1967-68

1968-69

1969-70

L970-7L

Precipitat.ion
IDì
" at

l_3.84

L0.42

22.20

16. 75

19.68

Total
Outfl-ow +Surface Groundwater Total Surface Groundwater Change in Change inInflow Inflow Inflow Outflow Outflow Storage Storage(r.) (r^) r=pa+r.q+r- (osi (o_) (i^s^)a s g ,_s, 

v g
2.66 0.80 17.30 3.34 6.81 _7.g2 2.23

0.64 0.80 11.86 0.56 5.37 _1.98 3.95

0.1-7 0.80 23.17 0.25 g.44 0.00 s.6g

4.93 0.80 22.48 7.80 10.16 2.34 20.30

7.95 0.80 28.43 t0.20 12.68 _0.36 22.52

Outflow and Change in Storaoe Evapot.rans-
piraticn

ì t ñt

7.9r

13.48

2.r8

5. 91

(tl
H



Eydrologic
Year

1966-1967

I 967-1 96 8

196 8-I969

1969-1970

19 7 0-19 71.

Evapotranspiration

out.flow estimated

Inflow

Precipitation
(P4 )

18500

13900

29600

22300

26200

Tab]-e VIIT

estimation using aquifer
using water-table decline

Surface
Inflow

(rs )

3540

850

226

657 0

L0600

Groundwater
fnflow

(r_ )

1070

1070

1070

107 0

1070

Total
Inflow

f=P +I +Ia8s
23110

15820

30896

29940

37870

water budget method, groundwater

methodr 1966-L97I (Acne-feet)

Outfl-ow and Change in Storage

Surface
Outflow

t"s'

4450

747

33r

10400

13600

Groundv¡ater
Out.f low

(o_ )

9080

7r60

12600

t3 500

16900

Change in
Storage
(rÁs )

-10600

- 2640

0

312 0

Total Out-
flow + change
in Storage

2930

)¿þ I

L293I

27 020

30020

Evapo-
trans-

piration

480

20180

10553

L7 965

2920

7850

(tì
N)



Bydrologic Inflovt
Year inches

Surface
Total Inflowt Outflor,t
I=P +I +r (O )aags'

1966-67 17.30 3.34

Table IX

Evapotranspiration estimation using aquifer water budget method,

grounalwater outflow estirrated using D'Arcy equation, 1966_71

I96 7-6 I

1968-69

L96 9-70

1970-71

1I.86

23.r7

22.48

28.43

Outflor+ and Change in Storage
inches

* fron Table Vrr

Groundwater
Outflow (O^)
min. naf.

l¡

0. s6

0.25

,. óu

10. 20

Change in
Storage
(1ós_)

-I.98

0.00

2.34

-0.36

Outflow + Change
in Storage

mi¡. ¡nax.

- 3.58 - 0.58

- 0.42

L.¿)

11.14

10.84

Ev apo tr an s p i ration
inches

¿-)ó

4.25

13.84

max. min.

20.88 17.88

L¿. ¿ö

2I.92

11. 34

17.59

acre-feet

9-¿6

Ló.Y¿

8. 34

Lq.)t

max .

27800

16400

29200

I510 0

23500

23800

12400

¿)¿UU

11100

19500

L¡(,
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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 rechargie" On this basis the monthly

precipitation data shown in Table II suggest that in the

sum¡ner of L969 at least 5.33 inches of water were lost by

evapotranspiration; however, the annual evapotranspÍration

value for L969 I970, calculated using the outflow estimates

obtained from the water-table decline, is 2.18 inches" It

foltows that the outflow values are definitely not reasonable

for this year and therefore do not appear to be real-istic

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 L966 L967 season, bot,h the minimum and

maxj¡num values of evapotranspiration, obtained by using the

D'Arcy results, exceeded the total inflow to the aquifer"

The water loss from storage of about B inches is congruent

with this relationship"
In the l-969 :--970 season the evapotranspiration

values calculated using the DrArcy method did not exceed the

annual precipitation and total inflow to the aquifer. The

increase in aquifer storage of about 2 inches, therefore, is
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in agreement with the rel-ationship"

The highest range of evapotranspiration during the

tabul-ated period (Table IX) occurred in the l-968 l-969

season. This is reasonable because precipitation during

the growing season \,vas also exceptionally high"

Finally, the average actual evapotranspiration

obtained using the D'Arcy method of estimating groundwater

ouflow compares favourably with the J-ong-term averagie of
16 inches for the general area reported by Laycock (1967).

From Tabre rX the average minimum and maximum annual evapo-

transpiration during the period 1966 I97I are about 14

and 17 inches"

The general mag'nitude of the evapotranspiration

resul-ts was also appraised in liqht. of calculated potential
evapotranspiration and consumptive-use values when water is
not a timitíng factor. Preliminary estj-mations of potential
evapotranspiration and consumptive-use requirement values

were estjmated for representative time intervals within the

period L966 L97I (Tables Xt XI, and XfI). potential evapo-

transpiration resul-Ls were obtained using the Thornthwaite

Method, and the consumptive-use values vüere obtained using

the Blaney-Criddle Method and Class 'rA' pan evaporation

data. A summary of the calcul-ation procedures is outl_ined

by Gray et aL" (1970)" The estimations were based on climatic
data including temperature and precipitation at Bede and

Class rrArr pan evaporation data from stations at Baldur and



Potential evapotranspiratíon

Hydrologic
Year

l-966-L967

1967-1968

1968-1969

L969-I97 0

r97 0-L97r

Tab1e X

estimated using Thornthwaite Method, IT66-I97L

Season

May

April

April

April

April

ôn#

Oct.

Oct.

Oct.

ôa#

Inches

23"48

23.63

23 "73

23"64

26"57

Evapotranspiration
Acre-feet

31300

31s00

31600

3Is00

35400

ul



Seasonal consumptive

estimated

Hydrologic
Year

L966-l-967

1967 -1968

1968-1969

1969-1970

j-97 0-L97L

Table XI

use for grass when water is not a linitinq factor
using Blaney-Criddle Method, 1966-197I

Season

i{ay

April

April

April

April

Oct.

Oct "

Oct.

Oct.

Oct.

Inches

25.54

27.86

27 "63

27.79

29.28

Consumptive Use
Acre-feet

34100

37100

36800

371_00

39000

(rl
\¡



Seasonal consumptive use for
estimated. usinq Class

Hydrologic
Year

1966-7967

L967-L968

1968-1969

1969-r97 0

I97 0-797I

Tab1e XIT

grass when water is not a limiting factor
rfAfr pan evaporation data , 1966-197I

Season

May

May

May

May

May

Sept.

Sept.

Sept "

Sept.

Sept.

Consumptive
Inches

25 .43

27 .5A

20.10

22 "L0

2s "14

Use
Acre-feet

??qnô

36700

26800

29500

33500

Ln
æ



s9

Rivers located within B0 miles of the aquifer. These data

were made avail-able by the Meteororogical Branch, canada

llinistry of Transport.

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

values of seasonal consumptive use estimated from the
Blaney-criddle Method r¡/eïe obtained using the assumption

that the aquifer is covered with grass. rn this cal_curation
a crop coefficient of 0.75 was applied over the entire rength
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 xr). These values are somewhat higher
than the estimated values of potential evapotranspiration.
Theoretically, consumptive use for any gj-ven crop must be

l-ower thant oy at best equal to, potential evapotranspira-
tion" rt shourd not, therefore, exceed the potential evapo-

transpiration in the same climatic conditions. rt must be

recognized that consumptive-use and potential evapotranspira-
tion varues, obtained using the above empirical methods,

generally include at least 10 percent error"
seasonal consumptive-use results obtained from the

average pan evaporation at Bal-dur 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 Arberta" The results of this method varied
between 20 and 28 inches with an average varue of 24 inches

per season (Table XIf) " These values are lower than

consumpt.ive-use results obtained using the Braney-criddre

Method partly because evaporation during Aprir 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 smalI.

The above resul-ts indicate that the actual evapo-

transpiration values, obtained using both the DrArcy and

water-table decline resurts are lower than the potential
and consumptive-use estimates. rt is reasonable to assume

that if precipitation during a given period is extremely

high, the actual evapotranspiration value woul_d approach

the potentiar and consumptive-use values for the case where

water is not a limiting factor during the same period. fn
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 I969

season, calculated using the D'Arcy resultsris 20"4 inches.

During this season, the annual- precipitation and potential-

evapotranspiration val-ues are 22"2 and 23"7 inches,

respect.ively "
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via'l ¡l /-=n=Þri litieS Of the AqUifer+ *v4s vsÈ/sv+.

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" rn 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. rn 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 outflorv 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 rv. These data represent the annual

difference between stream infrow to the aquifer at Broomhilr

and the outfl-ow at Bede" The results range from a negligibre
difference in 1967 and 1968 to a maximum contribution of
2"87 inches in L969" The gross annual yield of the aquifer
during the 1965 L97L period, therefore, would be between

2 and 6 inches when calculated using an average D'Arcy outfrow
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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. rt should
be recognized, however, that these estimates could be smarler
than that of the actual yield values if the representative
fiel-d 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 availabre annually from the aquifer under appropriate
developmental conditions" The annual surface outflow from
the aquifer area via stony creek d.uring the 1965 rgTr period
is listed in Table rv" The resul-ts 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 d.evelopmental yield
of the aquifer during the above period would, therefoïe, be

between 2 and 13 inches. These results were obtained using
the minimum and maximum surface outflow and the aveïage D'Arcy
outfrow. The average annual developmental yierd during the
tabulated period was 7 inches or 9,330 acre-feet. rn other
words, these volumes of water could have been obtained from

the aquifer if aquifer withdrawars were made so that all of
the outgoing streamflo\,v was used to recharge the aquifer and

that groundwater outflow was prevented by changing the water-
table configuration" Recharge using stream flow from stony



creek coul-d be accomplished by constructing a series of
small catchment basins and distribution channers or possibly
by installing a system of pumping welrs along the stream.

rt should be recognized, however, that the actual develop-
mental yield of the aquifer would be somewhat lower than

the above values because it is unrikery that all of the
stream and groundwater outflow could be effectively utilized.

The above concrusions are based. primarly on data from

the 1965 1977 period and indicate that the aquifer is sub-
jected to major effects of climatic conditions. rt is
recommended that the data be extrapolated for a longTer

period by using regional precipitation and streamfrow data

from adjacent watersheds. rt must be emphasized that it is
not primarily the average conditions that control the

appraisal of the aquifer system but rather is the fresuencl¡-
durat.ion relationships of the hydrologic processes.



CHAPTER V

THEORETICAL BASIS OF MATHEMATICAL MODELS

Historical DeveIo nt of Methods of Aquifer Analvsis

Quantitative methods of aquifer analysis were first
investigated scientificarly by Thiem (r906), 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

gieneral, second order, nonlinear, differential equation
describing steady and unsteady frow of a fruid in both
saturated and partially saturated porous media was deveroped
by Richards (193r) by combining theD,Arcy equation and the
continuity equation. practicar solutions of his eguation
for flow in the saturated zone were not obtained until many

years later. A nonequilibrium formul-a derived by Theis
(1935) describes the behaviour of the potentiometric surface
of a confined, ínfinite, homogeneous, isotropic aquifer
during pumping from a fulty-penetrating werr. During the
past 30 years this equation has been widely used both to
determine values of hydraul-ic conductivity and storage
coefficient from pumping test data, and to evaluate the
effects of proposed. pumping schemes. WenzeI (Lg42) demon_

64
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strated the usefulness of this equation in appropriare cases

for determining properties of confined aquifers. rt was

found, however, that the Theis equation yielded anomalous

results when applied to pumping test data from unconfined
aquifers. Boulton (1955) suggest.ed 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 resul_ts of short-period
pumping tests of unconfined aquifers have been discussed
by Walton (1960) and Boulton (1963) " Numerous anal_ytical
solutions to the equations which descrïbe the response of
aquifer systems to pumping are now available in the litera-
ture" Nearly all of the soluti-ons, however, rerate 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 sorving have been developed

which circumvent the necessity of using complex analyticar
expressions and can be adapted to complex boundary-value
problems 

"

The first significant attempt to sorve the flow
problems numerically was made by Terwilliger et aL. (195r)

in connection with a two-phase flow problem of gravity
drainage of an oil- reservoir. stal-lman (1956 (a) and 1956 (b))
introduced a numerical approach in sorving groundwater

problems by using a finite-difference approximat.ion technique.



66

He deveroped the procedure for determining the hydraulic
conductivity and the storagie coefficient of an aquifer by

numerical analysis of the groundwater levels. The finite-
difference forms of the frow equations were sorved by many

investigators using the erectric anarog technique (skibitzke,
1961; Stallman, l_963) during the late 1950's and early
1960's, largely because digitar computer availability and

storage capabilities were limited. Freeze (1966) and Freeze

and witherspoon (1966 and Lg67) investigated regional ground-

water flow patterns in a nonhomogeneous anisotropic system

using model-s solved by finite-difference methods programmed

for a digitat computer. They developed both the anarytical
and numerical solutions to the mathematical_ model of stead.y-

state regional groundwater flow, and conclu,ied that the
numerical- methods courd be used for both two-dimensional_

and three-dimensional cases, whereas the anarytical separa-
tion of variabl-es technique was restricted to simple two-
dimensional layered media. They further indicated that the
numerical technique was mathematicarly simprer 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 apptication of the numerical

approach to groundwater ftow probrems was made by pinder

(1968) and Pinder and Bredehoeft (1968), who described

unsteady flow in a confined nonhomog.eneous aquifer using



iinear, parabolic, partial-differenti-at equations. They

developed a mathematical model- in which finite-difference

approximations to these equations were solved using an

arternating-direction scheme developed by peaceman and

Rachford (1955) and Douglas and peaceman (1955) " pinder

and Bredehoeft compared the digital moder resul-ts with
analyticar sorutions for problems in homogeneous media

with a simple geometry, and with erectric anarog resul-ts

for a realisti ^ ¡arri €ar The followinq conclusions were

obtained:

(i) The digital model compared favourably with

analytical and analog resul_ts.

(ii) Irregular boundaries as well_ as differing

boundary conditions provided tittte difficulty.
(iii) The model was read.ily adjusted to produce

historical variations in the water-tabl_e and

potentiometric surface data"

Pinder (L969) developed a d.igital computer program which

simurates the response of confined or unconfined aquifers
with considerabre geologic comprexities 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 frow equations

are sol-ved. using an iterative alternating-direction impricit
procedure. An adaptation of this model is used in the
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present investigation. rt is capable of describing the
behaviour of two-dimensional-, nonhomog'eneous 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 porti-on of the aquifer must also be

incorporat.ed. This can be accomplished by includJ-ng para-
meters relating Lo water content, hydraulic conductivity,
and capillary pressure head of the unsaturated zone of the
aquifer" Although the pinder (1969) model does not incl-ude
ai-1 these complexities, it does meet the requirements of
the present study.

Another numerical method of equation solving relies
on the finite-erement approach wherein the fierd is repraced
by a system of finite elements. The method was originally
developed in the aircraft industry and has been used

recently for aquifer analysi-s by many investigators
(Zienkiewicz and cheung, 1965; Taylor and Brown, 1967; and

Javandel- and V'Iitherspoon, 1969). This method has definite
advantages over finite-difference procedures when analyzing
steady-state flow problems. Howeveru programs offering
major advantages in modelring unsteady-state problems have
not yet been developed.
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Mathematical Formulation of the Model-

Controlling Physical Parameters

,ot two-dimensional laminar

flow in an anisotropic, nonhomogeneous, porous medium the

D'arcy equation may be expressed as

fa1
tv I

^r

v. = -K
L

t7l

In these equations: v and v or v.

the apparent velocity, LT-i; Ro kr)
R- , , or K /^. :t are the components of the saturatedo (aa) o Q., J)
hyd.raulic conductivity, LT-1, 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 l-ine due to

frequent changies 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

u

K/,

o (a û,)

Ko @a)

K-'o (ss)

âhl
u" 

I

ähl
Ðl

are the components of

'Kok/ 'KoQr) ' and

ðh
ãx(¿, j)
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the gradient at different poínts over small volumes con-

taining a great number of pores. Consequently, the velocity

may also be assumed uniform and equal to the averagre of the

flows through many elemental cross-sections of the pores.

As a resul-t, the physical system of flow is replaced by a

mathematical- continuum in which the flow obeys the DrArcy

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,L) at

the point (xoy,z) can be defined (Hantush, L964) as

h (x, y ,z ,t) z+f

where:

IB]P__T
Y

P=

xtY rz =

+
L_

The

piezometric

L-

hydrostatic pressure at a point whose

vertical co-ordinate is z

specific weight

elevation of the x,y plane above an

arbitrarily chosen datum of elevation

rectangular co-ordinates

time of observation

(tr,n-t1-2,

(Mr,- 21- z 
¡

/rn\

(r)

quantity yh is known as hydraulic potential- or

potential and denotes the sum of pressure energy,



7I

P, and the gravitational energy potenti_aI, yz.
hydraulic head and the hydraulic potential are
quantities and consequently obey all the laws
J- h onrr¡

rl i r¡ / nrz

Both the

potential

of potential

fql
L¿ )

/r¡r - 3 r
\¡'r! )

(L ')

lrm-2t

The law of conservation of matter ís expressed by the
equati-on of continuity, which for unsteady compressibre flow
through porous media, takes the form (Jacob, 1950; pinder,
1e6B) :

\ù
Y

where:

v-

ù

Y

U

fluid density

specific storage

acceleration due to gravity
mass flux of fl_uid into or out of
the system lMt.- 3'¡- I t

The coefficient s" has been termed the specific
storage of the aquifer (Hantush, Lg64) , and is defined as

the volume of water which a unit volume of the aquifer
releases from storage because of expansion of water and

compressi-on of the aquifer under a unit decl_ine in the
average head within the unit vor-ume of the aquifer. The
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storage coefficient is rerated to the specific storage of
the aquifer by the relation:

S = S .b
ùU

where:

S : storage coefficient (dimensionless)

b = saturated thickness of the aquifer (L)
o

Differentiating P, from equation tBl with respect to r \,üe

vçu

åË = {rrff + t#) rrrl
olr

*Ë = ø(rr$$ + o*Ê) rr2l

The change in density, Q, over time is generarry very smarl

and t12l reduces to

tr0l

113 l
äP Ah
ãE = g0at

Substituting t13l into t9l we obtain

-d.iv (pv¿) = t"o# + L'(x,y,t) tr4l
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div(pvo) = -rfo;ßoft,jrË, rrs¡

substituting tlsl into t14l we have

*;,*, ft,j)þr = s" #. U-P 116l

Multiplying the saturated hydraulic conductivity tensor Ko ft"j)
by the saturated thickness of the aquifer, b^, equation lrol
becomes

â ,- âh - âh bo"'(x'Y't)
ã".(rft,j)ãil) =s'# 

-p 
I17l

where T ,t -.r is the transmissibility tensor which in matrix(LrJ)

notation can be written as

The left.-hand sid.e of Ir+1 can be stated (pinder, 1968) as

lr r
T /-' :t = l-** æa

(LrJ) I'L'",* Tte*AA

for the principar axes, x and y, eguation IrBl reduces to

tral

tlelm
- /"' ;ltus cl /

TO

OT
uu

and equation IlTl becomes (pinder, 1968)
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^ ^rF 
^ lm

m â'h,u'** âh âtn*+_t*=r**L(x,y,t) 
I20l'ææ83 --âFãx-tauff ' ay ây-'iir '.r,-

' *lÞ1,
where 

" = {- (djmension tt-t) accounts for the flux from

vertical leakage, and arso the net effect of recharge and

discharge from the aquifer.
Equation t2O3 is the approximate differential equation

describing nonsteady flow of a compressible ftuid in an

elastic nonhomogeneous porous medium.

Numerical Solution of the Flow Equation

The finite-difference techni-que 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 technique 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 smarl

two-dimensional region of the length Ax and Ây.

A finite-difference approximation to equation I20l

for a rectang,ular-regular mesh of side lengthls Ax and Ay

is presented by Pinder and Bredehoeft (1968), which for
a rectangular-irregular mesh is as foIlows. The nodal

array used for the development of the finite-difference
equations is shown in Fig. 18.
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L-1,J+l

Fig. -l-8. Nodal- array for t.he
finite-difference

1-+JrJ-J

n + I 1L I

of the

L"J

development
equations "
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where

m¡ 2T**(¿,j)Tææ(t+l,j)
ææ ø+\'i) Tææ (i,j)a* (i+l) * T** (i+1,j)L*i

Thus, the coefficient of the term (nO*r,j,k) h{i,¡,k))
is given by the harmonic mean of

T
eú | u S .J I______________i_ andAX.

4

T /. arft4+t1l
I L,¿ J

--ñ brD

and the coefficient for the term (n (0, j,k) n (i*r, j,k))
is also identical to that of the term
(1.'h\
"' (í+L"i,k) " (¿"j,k)''

.i - i-ndex in the x-direction
j = index in the y-direction

k = index in the t-direction

Q = rate of discharge or recharge at any

node (1,'t- I )

AxrAy = space increments (L)

Ât = time increment (T)

K^ = hydraulic conductivity of streams ands

Lakes bottoms (LT- 1 
)

H = hydraulic head in the streams and lakes (L)

b = thickness of the stream bed and lake

bottom (L)

For a more 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

{J-964) , and VoÌynskii and Bukhman (1965).

Equation t21l describes the flow of groundwater in
confined formations " To adapt the equation for appì-ication

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-Iinear 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 transmissibitity in equation I21l with the product

of the saturated hydraulic conductivity, Ko, and the

saturated thickness of the aquifer, bn, from the previous

time step

For example,

'(¿, j,k) = Ko H" j)bo 0, j,k-i.) t22J

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 fromr or takes into, storage

per unit surface area of the aquifer per unit decliner or

rise, of the potentiometric surface of the aquifer (Wa1ton,
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1970). rt 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 giranular formations of unconfined aquifers
is approximately equal to the specific yield. specific yield
is normally defined as the volume of water rel-eased from

storage in an unconfined. aquifer per unit surface area of
the aquifer per unit decrine of the water-table or in terms

of effective porosity, it can be referred to as the volume

of water a ful1y saturated soil_ releases under gravity
force per total volume of the soil"

Boundary Conditions

Equation t20J 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 whích is capable of taking into account

the effect of recharge boundaries, major groundwater divides,
geologic boundaries, and the boundary conditi-ons along the
piezometric surface or water table "

A solution to equation t2o¡ is obtained when the head

or the derivative of the head. is specified. rn this model
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impermeabre 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, âs

described by equation l2]-l, must be written for each node in
the network" Thus, if r" is the number of nodes in a corumn

of the matrix and n, is the number of nodes in a row of a

matrix, the procedure generates N = na x ., simultaneous

eguations, which may be solved using several mathematicat

procedures. For the problem considered here, the iterative
alternating-d.irection 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 implicitl-y. The entire
matrix isn therefore, solved twice during one complete cycle

of 2N calculations" Equation t?tl for the calculation of
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J- 1.. ^LIIE

for

carculation of columns is of the same form as described

the calculation of the ro\^/s.

Pinder (1969) developed a computer program to

calculate the hydraulic head values for each node in the

finite difference mesh after 
^t 

seconds of pumping by solving
equation t21l implicitry" The proglram computes arternately
equation t23l for the carculation of the rows and a simirar
equation for the calculation of the columns at each time

step until the greatest hydraulic head difference between

a ro\,v and a column computation of any node is less than a

prescribed error criterion" when the d.esired closure is
achieved, the progiram proceeds to calculate the head varues

for the next time step. The procedure is continued until
the prescribed duration of pumping has been sjmurated. The

progiram uses the hydraulic head varues 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 weltn the hydraulic

head values calculated within the well node do not accuratelv

describe the head. d.istribution in this zone. Ho\^/ever, 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 t.he arrang'ement of data sets is
present.ed in Appendj-x B"



CHAPTER VI

DTGITAL MODEL STUDIES OF AQUIFER RESPONSE

AND YIELD CA,PABILITTES

Obj ectives

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 bound.ary,

when subjected to high pumping rates at numerous pumping

centers" 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 hyd.raulic conductivity,
recharge mechanisms and rates, and natural water-table
configurations. rt was also necessary to specify appropriate
pumping schemes and evaluate effects of various grid dimen-

sions" These aspects of the invesLigation and the resul-ts

of operating the model are d.iscussed in the followinq
pages,

83
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Hydrologic Boundary Conditions

Prior to development of the model it was necessary

to define the hydrologic boundary conditions which woul-d be

incorporated into the model. Since the prime objective was

to simulate the aquifer behaviour under natural conditions,

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

vras used to determine the hydrologic boundaries of the

aquifer system. The hydrologic boundaries as shown in the

same figure, are described below"

(i) Seepage infLoa boundaz,y; which consists of two

ã^*---+^ocyarauc segments, âD 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 boundarv.

(ii) Seepage outflou 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.
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(iii) Grounduaten diui,de boundaz,y; 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, hov/ever, beyond this
boundary giroundwater is part of a different
flow system.

(iv) f¿LL-aquifer boundaz,g; 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 tiII, is regarded as an

impermeable boundary.

(v) llater-tabLe eontz,oL boundaz,y; which consists of

stream fl-ow and marshy terrain, and defines a

segment of the aquifer in which the water-table

elevatj-on is generally controlled by the surface
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\^/ater regime" Stony Creek generally controls
the water-tabl_e 1eve1s in the aquifer
adjacent to its channel. During periods of
high stream f1ow, water seeps from the stream

bed into the aquifer" During the low-f l_ow

periods water enters the stream channel_ from

the aquifer " Seasonal variation of the water

table adjacent to stream appears to be generally
limited to ress than 2 and 3 feet. To the south

of Broomhill the water table is generally cr-ose

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 resurt
the water-tabre revels in these segments of the

aquifer remaín relatively constant.

Model Boundary Conditions

To formulate the digital moder the aquifer boundary

conditions \Árere described in terms of mathematical

propertl-es which approximate the hydrologic conditions. The

digital model boundaries are shown in Fig. 19, and consist
of the following segments:

(i) Zez,o hydnauLic eonductiuity boundaz,íes i which

are imaginary impermeable (zero-flux) barriers.
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The hydraulic conduct.ivities 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 \,vere used in the digital
model of the Broomhill aquifer to approximate

two types of hydrologic boundaries, the ground-

water divide and the tiII-aquifer boundary.

(ii) Constant head boundaries¡ which represent zones

\,vith 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 values

are assigned to each node located at these

boundaries, one representing the initial aquifer
head and the other represenÈing 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 t.he two head

values through the porous medium, if the head

values are different. The aquifer head is a

function of time and is cal_cul_ated for each
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time step and compared with the constant head

value assigned to the node. ff 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 \,vere incorporated into

the model to simulate several different hydraulic

conditions of the aquifer system. These are

summarized below:

Water-table contz,ol ba stz,eq.m; 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 out,flow along the stream

channel aL any node during the

sjmulation 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

(a)
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is higher than the stream, \^/ater 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
g'roundwater seepage to the stream. This

condition would be reversed, ho\^lever,

\'vhen the water table drops below the

hydraulic head in the stream due to
pumping.

(b) Watez,-table eontyoL ba marshy terrain¡
as indicated on page 86 the water tabl_e

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. fn the

digit.al sjmulation 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
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\,vater leaves the aquifer ihrough the

constant head boundaries.

(c) þtratez,-tabLe controL by subsuriace rr.lrJ:-¿.-1..;

which corresponds to the seepage outfl_ow

boundary and was incorporated into the

model- to simulate subsurface outflow from

the aguifer under natural conditions.

Water entering the aquifer across the subsurface

inflow boundary was not incorporated into the

aquifer simulations. This boundary was approxi-
mated into the aquifer model by an imaginary

zero hydraulic conductivity boundary"

Modell-ing of Internal Aquifer Characteristics

Prior to operating the model to sjmul_ate the effects
of aqui-fer pumping shemes it was necessary to adjust the

grid spacing at and near the proposed pumping centers, to

irnprove the accuracy of the model " The ad. justment was made

by comparing time-drawdown and distance-drawdown graphs

obtained from the model- simulating a homogeneous, isotropic,
se.mi-infinite aquifer with resul-ts obtained from the Theis

equation. using this result a rectangular grid. composed of
42 rows and 50 columns (Fig" 19) was mad.e to accommodate

t.he pumping centers and aquifer boundaries, with the d.istance

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



Table XIII

DiÊtance between nodes, Àx. and Ày., used in the digital rnodel of the aquifer system.

crid Spacing in x Direction (feet)

^x_. 
i=L,2,3,.. 50

(t)*
t0s6.00

(rr)
I056. 00

(zr)
981. 00

(cr)
150.00

(¡¡)
1056.00

(a)

4224 . O0

(r z)

1056.00

(zzl
1056. 00

(¡z)
98r.00

(cz)

10s6.00

(s)
1056.00

(r ¡)
10s6.00

(z¡)
98r.00

(¡¡)
981.00

(r¡)
r056.00

(r)
1056.00

(rq)
1056.00

(zq)

150.00

(sq)

150.00

(c,t)

1056.00

1056.00

(r r )

150. 00

(2 r )

150. 00

(3r)
150. 00

lqrì

I055. 00

( s)

1056.00

(rs)
I0s6.00

(zs)

981.00

( s s)

981.00

(qs)

98r.00

(z)

1056.00

(r2)
98r.00

lz 2l

906.00

(32)

98I.00

(i2)

r056.00

(s)

10s6.00

(r s)

1056.00

(ze)

981.00

(ss)

1056.00

(re)
150.00

(3)

1056.00

(r 3)

r056.00

(23)

1s0.00

(r3)
1056.00

(z)

r056.00

(r 7)

1056 .00

127 )

L50.00

(ttl
98t.00

(rz)
981 ,00

È Numbers a¡e indlcee in x and v directione

Grid Spacing in y Direction (feet)

Ori i = L, 2, 3, . . . 42

(u)

1056.00

(r q )

1056.00

(ac)

906.00

l3cl

98r.00

(e)

98r.00

(r a)

1056.00

(ze)

98r.00.

(¡e)

150.00

(rs)
r056.00

(s)

1056.00

(r s)

I0s6 .00

(2s)

Is0.00

(35)

r50.00

(s)

150.00

(ts)
981,00

(zg)

r056.00

(39,,

98r.00

(rs)
3158.00

(e)

1056.00

(¡ s)

981.00

(zs)

906.00

(36)

981.00

(ro)
98r.00

(20)

Is0.00

(¡o)
981.00

(ro)
r056,00

(so)

I056.00

(7)

1056 .00

(r z)

150,00

(z?|
150,00

(37)

1056.00

(s)

1056.00

(¡ e)

906,00

(2s)

906. 00

(3 o)

1056.00

(s)

1056.00

(r e)

150, 00

(¿s)

1s0.00

(3e)

r056.00

(r o)

981.00

(¿o)

905.00

(¡o)

906.00

("0)

1056.00

\o



Èheoretical form of such a grid is shown in Fig " 20 
"

The internal characteristics of the aqui-fer \^/ere

then modelled by superimposing the finit.e-difference grid
(Fig. 19) over the aquifer area and assigning each node

representative values of saturated hydrauric conductivity,
effective porosity, aquifer base elevation, and initial
hydraulic head (Figs" 7, B, 10, and 16). Inflow or outflow
across the constant head boundaries hras permitted through

imaginary one-foot thick beds having the same transmissi-
bility as the aquifer in the boundary areas.

Operation of the Mode1

The aquifer model- was subjected to pumping conditions
for 8.55 x 106 second.s 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 poïosity, and saturated
thickness maps (Figs. 7n B, and 17). The discharge rates
vüere 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 well-s with five-foot screens instal_l_ed at the
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Fig. 20. A 3 x 3 nodal array for the diqital_ model-.
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base of the aquife.r and would allow for two f eet of wel_l_ l_oss.

However, drawdown of this magnitude could be obtained by many

other types of well- instarrations. Al1 pumping rates h/ere

greater than or equal to 75 gpm" pumping occurred simurtane-
ously at all- pumping centers. The discharge rates along with
nodal-locations of pumping. centers are indicated in Table xrv"

An initial time step of l0 second.s was introduced at
the beginning of simulation and increased. logarithmicarly in
the program according to the equation

Ltk = Ât(k-J.) + c(Lt(tr-t)) t 24l

where the coefficient, c, depends upon the dynamics of the
system. More precise sol-utions can be obtained using
smaller values of c. values ranging between 0"25 and l_.0

have provided satisfactory results in most cases. rn this
investigation the final results were obtained using a c
value of 0"25, which was sufficiently sma]l to obtain
relatively precise sol_utions.

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 totar discharqe
from the pumping centers.

The aquifer moder was initially formurated to
simulate response of the aquifer to multiple pumping cenLers
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Discharge rates and

Table XIV

nodal--locations of the pumping centers

Center
No.

1

2

3

4

5

6

7

IJ

9

10

11

72

l_3

14

15

16

L7

l_B

19

20

2I
22

23

24

25

26

Total

Node (i, ¿J *

(11,3t_)

(l_1, 3 8 )

(r7 ,20)
(L7 ,24)
(r9 ,20)
(L9 ,24)
(r9 ,27 )

(2I ,20)
(2I ,27 )

(21_,38)

(23 ,20)
(23 ,34)
(23,38)
(25 ,34)
(2s.38)
(27 ,27 )

(27,34)
(27 ,38)
(29,24)
(29 ,27 )

(29 ,34)
(29 ,38)
(3L ,24)
(3I ,27 )

(3t-,34)
(31, 3B )

CFS

0.334
0. t-67

0.44s
0 "223
0.334
1.559
1"559
0.334
0"167
0" 390

o"278
0"167
0.612
0 .44s
0. 835

0 "278
0.223
0. B3s

0"167
u"55/
0"278
0.334
0"167
0.668
0.223
0 "L67

GPM

150"0
1r ^

199. B

Ì00.1
150.0
700.0
700 .0
150"0

/)"u
17s"1
t24 "B
75"0

274.8
199. B

374"9
724 "B
100.1
374.9
75"0

250"1
T24.8
l_50.0

75.0
299 "9
100.l_

75.0

Discharqe Rate

l_I,7 46

* ¿ and i, ro\^/ and col_umn number respectivel_v

5274"0
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when commencing with an initial- water-table configuration
approximating natural conditions " The moder was then used

to simul-at,e the effect of an initiarry horizontar water

table" The purpose of this phase of the study was to
determine whether the naturar water-table configuration
significantly influenced the response and yield capabilities
and whether the introduction of this complexity was

necessary. To moder the aquifer with an initiar horizontal-
water-tabre 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

L¿>]

where B ,-. -.r and B'r-. -:r are the adjusted and initial(1,,J) 0.,J)
elevation of the impermeable base respectively (L), h,{i,¡)

the initial hydrauric head (L), and h is the arbitrarily
chosen elevation of the horizontal water tabre referred to
the same datum as 

"'{i,¡) 
and h, ø, j) "

The saturated thickness, bn, remains unchanged in
both models " that is:
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The only modification, therefore, consisted of replacing

B',, ;t and h'r-. -.r with B ,-. -.r and h respectively, otherwisetLrJ) Q,rJ) QrJ) J

the two water-table simulations were similar in att other

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-dimensionar basin)

was simul-ated for 99 days with no artificiar pumpingi centers

being operated. only a small adjustment of the initial
water-tabl-e data was necessary to obtain a reasonable

simul-ation of naturar water-tabIe behaviour durinq the

summer period.

To evaluate the aquifer response to pumping stress
under no-recharge boundary conditíons, the aquifer model

with a horizontal water-tabl-e configuration was further
simplified by excluding the constant head boundaries.



CHAPTER VIT

ANAIYSTS OF PUMPTNG TEST RESULTS

USÏNG 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. 2r) " The

purpose of the analysis l-s to obtain än independent estimate
of the hydrauric conductivity and, effective porosity of a

segment of the aquifer from fierd drawdov¡n and pumpinq

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 underrain
by a narrovr 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. A welr, 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 tabfe

vüas measured in four observations wells located at distances
of 47, L04o L49' and 350 feet from the pumping well (Fig. 22).
The test was terminated when the water lever in the pumping

99
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wel-l- had approximatery attained equilibrium" arthough the

observation well-s vüere still declining. Because the

pumping well and observation wells \^/ere located in a narrow

va1Iey, effects of irregular l-ateral- discontinuities rapidly
influenced the drawdown response. ft was, therefore,

impossible to obtain a reasonable estimate of hydraulic

conductivity and effective porosity from the time-clrawdown

data using conventional analytical methods such as those

outlined by lvalton (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 aqui-fer affected by the test. The grid spacing was

decreased in the area occupied by the pumping weII 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 erevation 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

simul-ated accurately on this basis " Model simulations

\^/ere then conducted using time-dependent porosity function,
summarized as follows. The effect of varia_bIe storage



(r )È
5280.00

(r r)
30. 00

(2r)
30. 00

(3 ¡ )

30. 00

(\ r )

r00. 00

Table XV

Distance between ñodes Àx, and Ày-, used in si¡nulations of the pumping test.

Grid Spacing in x direction (feet)

Mi ì=L,2,3,...50

(z)

5280. 00

(r 2)

30. 00

(221

30. 00

(32)

30. 00

(rz)
I00.00

(3)

100. 00

(r 3)

30.00

(23)

30.00

(33)

30.00

("3)

100.00

(\)
100.00

(¡r)
30.00

(2c)

30. 00

(3q)

30.00

lcal
100.00

(r)
5280.00

(r¡)
30.00

(zr)
30.00

(¡¡)
30.00

(rr)
100. 00

(s)

100.00

(r s)

30.00

(as)

30.00

(3s)

30.00

(qs)

100.00

(¿)

5280. 00

(¡¿)
30.00

(zzl
30. 00

(¡a)
30.00

(cz)

t00. 00

(6)

I00.00

(r6)
30,00

(2s)

30.00

(ss)

30.00

(us)

I00 .00

(¡)
100.00

(¡ ¡)
30.00

(z¡)
30.00

(33'

30.00

(c¡)

100. 00

(7)

100.00

(r7)
30.00

(27't

30.00

(tzl
30.00

(qz)

100.00

r NuÌnbers are indicee in x and y directions

Grid Spacing in y direction (feet)

O"i i=L,2,3,.. 50

100.00

\lq,

30. 00

(zc)

30.00

(¡q)

30. 00

(cq)

I00.00

(a)

100.00

(rs)
30.00

(2 B)

30.00

(¡e)
30 .00

(¡e)
100.00

(s,
100.00

(¡ s)

30.00

t25,,

30.00

(¡s)
30.00

ths,

r00.00

(g)

100.00

(r e)

30.00

(zg)

30.00

(:s)
30.00

(ng)

5280 .00

t6,

100,00

(re)
30.00

(¿s)

30.00

(¡ o)

30 .00

(ce)

I00.00

(ro)
I00.00

(20)

30.00

(30)

30.00

("0)

I00.00

(so)

5280.00

(z)

100.00

(rz)
30.00

(ztl
30.00

(¡ z)

30.00

(iz)
100.00

t8./

L00.00

(¡ s)

30.00

(ze)

30 .00

(¡a)

30.00

(q e)

100.00

t9l

r00.00

(r g)

30.00

(zg)

30.00

(:ç)
30 .00

(cs)

5280.00

(r o)

I00.00

(zo)

30,00

(¡o)
30.00

(¡o)

100.00

(so)

5280.00

P
O
CrJ
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functions is often referred to as "delayed yieIcl" to

eval-uate the response of unconfined aquifers.

Case 1: Effectiue porosity a.s q step-function of tíme,

.An initial value of effect.ive porosity was used

at the beginning of the purnping period and increased in a

step-by-step manner to a maximum value after a given period

of time. During each step the effecti-ve porosity was

constant.

Case 2: Effectiue porosity as a Lineaz,-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, tu , according to the expression

oe = oå o (oå oå) (þ) I27l

where öe is the effective porosity at time t, 0¿ represents

the initial value of effective porosity, ô! represents the

value of porosity at time t'o and t indicates the time since

pumping started" The computer program \,üas arranged so that

0e = Ôå for t ¿ t!
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case 3: Ef f ectiue povositg qs a.n eïponenti,aL function of
time "

This case is similar to r.râsê ? - o:<cept that effective
porosity is increased exponentially according to the

expression

0" = öå * (Oå ôjl tr e-u) t28l

where " = S , and G is an empirical constant chosen so that

0^ = 0: for r > r'

The tjme dependency of effective porosity was

introduced to simulate non-instantaneous yierd of water

from the unsaturated zone above the water table as the

water tabre declines due to pumping. rn 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 porosityr âs given

by equation 1,271 and equation t28l has two componenÈs; the

fi-rst term determines tire instantaneous release of water

and is independent of time" whire the second. term alrows for
non-instantaneous water yield from storagie 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 i_n the

analysis of confined and unconfined aquifers "



CHAPTER VTTT

RESULTS AND DISCUSSION

Effect of Mul-tiple Pumping Centers

Results

As indicated in Chapter VI the digital model_ was used

to simulate the following aquifer conditions:

NatuyaL uatez,-tabLe conditions; simulation of the

aquifer response under natural water-tabl-e configura-
tion with no pumping centers. Constant head boundary

conditions vrere used to represent the stream and

marsh areas and the subsurface outflow periphery of
the aquifer.

MuLti,pLe pump'íng eentez, condition, using the

following simulations :

Simulation (i):

At the beginning of the pumping period, the

water-table configuration represented natural

field conditions. Constant head boundary

conditions \¡/ere used to represent the stream

and marsh areas and the subsurface outflow

I07
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S imuLation (ii) z

At the beginning of the pumping period, the

water-table configuration was horizontal
and base elevation rlras adjusted accordingly"

Other boundary conditions lvere similar to
simulation (Ì.) 

"

S imuLation êii) :

At the beginning of the pumping period the

water-tabl-e 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 praced on determining the
factors which affect the response of the aquifer during
discharge from multiple pumping centers" A preliminary
estimate of the yield capabirities of the entire aquifer is
presented 

"

contoured maps of water-table drawdown after gg days

of continuous pumping during simulations (¿) to (iii) are

shown in Figs. 23 to 25" The maps were prepared using a
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computer plotting prog:ram on a Calcomp pen plotter " The

drawdown resulting from simulatíon liii¡ 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 Tab1e XVI. The changes in total aquifer
storag'e volume after 99 days of pumping as computed from

the water-tabl-e decline rtrere L25"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

vol-ume of water discharged from the aquifer system to the

stream and the other constant head boundaries totalled
25.0 mill-ion 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 cl-osed system.

Discussion

'1'ne

system for
resulted in
similar to

This result

water-tabIe

simulation of the field response of the aquifer

99 days with no artificial pumping operations

a natural water-table behaviour reasonably

what normally occurs during the summer season.

supports the int.erpretation of the natural

configuration as based on field dat,a. Compared
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Iable XVI

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

Center
No.

I
2

3

A

5

6

7

B

9

10

11

I2
13

1A.

15

16

T7

1B

19

20

2T

22

¿J

¿+

25

26

* 'i and

Node lz, JJ *

(11_ , 31)
(J-1,38)
(r7 ,20)
(L7,24)
(19,20)
(I9 ,24)
(79 ,27 )

(2r ,20)
(2I ,27 )

(21,38 )

(23 ,20)
(23,34)
(23,38 )

(2s .34)
(2s.38)
(27 t27)
(27 ,34)
(27,38)
(29 ,24)
(29,27)
(29 ,34)
(29 ,38)
(3l-,24)
(31 ,27 \
(31,34)
(31,38 )

¡'r-rst
Simulation

9 .04
9 "52

L4 .40
l_0.20
l_5.20
31.20
31"70
l_1.20
l1 1^
-LJ " JU

l_4 " 50

10"10
9"52

19 " l_0

L2"20
23 " 30

t_3 " 90

17 "90
22.90
8.30

15"40
r_1.10

12"00
5"79

16"40
8"67
9"92

Second
Simulation

Third
Simul-ation

q ??

9.3s
13.50
10.60
13.80
29.90
30 " 50

l-0 " 50

12 "90
14.60

9. 86

9 "28
18.50
12.00
22.20
14 "70
17 "70
2I "50

6 .59
16.20
11.20
12 .10

6 "12
L7 "20

ó"tY

l_0 " 00

9.33
q ?q,

13.60
I0"60
13"80
29.9A
30"50
l-0.50
12 .90
l_4.60

9"86
9 "28

IÕ. f,U

12.00
22.20
].4.70
17.70
2l_. 50

6.59
l-6.20
l_1.20

t2"10
6 .12

17 "20
8"79

l_0.00

j, row and column number respectively
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to simulations (¿¿) and (¿¿¿), simulation (¿) , which used

the natural water-table configuration at conmencement of
pumping, resulted in higher drawdowns during the pumping

period in segments of the aquifer located near the streams

and marshes, particularly south of Broomhirl. These results
v/ere 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. Tt shourd be

noted, however, that drawdown of the water table in the

aquifer area in which most of the pumping centers were

located d.id not vary appreciably between simulations (i)
and (¿¿) " This reflects the fact that the pumping centers

were rocated in the central portion of the aquifer in
which the natural hydrauric gradient is very low. rt should

be noted, however, that digital modelling of Lhe aquifer
system und.er natural water-tabIe conditions is a much more

comprex operation than the horizontar water-tabre cases.

An overall comparison made between the water-table drawdown

obtained from simulations (¿) , (¿i) and (¿¿i) 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
Íar from the peripherar boundaries. using the resurts of
simulation (i¿) the vorume of water withdrawn from the

aquifer computed from the decline of the water table after
99 days of pumping' r^/as 99 percent of the total yierd of the
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pumping centers. This indicates that the cone of influence
caused by the pumping was not infruenced significantly by

the constant head boundaries. rn other words, essentially
all of the water withdrawn was obtained from aquifer storage.

In s jmulations (¿) , (ít¡ and (i.í.¿), the area of
water-table drawdown due to 99-day pumping from the 26

centers accounted for onry 56 percent of the aquifer area.

The pumping centers were located in areas in which greatest
aquifer thickness occuïs. These areas generalry coincide
wÍth portions of the aquifer in which detailed test drilling
data are availabre. The other areas of the aquifer may arso

have deep segments in which major pumping centers couId. be

located. However, untir more detaired drilling data are

avail-able 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 L4 square miles
of influence. This is equivarent to 2t3L0 acre-feet. As

indicated in chapter rv, the averag'e annual deveropmentar

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 annuar deverop-

mental yield would be withdra!ün during the 99-day pumping

period. However, this volume of water represents only
25 percent of the annual average deveropmental yield if the
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ent.ire aquifer is considered. rt may be possibte to increase

the gross developmental yield of the aquifer if l-ateral
recharge is induced by the drawdown cone across the aquifer
boundaries. However, it appears that only smarr quantities
of water would be obtained laterally by this mechanism,

because much of the aquifer area is encompassed with clay-
loam t.irl and lacustrine sand and silt, which generarry

have hydrau]-ic conductivities which are two orders of
magnitude oï more smaller than the aquifer conductivities.

Data obtained from the pumping test outlined in
chapter vrr were analysed using the digital model. The

methods of analysis are presented in the same chapter"

As mentioned previously, t.he objective of this phase of the

investigation is to simulate the response of the water

table as observed in three observation we1ls d.uring the
pumping period in order to obtain a better understanding

of the aquifer characteristics " This was accomprished by

adjusting the aquifer parameters until rea'sonable simula-
tions were obtained.

Effect of Hvdraul-ic Conductivitv

The time-drawdown data obtained from the pumping

test Ì¡/ere first analysed by simurating the response of the

aqui-fer system using a uniform hyd.raulic conductivity of
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r"62 x 1o-3 feet per second, and. an effective porosity of
35 percent. These values \¡¡ere initiall-y estimated by

correlating drill- hole Iogs, field sampre description and

the results of the laboratory anaryses on the undisturbed
graver quarry sampres. For observation wel_1 3 , the si¡ru-
l-ated drawdown values obtained using the above data \,vere

smarler than the fierd 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 r, computed drawdown values were arways smaller than

field response. These relationships are illustrated in
Fig. 28, which shows the actuar and simul-ated drawdown at
observation well-s 1 and 3 rocated 350 and 104 feet from the
pumping well. The model r^¡as reformulated using hydrauric
conductivity values which were larger and then smaller than
initial estimates. The simulated drawdown values obtained
using a uniform hydrauric conductivity of 4 x 1o-3 feet per

second \,vere smal-ler 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 al-so indicate that a reasonable dupli-
cation of the time-drawdown graphs cannot be obtained bv

simpry adjusting the hydrauli-c conductivity uniformly over
the aquifer area" Dril-l logs j-n the aquifer area indicated
that iL is unlikely that major spatial variation in conduc-
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tivity strongly affected the pumping test data. rt is
concluded, therefore, that the pumping tesc response must

be accounted for in terms of effective porosity or some

other aquifer phenomena.

Simul-ations Using Time-Irydependent

Effective porosity Distributions
The results of time-drawdown sirnulations at observa-

tion wells 1 and 3 using several values of uniform effectÍve
porosity are compared to the fier-d data in Fig . 29. The

simuration graphs were obtained using a val-ue of hydraulic
conductivity of 4 x 10-3 feet per second in order to commence

with simul-ated tjme-drawdown graphs which u/ere not total_l-v
dissimilar from the field response"

Simulation Using Time-Dependent

Effective Porosity Distributions
The time dependency of effective porosity was

incorporated in the moder to simurate non-instantaneous
yield of water from storage.

The computed values of the time-drawdown curves for
the three observation werr-s (Fig. 30) \^/eïe 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 modets and the pumping test results,
however, the disadvantages of this method were the lack of
smoothness of the Èime-drawdown curves d.ue to sudden
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increases of þ e and that increasing þ e in this manner could
not be duplicated in the field.

The digital model results were then compared with
the field responses by increasing þ e linearry with time

according to equation lztl " The type '|ra" curves (Fig" 3l)
were obtained by introducing an initial value of effective
porosity (þ;) 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'r curves were obtained
using þL = 0"14"

The finar comparison was made between digital model

and field responses by expressi-ng þ e as an exponential
function of time according to equation tZe1. The results
shown in Fig. 32 ,were obtained using an effective porosity
val-ue 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 cuïve (Fig. 33) was

changed considerably by increasing the effective porosity
exponentially rather than linearly. rn this figure, the
two time-drawdown curves for which þn is time-dependent

\¡/ere obtained by introducing a þe value of o"o2 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.
rf \^re assume that the irregular boundary conditions did not
great.ly j-nfluence Lhe pump test resul-ts, the most reason-
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abl-e model response was obtained by increasing, the effective
porosity exponentially. The above anarysis indicates that
non-instantaneous yield of water from storage had strongly
affected aquifer response during the pumping period.

The simulation resul-ts indicate that by using a

homogeneous distribution of the effective porosity and hydrau-

Iic conductivity, the simultaneous drawdown graphs of al_l

3 observation wells can not be totally matched with the model

Tesponse. For example, drawdown in observation well I is
generally greater than the model resurts when the drawdowns

for wells 2 and 3 are similar to the model response" Hov¡ever,

a minor spatial variation in porosity and conductivity would

likely overcome this difficulty.



CHAPTER TX

SUMMARY AND CONCLUSIONS

Following a reconnaissance investigation of sharlow
outwash deposits in the southwestern portion of the souri-s

River basin, the Broomhilr Experimental Aquifer was chosen

for detailed investigation of its geologic characteristics
and response and yield prooerties.

Test drilling and compilation of existing data
indicated that the Broomhirl Experimentar Aquifer is
composed of clean coarse sand and gravel varying in
thickness up to 50 feet"

Hydraulic propert,ies of a representative group of
disturbed and relativery undisturbed samples from the

aquifer deposits \,vere determined. f rom raboratorv tests.
The results indicate that

(i) Saturated hydraulic conductivities of the

relatively undisturbed samples range between

2.I5 x 1O-+ and 2"72 x 10-3 feet per second at

4oC and effective porosity between 30"4 and

35.7 percent"

(ii) Retention porosity usually increased as

saturated hydraulic conductivity decreased.

]-29
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(iii) Effective porosity was only slightly correlated
with saturated hydraulic conductivity.

The results of the laboratory tests \^iere combined with the
field data to obtain maps of the effective oorosity and

saturated hydraulic conductivity of the aquifer.
The mathematical moder based on the method of pinder

and Bredehoft (1968), in which the finite-difference
approximation to the flow equations l,üas solved using an

iterative al-ternating-direction technique, was used to
analyze the results of the pumping test conducted by the
Manitoba water Resources Branch. The resurts indicated that
the aquifer response during 24 hours of pumping from a

single well was strongly dependent on non-instantaneous
rel-ease of water from the aquifer during the initial phase

of the pumping test, The digitar analysis arso indicated
that the estimates of aquifer properties in the pumoing

test area based on correr-ations between test drirJ-ing
samples, dri]l 10gs, and results of laboratory analyses
conducted on the quarry samples were reasonable.

Digital moders were arso used to obtain an under-
standing of the response behaviour and general yierd
capabilities of the aquifer system. The aquifer model was

initially formulated to simulate response of the aquifer
to multiple pumping centers when commencinq 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 tabl_e. The results indicated
that drawdown of the water tabr-e in the aquifer area in
whi-ch the natural hydraulic gradient was low did not vary
appreciably between the above simurations. Moder simul-ati-ons
vüere conducted using up to 26 pumping centers r-ocated in
the zone of maximum initiar saturated thickness in the
eastern half of the aquifer" rt was found that 56 percent
of the aquifer area is capable of vielding 2310 acre-feet
of water over the 99-day period of oumping.

The aguifer yield capabirities were arso investigated
using the hydroJ-ogic-budget approach in which the annuar-

evapotranspiration from the aquifer was estimated using the
DoArcy method and the winter water-table decline method of
estimating the annuar groundwater outfrow. The general
magnitude of the annual grroundwater outflow was apnraised
by comparing the estimated evapotranspiration varues with
calculated potential evapotranspiration and consumptive-use
varues, as well as with the annuar distribution of
precipitation and change in the ground\¡/ater storage. The

results indicate that a more reasonable estimate of the
annual groundwater outfrow from the aquifer was obtained
using the D'Arcy method.

The average yield capability of the aquifer during
the 1965-r97r period. which coul-d be rearized by conjunctive
use schemes under idear conditions involving induced or
artificiar recharge from stony creek, is estimated to be
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9 330 acre-feet of water per year " Estimates of the annual
developmental yierd of the aquifer during the above period
rangie between 2 and 13 inches and indicate thaL the aquifer
yield capability is controrred by major effects of cl_imatic
conditions" Tt is, therefore, recommended, that a more

detailed yield analysis be performed using long-term
regionar climatic and sLream flow data from adjacent water-
sheds - The yield analysis for the western portion of the
aquifer could also be refined if more detailed test drillino
data \,\¡ere available"

rt is concluded that the Broomhirl 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 coul-d only be attained by instituting a detailed
water manag'ement scheme.
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APPENDIX A



A LABORÀTORY METHOD TO DETERMINE THE

HYDRAULIC PROPERTIES OF DÏSTURBED

AND UNDISTURBED SOIL

Determination of Hydraulic Conductivity

The method described herein is similar to that used by

Laliberte et aL. (L966, 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

l' = 

-

b+P"
r¡

IA-1]

wnere,

C = intrinsic permeability, cITr2

P = capillary pressure, dynes/cm2
c

¡1 =apositiveconstant
ârb = 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 rocksr âs 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

C =Q forP SP,
^nh

P, lA-¿ l
c = f f:4ln for p ì P,-o'Pnt --- -e - b

where

C = intrinsic permeability when the soil is fully
o

saturated, cmt

Pi- = bubbling pressure, dynesr/cm2
U

ì1 = positive dimensionless number

and the other quantities are as previously defined.

They related n to a pore-size distribution index, À, by the

relation

n=2+3À

The pore-size distribution index is dimensionless and can

be obtained from capillary pressure desaturation data"

The hydraulic conductivity, K (dimension LT-l), is

related to intrinsj-c permeability, C (djmension L2), by the

equation

wnere

p = density of the wetting fluid, ML-t

(=g09
u
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g= acceferation due

dynamic viscosity

to gravity, LT-2

of the wetting fl-uid, ML-1T-r

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

I and 16 feet" A brief description of these samples is given

in Table A-1.

All samples \^/ere obtained using a removable-sl-eeve

sampler, a photograph of which is shown in Fig" 6" For a

detailed description of this apparatuso the reader is referred

to Laliberte and Corey (1967) " Samples \,vere obtained by

manually forcing the sampler into the soil- approximately

B inches below the soil surface. Then the inner sleeve,

containing the sample, $Ias 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 l-ubricate 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



Sample
Number

SS1

(a)
SS2{

(b)

SS3

Ðù+

SS5

SS6

Bulk
Density

o, , qm,/cm 3
'D''

1"63

r" 64

1"63

1" 6B

1.66

1" 59

'l Á?

Table A-1

Brief description of the

Orientation

Vertical

Horizontal
]Vertical

Vertical

Vertical

Vertical

Vertical

* Al-1 samples are from glacial outwash
Aqui fer.

Depth
Feet

5-6

tested samples

Description*

A rather uniform fine gravel¡ rlo clayr grain
size 0"2 to 0"5 cm.

very uniform coarse sands

Coarse sands with pebbles up to I cm

A mixture of coarse and medium to fine sands
with pebbles up to 1 cm"

Medium clean sands with some coarser materials
Fine sands, very uniform

7-8

1s- 16

15- 16

3-4

r-2

sediments col-lected from the Broomhill Experimental-

H
È
N)
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against the possibilit.y of compaction.

The samples were dried in a vacuum oven at

without removing the soil from its holding sleeve.

stage the bulk density of each sample, Qt^ (gm/cm3)

determined as follows:

M -M¿ò/l=
UV

ù

60"c,
1 ! +l-.' ^å L LIITÐ

, I^/a S

[A-51

where

--m
!

I't
è

V_

1* l/orvl-c ¡'rJ_trer
Dagenham Dock,

total mass of the dry soil plus sleeve, gil

sleeve mass, gm

sl-eeve volume in cm3, which is the same as the

volume of the undisturbed sample"

The computed values of Ab are shown in Table A-1 " The bulk

density of the samples was also determined on site using the

field volumetric method of Zwarich and Shaykewich (f969).

The two techniques gave satisfactory agreement"

Prior to vacuum saturation of each sample, two

pïessure control-Iers mad.e from Porvict f ilt"r material hiere

mounted in plastic to fit the ends of the sleeve containing

the sample. The tensiometers, âlso 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

Material, Pritchett and Gold and E,P.S., Co.,
Essex, England."
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materiafs.

The wetting fluid used. in this experiment was a

solution of 0.1 percent formaldehyde in d.istilled water.

Topp (1969) used a water solution of 0.01N CaSO,* and 0"1

percent formaldehyde in his investigation. The saturation

equipment was a vacuum pufnp 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 supplyo and the outflow siphons were connected to the

tensiometers and capillary barriers. Figures A-l 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 flow, with capillary pressure low enough to insure no

desaturation (n.

The hydraulic conductivity in cm/sec was calculated

as follows:

v
VH

Íã ,l

\¡/nef e

I = volume flux in cm/sec

vH = hydraulÍc gradient between the tensiometers,

dimensionl-ess

The hydraulic conductivity measured at complete saturation,
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Photograph of an undisturbed aquifer samriJ_e
Á,,*i -^ +1^^ 1^..,¡-^,.'ì .: ^L¡.LrrJ-rrg "tre hydraul-ic cond,uctivity test,
showíng inflow, outflow, pressure
control-]ers and tensiometers 

"

Fig" A*2"



r47

P. f nø, \,ías designated Kr.

Volume flux was calculated usinc¡ the relation

V
q = Ed tA-51

where

Y, = volume of water, c[r3, measured in an outflow

burette

| = time, sec, corresponding to V,

A = cross-section area of the sample, cm2.

Hydraulic gradient was calculated as follows:

ah*
VH = ¡" te_01¿

where

Lh.- = 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 hydraul-ic conductivity, Ko, for the materiars

of the aquifer. After measurement was completed on the un-

di.sturbed materiars, t.hey were disturbed, and the measurements

were repeated" Each disturbed material was repacked to the

same bulk density as its corresponding undisturbed sample. The

repacking procedure \^ras similar to that used by Laliberte
(L966) in which a long-spout funnel was used to fill the

container. The funnel was first filled with t.he soil, with
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the l-ower end of its spout positioned on the bottom of the
container" As the funnel- was srowly withdrawn, a rand.om

motion was imparted to its l-ower end in order to minimize
the co¡rcentration of large particles at the warl of the

column. The desired bul-k density was attained by gently
tapping the side and top of the column with a rubber mall_et.

The method of determining the saturated hydrauric
conductivity of disturbed samples was identicar in principle
to that used for undisturbed samples except that the
apparatus had a somewhat different appearance (Fig. A-3).

when testing a sampre, either disturbed or undisturbed,
the readings were repeated several times and an aveïaqe value
\'vas calculated.

Determination of Effective porosity

The effective porosity þ^ (dimensionl-ess) was cal-cu-v

laLed as follows:

þe = 0 - þy lA-71

where

0 = total porosity of the porous medium, d.imensionless

þy = retention porosityn also dimensionless 
"

The total porosity was determined as fol_Iows:

o,
,À-1 D'^

where

fa-al
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trig. Ä*3" Photograph of appaïatus forhydraulic conductivity ofmaterials.
J-ac#i¡^.t-1.-^Yv v e¿¡ry LttË

disturbed
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0¡ and ps = bul_k density and particle density respec-

tively in gm/cm3.

The particle density, p" ,was computed from the e)..,rês-

sion:

Y.

Mxoùu
IA-9 ]s M^ + M - M^Iu s Í'?rs

wnere

M" = mass of the solids r grTl

e, = density of water, gm/cm3, at temperature of test
*f, = mass of the flask + water, gil

Mfr,,* = mass of the flask + water + soi1, 9fl.J uÐ

The apparatus and procedure for determining 0" was simil_ar

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" rt is expressed quantitatively as the percenÈage

of the total volume of rock occupied by groundwater that wil]
be retained in interstices against the force of gravity
warton (r970) " This definition yields the expression:

v̂1
lñU(9:
'T t,l^

' 7t)

lA-101

with

M
uK=--'ü M
s

where

I/\- r_r I
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pb and Q, = bulk density of soil and the density r:f
water respectively, gm,/cm3

*, = retention water expressed as the mass , Mr,),

of water that wil_l be retained in porous

soil against the force of gravity per

unit mass, Ms, of dry soil (dimensionless).
Equation [A-lU can also be expressed as

M
ùu

K=l
Itu) rv-t

ù

with

M", = M" O M, IA_l3l

After calcurati.ng the saturated hydraulic conductivity
of a sample, the sample was used to measur" M"r. Thus, the
infi-ow tube was disconnected and the sampre was subjected to
one meter suction for a period of 24 hours after which the
sample was weighed,

Resul_ts and Discussion

Table A-2 shows the saturated hydraulic conductivity
results of the representative group of aquifer samples

described earlier in Tabre A-r, cal_culated for several_

measurements during each test" The disturbed samples \¡/ere

repacked to the same bulk density as that of their corres-
ponding undisturbed materials.

lA-121



Change in saturated hydraulic conductivity,

SanpIe
Number Orientation

ssl

(a)

ss2 t

(b)

VerticaL

Horizontal

Vertical

ss3

State

Undist"

Dist "

SS4

Table A- 2

K-, values of the porous med.ia during Laboratory testso

Room
Temp.

oc

Vert,ical

Undist.

Dis t.

SS5

Vert,icaI

24 .0

22.4

Number of Measurements
lst znd 3rd 4th

Undist.

DiSt.

ss6

Vert,ical

24"7

23"0

Saturated hydraulic conductivit

Undist.

Dist.

L.224

r" 950

Vertical

¿4.U

25.9

Undist.

Dist.

0 .624

0.659

I. 4I5

24 "2

25.0

Undist.

Dist.

0.45r

0.682

0"609

0 .677

24.5

24.9

Undist.

Dist.

0. 590

0.581

L.427

u. ¿t))

0.689

20.3

24.8

0.461

u. trÞo

0.608

0 "679

U.ÞJ/

0.578

24 .0

26 "4

0. 460

0.238

0.291

0.623

0.684

0 .464

0.568

0.551

0.581

0. 116

0 "0647

0"230

0.292

0 .464

0.568

0. s02

0.581

0.688

0.108

0"0676

0.231

0.290

0.465

0.568

0.544

0. 581

0.06s1_

0.293

0.465

U"UOJO

0.295

0.065r

0.295

H
Ltl
t\)
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An average value of Ro was calculated for each sample

using the results indicated in Tabte A-2 and. corrected to
4"c taken as the standard temperature" The correction \,vas

obtained using the relationship:

ur x P2
W=- 1¿-'z gr X Uz *'1 lA-r4l

wnere

K - hydraulic conductivity, cm/sec

u = dynamic viscosity, centipoises

0 = density of the wetting fluid, gm/cm3

and subscripts r and z refer to the properties of the wetting
fluid and the soil at test temperature and 4oc respectivery"
computed values of K2 along with the hydraulic properties
used in these calcul-ations are presented in Table A-3 "

The saturated hydraulic conductivities of undisLurbed
samples, Ko, and of their corresponding disturbed samples,

Koo are compared in Tabre A-4. The resul_ts disclose that
for arl tested samples but one, disturbed material_s have a
larger hydraulic conductivity when fully saturated than do

the corresponding undisturbed samples. rn ord.er 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 cond.uctivity of a porous solid,
among other factors, is directly proportional to porosity
and to the mean varue of the sguare of the hydraulic radius,



Tabl-e A_ 3

computed values of saturated hydraulic conductj-vity at 4oc with the hydraulic propertiesused in calculating the eguation 
^o = frpz 

^. 
for severar aquifer samples*

' OlUz t

sample *öåH/;ff":'

SS1-Undisturbed
Disturbed

¡Undi-sturbed'Disturbed

¡ Undisturbed
'Disturbed

(a)

ss2
(b)

SS3-Undisturbed
Disturbed

SS4-Undisturbed
Disturbed

SS5-Undisturbed
Disturbed

SS6-Undisturbed
Disturbed

o pz/vz = 0"638

L.420
1" 950

0"616
0"677

0 " 455
0.686

U. )J4
0 " 580

0.464
0.568

0.233
0 "293

0 .1I2
0"652

Test H r
feinp. 9C Centipoises

24.0 o "914222"4 0.9490

24 "7
23"0

24"0
25 .9

24
25

¿+
24

20
24

24
26

2
0

5
9

3
I

0
4

0" 8999
0.9358

0 "9142
0 .87 57

0 " 9101
0.8937

0.9040
0" 8958

0 "9978
0 " B97B

0 .9142
0 " 8660

Pr
grm/cm3

0"99732
0"99756

0.997]4
0 "99756

0 "99732
0. 99684

0"99727
0 .997 07

0 "99720
0 " 99710

0.99817
0 "997l2
0"99732
0 .9967 0

K2,mm/sec
at 4oC

0. 830
1"184

0. 355
0 " 405

0 "266
0. 384

R2 , ft/sec
at 4"C

2"72 x 10-:
3"BB x 10-"

1.16 x l0-3
1.33 x 10-3

8.73 x 10-4
I"26 x I0- 3

0"311
0 .332

0 -268
0 .326

0.L49
O"16B

L"02
1"09

8"79
1.07

4"89
5"s1

2. L5
1" 18

  A'-TU. Uþff
0.0361

x
X

10-:
10

10-:
10- "

-¡¡10
l0-*

10-*
-u10

X
X

x

H
t¡
Þ



Sample
Number

Table A-¿

comparison between saturated hydrauric conductivity of disturbed
and undisturbed samples of the aquifer formations

SSl

(a)
ÞÞ¿ t

(b)

SS3

SS4

ss5

SS6

Orientation

Vertical

Horizontal

Vertical

Vertical

Vertical

Vertical

Vertical-

Saturated hydraulic conductivitv
to water at 4oC, ft/sec

Undisturbed Ko Disturbe d Kod.

2 "72

1. 16

8.73

1" 02

8.79

4"89

2"15

10- 3

r0- 3

10+
_J

10

r0- 4

4

10-
+

10-

3" BB

1.33

L"26

1.09

1.07

5"51

1. 1B

10- 3

10- 3

10- 3

10- 3

10- 3

-h10

10

Ro/Ro¿

0"701

0 " 872

0"693

v " y Jo

0.821

O"BB7

L"822

H
ui
Ltl
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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 hydrauric conductivity to increase.

Another factor which appeared to be more important in
this regard, is the difference between the tortuosity varue

of disturbed and undisturbed samples. According to carman

(1937) the tortuosity of fully-saturated porous sol-ids which

are isotropic and granular in nat.ure is about 2, but if the

med.ium 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 wilt be smaller than 2.

since most of the undisturbed samples tested here were taken

in the verticar direction, and therefore perpendicurar 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 âny, could have produced a larger value of
tortuosity for the undisturbed sample than in corresponding

disturbed materials"
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The only sampre (out of seven tested sampres) which

did not satisfy the relation K, < Ko, was a very fine sand

in lake deposits" The accuracy of the result for this
sample when undisturbed is dubious, however, because the
sampre was eroded while being tested and furthermore its
holding sleeve was broken.

The results also show that for Lhe tested samples

SS2(a) and SS2(b) in their undisturbed states, the horizontal-
sample had larger hydraulic conductivity when fully saturated
than the corresponding vertical sample. This also coul-d have

resulted from the bedding pranes of clay materials bej-ng

perpendicular to the flow direction for the vertical- sample

and parallel to the fl-ow for the horizontal sampre. This is
supported by the fact that the saturated hydraulic conduc-

t.ivity of these samples in the disturbed state are almosc

the same (Tab1e A-4 ) .

Effective Porosity

A summary of the hydraulic properties of the repre-
sentative group of aquifer materials such as bulk density
(ou) , particle densi-ty (0") , totat porosity (O), retention
water (Rr), and retention porosity (Or.) al_ong with computed

values of effective porosity (þe) is presented in Table A-5.
The results disclose that for the samples tested here,

the lowest value of burk density is about fi_ve percent
smaller than its highest value, whereas for particte density



Table

Effective porosity, total porosity,
density of the several

Sample
Number

SSl

(a)
SS2 {

/1-\
\p )

SS3

ss4

SS5

SS6

v1
gm/cm3

1.63

L"64

1"63

1.68

r.66

1 Ão

1" 63

ô

gml8m3

2 "7L2

2"679

2 "6Bs

¿"ott

2"658

2"684

2"669

pb

0s

0"601

0"6l.2

0"607

0"628

0"625

0"592

0"611

Â-:)

retention porosity, and particle
aquifer formations

rh =l - %ps

0.399

0 " 388

n ?o ?

0 .372

0"37s

0.408

0.389

M
ùu
9m

272 " 37

336 " 10

275"00

309"95

326 "90

¿ó3 " +5

287 "20

I'i
9m

263"75

328. 30

269 " 02

299 " 49

313.46

273"I0

^--¿tJ"3U

M
R -"sü -'t--u Ff- -

0"032

0 "024

0 "022

0"035

0.043

0"045

0"0s0

ó=RPbr u]-
Y'ü)

0 " 052

0"039

0.036

0.0s9

0"071

0 "072

0"082

/i. -À ,l'v ^-v-ve17

u.3r! I

0 " 349

n ?q7

U. JIJ

0"304

0.336

0"307

F
LN
co
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.i+ .,i^ ^-l-- !--r-tr r-s onry Ë\,\io percent. Total porosity, therefore, depends

mainry upon t.he variation of bulk density, and consequently,
particle d.ensity could be treated as constant. A comparison
made between the resul-ts shown in Tables A-4 and A-5 dis-
closed that retention porosity usually increases as saturated
hydraulic conductivity d.ecreases. Effective porosity, however

\,¿as onry slightly correlated with saturated hydrauric conduc-
tivity"
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A COMPUTER PROGRAM FOR AQUIFER EVALUATION

The digital computer program described here computes

the hydraulic head distributíon 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 relativeÌy 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 sjmilar

to one developed by Pinder (L969), however, several changes

have been made to meet the requirements of the present study.

The time required for the program Lo complete 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 tjme steps; the computer ti:ne requiïed

is approximately 6 minutes on an IBM-360/65 computer"

ThE MESSAqE ',EXCEEDED PERMITTED NUMBER OF ITERATIONS''

161
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is printed when the head d.ifference between a row and col-umn

computation at any node is greater than a prescribed error
criterion after I00 iterations. An error in the input data

would generally result in this messagie being obtained. The

message "VVELL 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 val-ue for ERR of 0 " 001 and number for LENGTH of 3 to 5

provided satisfactory resul-ts "

A mass bal-ance of the groundwater reservoir is computed

in the program by comparing the vol-ume 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 dj-rectly from the discharge rates. The

mass balance resufts can be used to measure the model's

precision if there is no flux boundaries and to cal_culate

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.
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The Arrange¡nent and Definition of the Program Variabfes

Parameter Cards

Card I

Co1umn

1-l_ 0

11-20

21-30

3r-40

41-50

5r-60

6L-7 0

71-B 0

Card 2

1-l_0

IL-20

21-30

Card 3

L-20

Variable

TMAX

DIML

DIMW

NUMT

QRE

DELT

M

KTH

LENGTH

ERR

SPACING

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 decjmal Point)

maxj:num 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 decjmal point)

error criterion for closure

contour interval (feet)

elapsed time at
tion, usually 0,
punched output,

beginning of computa-
unless provided as

( seconds )

SUM
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Card 4

1-5 PUNCH indicator for punched output, if
punched output is desired at the end
of the computations write PUNCH.
otherwise leave the card bl_ank

Card 5

1-10 WATER indicator of water-table condition,
if an unconfined aquifer is to be
modelled write hIATERTABLE, otherwise
leave the card blank

Card 6

L-7 CONTR indicator for contoured printout, if
a contour map of drawdown is desired
write CONTOUR, otherwise feave the
card bl-ank

Card 7

I-7 NUM indicator for numerical printout, if
the numerical drawdown values are
desired write NUMERIC, otherwise
leave the card blank

Card B

1-5 CHCK indicator for computational check, if
a mass balance of the aquifer system
is de.sired write CHECK, otherwise
leave the card blank

Data Cards

DELX and DEI,Y: 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:8GI0. 0.

The values of the following variables are recorded

from left to right along the roh/s beginning with the first
row from the top, under the FORMAT:8GI0.0" The values of
the first ro\,\r are recorded first and are followed, beginning

on a new card , by the values of the second ro\,v. 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:

RTVER:

RATE:

PERM:

T:

Initial hydraulic head in the aquifer in feet.
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, ât
appropriate nodes).

Pumping rates in cfs, and hydraulic conduc-
tivity of stream and lake bed in feet per
second. AL any node where a pumping well is
located t.he 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.

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

"

Transmissibilit.y of the aquifer in square
feet per second." (This set of d.ata is omitted
if an unconfined aquifer problem is considered).

El-evation of the impermeable bottom of the
aquifer in feet" (This set of data is omitted

BOTTOM:
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if a confined aquifer problem is

Storage coefficient or effective
the aquifer (dimensionless) 

"

considered )

porosity of



Computer Program
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TiJ PR(]VTDE THE PIITENTtrAL DISTRIBUTI,JN IN A C[:]i\.IFIi.jEiJ LiR U\jCoI\FtrI,IEI)
ÂOlJI F{.ii{ iIFIER A DES IGNAT ED pIR IOD t]F T IM E

'¡i:**lÉ*ìt$4a****:F:$**rk\tà!***Ì(**t<******)F\r*+{.***********<+***ìk*r!ró******+)&*+

i)ESCfìIPTTÜI\ IìF PARAMETFRS
A=CCFFFTCIENT IN FIf\ITTE DIËFFRENCE EQUATIÙN
ß=CCEFFICIENiT IN FIT.tITE DIFFERENCE EQUeTInN
BE ( I ) =DUMf.lY VAR I ABLE DEt- I\lED AS C/\¡t
Bi]TT¡.Ii.1( I ¡J }=ELEVÀTTLII'.J iJF BOrTSÞ4( FEET)
C=CfIFFFICIENT If,l FIhtITE DIFFËiìENCF EeUAr Iûj\
[J=IJUIVl'4Y VAR I ABL E RËPRESENTTNG PARA[4ETERS OF EQUATI ÜN |,JH:ISE VALUESAiìE K}.Jt.JW[I f-RO14 PRËVI(]US TTERATIoi\
DAYS=Àltj¡vrBFR nF DAyS S I NCE ptJr"lpING STARTED
DtLT= LEhiGrH üF It\ I TI AL Ti ME SIEp ( SËCCNDS )
Di:LX=[)ISTANCE BETi^/EEN i\ODES I\j THE pRtjTJTypE

(f.EET}
nELY=DISIAt!CE ßET',{EÊN NODFS tN THE pRrJTi,ìfypE

IN ÏHE X DIRËCTITN

Ii.,] THE Y t]IRECTIN\J(FÊETI
DTr\1L=l'iLJMBER flF N{.rDES iN CilLU,yi',t 0F T,tATRIX
Dl¡4W=i.i\Jl'1fiER LrF t\J{IDES IN ROì¡/ atF fq/\TRIX
FRrì=CLûSURE CRITERIA FrJR ITERAIiti\
G=DtJr'1t"{Y VARIAiILE DËF Ir\ED AS { D-A*G(J-I} } /t,J
ilRS=f\rljMtlER tìF H._ÌtJtìS S INCË pUyp ING ST ARTED
I\iK_ I IEIìATIÜN PARAMETER
KLEP( IrJ)=STtIRAGF MATRIX FL'ìR pi-H VALt,ES
KTH=f.liJ14BER trF f t¡4Ë SIEpS BETTJEEtj pRIi\ìfOUTS
14=¡¡1icKl\ESS ilF srRËAM BED r-lR LAKE Bilrrir"t (FEEr¡
\¡ìJ,"1ï=¡4AX It',1tJM NUf,4BER iJF TIME STEpS
PHi(IqJ)=HEAi) IN AeUIFER AT i,tODE (I,J) Ii\¡ FFÊf
PRt{I(IrJ)=ARtìAY FOR PRINTING i"lriT HEAù MATRÍX IN Cüi\iTitrjR t-,lRþ1
Qi{Ë= Iì.ECHARGE FLiJX FRI-]14 THE CÛNFiNII\G LAYER ( FEËT PËR SECOND)rìArE(trJ)=RATE rlF puMpING Ii\ cFS IF ¡tEGATIVE

IlYDRAIJI. IC CI-'INOIJCTT VT TY DF STREAM ÛR LAKË I]t,TTIi'4 IFP.]SITT\/IJ (FÊET PER SECOI\DI
RHj:-=t)iJMtlY VARIABLE DEFIÀiED AS S( I rJl /DELT
RIVER(IeJl=HYDRATJLIC |IEAD IN RIVER (FFET)
RR=V AR I AßL E ACCCUh]T I NG F{JR VERT tcAL LEAK ÀGE
Rt¡l=VAlìIAllLE ACCiIUNTING FUR pUMpf NG
S( I' J I=STûiìAGE CNËFFICIENT OIì, EFFECT IVE PI]Rf,SITY ( DII"IENSIiì\iLESS)sArHI (Ir,J)=SATIJRATED THIcKNEss IN AQuIFER (FtET!
srlìT( I 'J l=Ii\IrlAL HYDRAULIC tIEAD iN AeuIFER(FEETt
Sijl'4= DTJRAI I[]f.t LiF pUMp ING I N SËCnNDS
SYf4(Jl=LIirlEAR ARRAY CíJNIAII\Ir!G Syr.4uilLS F.JR, pRII\IIING aj(JT iIEAD

N!ATRIX
T ( I 

'.J 
l=T RAi\isi4 iSS IBI L iTy ( f-EET**2/SECílt\D I

iFÏP ( I )=TFMPCJRY LUCATIÛÞi ÜF CUíìRENTLY CALCUL. TED VALUES !F HTADlI'lAX-¡4AxIMrJM At t r:)TTED pEiìIilll {-)F p{JMpiNG (HouRS)
,.d=i)UA¡r.lY VÂRIABLE DEF ITJED AS iì-A*BF{.J_I )

ô ø 6 O ô I O 6 0 o ô ó o o o o 6 ø O a O ô o o o o é € o 9o o o ø a o o o a ø o ô o ô o o e o o c a e o a o o o o o o o o Ð o o o
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C il¡-1 r.'îüll PH I ? S iJ M, D E L X r DE L y r lJ i t\{ L, il I t4 hJ, R A T F r S r STR I, S pÀC NG
DIMEi\SIUN S( 50r50) y PERM(50r5Ol r i3t,TIL)M(50r50) r RAIE{5(Jr50å r KÊrp{1.5o,50), G(50), TE¡4p(50lr BE{50)r Rililpl25lt CHK(10), STRTl5,rrs}l , T2l50 r 50) I pft t { 50,50) r RIVEIì ( 5O,5O } r SATHI ( 50,50 )
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JTi'4ENSiON DELX{ 5O) U DELY( 5O}
R[I\L iIINSYi'IçK
RFAL*TJ KFEP I I I'1K 9 I,]UM

t\¡ïtGl:tì DIl4LeDIMhl
Di,ìU3Ll- PRECISIí-lltt PHITKEEP?DeGrIE14PrBErWcTlrf ZtTSrT4rRH,lrArfJrCrDÊt-l

l e RH'J P 
' 

PARAM r I MK r R I VER ¡ CHK r PNCHr ì¡{AIFR 
' CONTR' NUt"1e CHCK

Ç.

C g c 9 ô € o o ö o o o o o o c o oô ð o ! e o ô ô c o o 9 6o o o o o o c ô g € e o o ð 6 o 6 9 ? o o o o o o o o o ê s

c
DAf A CHK. ( I t / 5t-lP UIICH / ¡CHK ( 2l / BH'{ATER TAB / s CHKI7t / 7HC rlN Il-ìUR/ , CHK t 4t / 7

Irlt'jTJMER.IC / tCHK(5t / 5HCHECK/
C

REiID (5t52Ol TMÂXTDIMLyDIMWTNU¡4TretìLTDELI?i,-tTKTHTLENGTI-irERRrSpACf\jG
READ (5r610) SUM
READ {5ró00) PNCHTWAIERTCifNITfìsl'IUMyCHCK
Rt:AD { 5'ó80) (IJELX( J} rJ=l rDIf.tr"J)
READ (5çóBOl (DELY( I )r tr=l,DIML )

Dl 5 I=lrDIML
RÈAD (5s620) (STRT(I?J) rJ=IrUIto{|''l}
Dll 5 J=1çDIi4t4

5 PHI(IrJ)=STRI{I,J}
TF (I,{ATER.l\JÊ"CHK(2}} GO TO I5
i)Q l0 I=lrDIML
l)--l l0 J=IrUIM,øJ

lO iìIVER( Ir J )=SItlI( I,J)
G',J T N 20

I5 ll-^ ?,O I=lsDIML
iìEAll l51620l (RIVER (IrJlrJ=l,DIMþ,J)

20 cirNï ti!tJE
ùí-ì 25 I=l¡UIML

25 llËAD 15r620't {RATE( tr?J)rJ=lrD|4W}
IF ( NATER"NE"CHK{2} } GT TÙ 5O
ijf_r 3O I=ITDIML

30 REAi) l5r620) (PER¡4(IrJ)rJ=lçDIM!.l)
Df-r 4O l=ITDIML.
RÉAD l5t 620l (BûTT0M{I rJ) ,J=lçDIMi^J}
Dr.l 40 J=1rDII41,{

40 i( I r J)=PER¡4( I rJ )*(STRT( I, J)-tsùITüt',i( L J) )

Gil ïo 70
50 Dt:i 60 I=lçDIML
ó0 RbAiJ l5r620l ( T( I rJ ),J=I rDIMft)
7A Dn B0 i=l,Dl¡4L
¿10 lìEAt) (5r620) {S(IrJ) rJ=lrDIMW)

C

u o ð t o ô õ ô o o o o ô ô oo o 6 0 0 0 ø o 0 ¡ o o t 6I o ¿ ø o 0 a c ô o c o o o a Þ o o ø c o o 0 ó o o o o a o o e o

C

C PR IhIT PÂR/INIITE¡ VALIJES
l/'liitrE {6 r550) DELTTTMAXTT\{Jl'1TrüRETLIIVLTDIi\4"lrl-EiTGTHEETì.fìçMTKTH
ì¡IRITE {6r690} { DELX( Jl çJ=l rDIi,lV'J)
i^JRITE (6e7i)0) { DELy( I }rI=lrDIMLl
T¡¡AX=TMAX*3600"
ÍF (14ÂTER.ÉQ"CHK(2}' GL] Ti] Ii]O
tirlRITE (6r560)
Drl 9o I=1çrJIi4L

c)O'dRITE {6¡57t)) Ir(I(IrJ)rJ=l?DIM|"l)
WRITF {6,575l



170
Dli 95 I=lsDIML

c)5 rÍìIIE (6 r5't0) I, {RIVER{ Ir J} ¡J=IEDIMi^¡I
100 '/eRiIF {óe590)

Dr-r lt0 [=l¡DIMI_
IIO'i/RITE (6e570) Ie (S{ IrJlrJ=lrDJ\{|¡{}

i,.lRITÊ ((¡ r54Cl
Dn I2() [=lsDIML

120 WRIIE (6 r570) I, (RAf E(trJ)rJ=lsDIMr,^t!
iF {h,ATER"NE.CHK(2I) GÜ TC 150
r{RIïE (6r630)
Dtr I30 I=lçDIML

i,3o l/\lFìI IE (ó t57O) I I {pER¡4{IcJf rJ=lrDIM,,,')
v,lRIïE (ór640)
D(.1 I4(i I=lrDIl4L

140 'ç"Jiì t IE ( ó r 570 ) I, ( BOTTflM { I r J) I J=l oDIqW )

t 5O J!',ilI =DI M|lll-1

\- o o ô o a o 6 c 
' 

c o c a o o o ô o ø ô ê ø a ø ø ê o o g o g o o ø ø s ô o o o e 6 a o o o o a o o a o o c e ô o ê o c o o o o o o
C,

T CII\4PUTE I TERAII ÜN PARAME TERS
C CI:Ji'4PiJTE I-tM IÍ!

Hi"l I i'j=2 "
XVAL =3. l4 L5¡¡tr ¿/ | Z.*D I Ml{1.*2 }
YVÄL= 3 " I 41,5**2/ ( ?_,*n IML **2t
ilil t60 [=2suIML
Di,) l6C J=ZsDIMi.J
IF (T(TgJI"FQ.O.) GO rC T60
XPART=XV11L* ( I / ( L+DFLX ( J | **?./ DELy 1 i ) rt*l ) !
Y|)ARI=YVAL*( I /lL+DELy{ t }**2/DELX(J}*rZ} }
Hi.l Iiu=A'vl i 1!l ( H¡4 Ihj, XpARf , ypART l

160 Cfr\lTI\ir.JE
ÀLPHA=EXp( ALi.rL;1 1 /HMLN ) /( LENGTH- t, )
R,IJUP(tl=HMIN
Dtì I7C ¡\jTIMË=2çLENIGTH

I70 RlJiiP (rrrTI ftE)=RHnp (NT f ME-l l *ALpHA
PARA[4=RH{Jp(I}
i.lRI'l-Ë (6ró50) ( RH0p( Jl rJ=t rLËNGTH)
KT=O
fFSf=0

C
t'v o ' o g g 

' o o ð o o ô t og o c oø a ø a a c ô to o o ê o û o o ô a o € e e I o o ê I ø o ø o o o c o o o o o oo Ð e o ò ö o o
C

c IF IEST FQI'JÂL S I ccNIINUE I IËRAII,-r-\lr IF IEST EQTJALS O co T-t \EXTC TITl[ STEP
lBO IF ( IESf .EQ"I) Gt] TO 250

IFII',iAt =O
Il- ( K'f ,GT.l.¿lJMT"íIR.SUM.GT "T¡4AX) iFIiriAL=I
N:TH=O
If- ( i^/ATER.NE"CHK(2) ) Gil To 190
ldiìIT[ (6rIB5) KfrDËLTTS|JM
D¡ 190 I=lrDIt'lL
ljl'l I-9i) J=1 u DIl.1l^l
IF (RATE(i9J) "GE"O.O) GU T.ì IgII
SAì-HI ( tr, J )=pHI { I, J}*ilCITi,iM{ I, J)
i^liì ITF(6r75o) I ¡ Jr RAIËl IrJ ) TSAIHI { IrJ }

1q0 CrjNTlr\rlJE



171
IF {l'lri¡¡(KTeKfl.'l}"i',lE"0"CR,KI.[(l,0"ANlD"IFI¡JAL"\JE"t] Gi-ì Tit ZI0
',/üI T E (6 ¡ 580 ) Kl, DELT, SU Mç l"lI\jS y HRS, ùAyS, K.iUì\ T

Crt¡¡R"ËQ"CHK{3} } CAL.L pRr.JTA
I.lìJ1'1.T.Q.CHK( 4) ) CALL PRNTI
CrlCK"E(J.CHK(5) I CALL CtltCK
IFiNAL"I.JE.I) GTJ TO zLO
P.¡CH.NiE.CHK ( I ) ) STOp

t)ll 2Uù [=lrDIML
7t)O 

'4iì 
I Tt ( 7 e 6?-0 ì ( PHI ( I rJ ) ¡ J=l r rJ Ir,4!^J!

'r'iRIf F_ (7s610 I SUr,4
205 S ïrJ p

zL0 ci-rtlT It,jt,JE
Kï=KT+I
Kr-ìUNlï=O
DO 22A I=lrDIML
Dti 27C J=lrDtMl/\¡

220 KËEP( l,J,=PHI ( I cJ)
IF (hJATER"¡iË"CHK(2)l Gû TO 240
Dil 23t I=lyDll'lL
Díl 23O J=l¡DIM!^l
T { Ir J )=FERM( IrJ }*(PHI( Ir J,-Uí)TTOM{ f ,Jl )
TF (TIIIJ}"GE.O"I GO TÛ 23O
SATHI ( I r J)=PHI { I sJ) -B{ìTTüM( LJ)
I,JRIT E{ ó9 BOO I I r J I SATIII ( T I J ) IPFR'\4{ T IJ } r T{ I ? J }

23O CNhIT INIJE
ll{ì 235 [=lr[JItil
llil 2'15 ¡=leDIMW
Il': (I(lrJ)"GË"0"I G{l I0 Zj5
r¡IRIT[: (6ç6ó0)
Cìir I0 205

235 CLiNT I f'JUE

¿4O DËLT=L)ËL T+( "25+DËLT)
Si'li"t=SÙi'4+DE LI
HR S= Si.l¡4l 3ó00.
M i \l S= tlRS *60 

"
DAYS=HRS /24,
Gt:l rn 27 0

250 IF (K.JUNT"t,T.l00' Gc T0 260
i^/RïïF (ór67û)
Gil Tn 205

Z60 KiIUNT=KUUNT+I
If" (MrtD(K0tJNTrLEt',lGTHl I ZTAs27ùr2BO

27 O LiT l-l= 0
2 B0 f,'T H= NTH+ I

PARA^4=RHUP(NTH¡
TEST=0.

?_')rJ Dn 30C J=IrDIi"lw
300 TEr4P (..J ) =PHI { 1 ,J )

Dri 4AO I=ZyDIML
ilf-l 3ó0 J=2 ? Jil,ll-ll

C o g o ð o s o o o o ê ê € co c o o o o o o ô o o 6c o o o o ô o o oa o o o o o ô I þ o o o o g € o o o o c a o a o, ! g cc o s
C

C ÙËTERI"lINIË {dHETIJER NI]DË IS {]{,|TSIDE AIUIFER BNU¡.]DARYIF {T{IrJ} ) .ll0r36013l0

I I-j

IT
It-
Ir-
lf-
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C

310 RHO=St I, J) /D[LT

rJ o s o € € 6 â o o ô oo g ø ê o ê ø o o g o o o é og. o g ô s a¿ o o 66 6 ! 9 o g o o g ð Þ €s o o 9 ð ô o o o c o o

C

C CAI-CULATE.AVERAGE VALIJFS {.]F T 3ETI,1JEEN ADJACENT h{I]DES
C \lr)E C0Nf-IGURATICIN0 Tl=LEFT' T2=RIGHTT f3=UPPER ¡ T/+=LOh¡ER

T L= { { 2 "*T ( I r J-1 ) #T{ I e J l, / (T { I r J I *DËLX{ J-I )+I( I r J-l }*DEt-X ( J) ) l/DELX
I(.J)
T2={ (2"*T { I o J+l }*T( I rJ} | / {T ( I eJ I *DELX {J+t }+T( IrJ+I )*DELXI J! , }/DELX

I(.J I

T3=( (2 "*I { f-1 rJ )*T ( Ir J | | / lT ( trJ ) *DELY( I- I }+f { I-t ¡ J ) *DELY( I I l't lDELyt(t)
T4=l ( 2.*T{ I+rsJ ) *T ( I r J } | /lT{ I r J } *DELy{ I+ r,+T{ I+l r J l*uELy( I I } ) /DFLyr(t)
I f4K= PARA M* ( T 1+T2+ I3+T4)
K=0.0

c
C 

" 
o go o a 6 ó o o ó o o oo o 6øó o ðo c o a 60 o o o6 ô óô oo ô o G ç. co oo o a o e s ã o9 o o o a oo o o

C CHECK IdHETHER NIí]DE IS ALNNG A STREAM ÛR ÜN A LAKE
IF (RATE( Ir.J) ) 3)0e330c320

ò20 K=RAIE(IrJ)

C n o o o Ð o oô e o o o ô oo o sôo o ooøo o øo o øoø o oo o 6 € o ó s oo o o o aÞ s oo 6 ôg e o o 6 ôs a o o€ g. g

C

C CALC ULATE VALUE S FOR PARAMETERS A I IJ I C I AND BE
310 B=-T t-T2-RH{l-K / 12"*M}-IMK

A=Tl
C=T 2
W=B-A*BE(J-I)
RE(Jl-.C/t¡,t

l' o o o c g ã oo o o 6 o a o û ó o c o o e g û o o c c o o g e g o o o o o o o o ö o 6 ô o ô c o o o o o o o o o o ao o c
C

C CHECK NLUE FL]R POSSTBI..E I^JELL Li]CATIÜN
RR= 8RL-
RrJ =0"0
IF (RATE( teJ)) 340e350,350

31+0 iìr¡t=-RATF( IrJt- / (nELX( J t*DFLy( t ) )
350 [)=-T3*PHI(f-lrJl+(T4+T3-IMK)*pHI{IrJ}-T4*pHI(I+lrJ)-RìJO*KEEp([uJ)-

IIK/Nl )+{ R IVER{ T IJ I-KEEP{ I rJ ) ¡ 2"1 +I\W-RR
G(J!={D-A*G(J-Lll/W

3 6O C []NT I f'lUE
C

C t ê ô o o ûo o ê ooo oô I o Ð ôo o ê oo ø o €o o c go oo oo o ôs s o oo o o o e oô o g o o ôeo o oa o o a
c
C CALCUT.ATE ItEAD VALIJES FtiR RLlhlS OF 14ATRI X AillD PLACE THËt"t If,JC TE¡,1PORARY Lt,jCÂTII]f\ TEI"1P

i\Lì3=DIMt,-2
t)[j 3.]0 KNil4=Ir¡tû3
[iL-ì4= f] I MW-K NLJ4
P H I ( I- I r $j{-rz+ I = TE 14P { t\il4 }
IF (ï( I rf.jiì4' ) 380¡370,38û

)70 IEMP {i\,lti4) =PHI { I,Nü4}
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Gì,i Tn 39O

-l ll 0 T F )i P ( I'ru4 l = G { Nril4 ) - B E { N ü4 } *T E ¡4 p ( Nlil 4+ I )
390 CUt\lT Il,tlJE
400 CÛl'lT I:iiiJt:

C

C +Y¡v;*x<x(\!*r*tr<>F******+*****ì<*l;*{<+**++**********+****t8+**<*****+****:k*:
C

c Fr'lLl-ür^l sIr{ILIAR PKccEDtJRE FnR c0LiJNJi.rs ilF ¡4ATRrx AS IHAT cüNSITER.EfC FrlR RÛWS
Di-j 4LO I=ITDIML

4LO IEIIP(I]=pHI{I,1)
Ii.l{)l=D Il,4L-I
D|) 510 J=2çDIMhl
DC +7O [-2rIlJLr1
IF {T( IrJ ) I 4ZOr4fe,42O

v ø o o ø o ô ø ø ø ø 
' 

o o 
' 

o ô o o o o o o o o g ê o o I ø s ø ø Ð o o o ê oê I I o o o o a o ø o o o c o o o o o c ð I O a O O !
C

42O RHft=5(t,JllDËLT
C

lJøooóûcogooooooooooôûootoooooôóooaøo5oøoooosooqoarø6Ðoooo¿oêÒgoaoâú

C

C CALCIJLATE AVEIìAGE VALUES t]F Í BETi,{FENI ADJACEi.{T i!L]ÙESÏl=( (?"4'T (I?J-l)*r( I vJll/ (T{irJ}+DELX(J-I}+T(IrJ*t)*DELx(.J} ) }/DEL}t(J)
T2= I {2 "*T ( I r J +1 }*T( I s Jl | / { T( I rJ }*l-)ËLX(J+ t} +T( I r J+l )*DELX( J | ) } /DFL )1(J)
T3=( {2"*f { I-Ir,J)*T( IrJ) ) /(T( I rJ},l.ilEly{ I_I}+T( I_t rJr*DELy( I} ) }/DEL\t(i)
T/r={ { ? "*T( I+1 r J }*T( I' J } | / lr( I rJ ) *DELy{ I+l ) +T( I+r r J l+DELy( I } ) )/DELri( r )

I I.IK = PARA M* ( T T +T 2+T 3 +T¿r )
K=0" 0

C
r\/oooo'oôócô¿oooooooooooôôooÐêa6ooôoooaooÒsaoôoôoacoooÈooôoûaooeoooo

C

C CHECK,,{HETI-1Ê.R I\J[It)E IS ALIJNG A STRËA¡4 IJR CIN A LAKEIF {RATE(IrJ) ) 44Ar44Or43O
43O K=RATE(trJ,

;
L 

' 
o 

'óoooo 
ooo co to coga a co oa o oooôao9ogôø gooo oooo o oooos øÈoöe oooooo oo o6 cc

C CALCULATE VALUES FOR PARAMETERS AIB,CIAIJD BE440 Â= T3
C=T4
B=-T4-I3 -RHû- Rl I Z" *M ¡ - IMK
W=B-A*tìE{ I-tl
BEt I l=C/Vt

C

v o t o o o 6 ô s ê o o o o Þ I o o 6 o o ø o 6 ø o ôg o o o ø o og o 6 g o o o I o o oo g ø @ o o o cã o 0 q è o! o a 0 o o Ð c
C

C CHECK i,t0DF Ër-jR pt.JSSIBLE r^,ELL LCCATION
RR =QRE
Rþl=0 .0
IF {RATE(IrJ¡ | 450r4ó0,460

45o fìl¡l=-RATE ( I, Jl / IDELX{J ¡*DELy{ I } }



C

r CALCIJLATE HEAD VALUÊS FÛR CIJLUI4[JS 
']F 

MATRI X Ai.,JD PLACE
LOCATITIN TEMP
¡rjO3=i)I r,4L_2
Dü 500 KNfi4=1rf{U3
i\O4=û ML-KNfi4
Pl-l I ( NJt4, J- I I =TEMp( Nû4)
IF ( t{NÛ4rJ }' 49O?480r490

480 TEMP (hlO4) =PHI (Nt4rJ I
Gn Trl 500

490 T EMp ( N04 )=G ( N04 l - B E ( NÛ4l *IEf,1p ( t\o 4+ I lIF ( DABS ( TEMP ( N04l-PHi (Nit4 ¡ J ) ) " GT.ERR ! TESr= r.500 cn¡iT IrruE
5TO CCT{TÍNJI.JE

GO IO I8O

460 L)=_Il,4,pH I { tr s J_1 ) +{ ¡1+I2_
r { K/M }*( RIVÊR ( I, J }_KÊËP{ T

G{ I ) =( D-AÌ.G{ i- L t t /V4
470 CÜ¡JT II!L'E

tB5 Fr-IRMAT { lHf r55XrtTHTIt4E SIEp NUMßEIÀ=,
1 Ihl SECf.JNDS=r Et0,3 /4OXr48HDURAIiÜN f-jÊ

174
Ir4K) {.pHi { I,,.J }-TZ*PHi ( I,J+l}-RH.*ì{.KEEp{ I,J¡ _

,Jl/2"!+Rl-d-R.R

oooooo€o0Ðoè

I N TEMPCRARY

c
(-

c

C

'i<**:*+>'¡**)k*.******()klFt(*+***lt***+*****t(>k*+*Í<*****:k*\r*****+x<*\r***++**+*

520
540
550

2ECilNDS=rE10"3)
FCRMAT (8G1O"O}
FLT RM AT IiJI, 61Xç 1 IHRATE MATRIX }
FLIRMAT {01¡r6ox'e I¡,lPUT PARAMETERSë¡//ç' LEi\GTH i-rF Ir$ITIAL TIr,4E ST1ÉP I¡j SFCt-,NlD=!rElo"3//et MAXt¡4uM pERMITTEù pERItD r-,ìF puMpiNG IN Ht2URS={¡ËLO"3//ga MAXIMUM pERt'{ITTED r{Ur"1BËR CF ¡lrtE STËpS=!yI4//tr FL3{JX DUE Til vERrlcAL LEAKAGE FRilfvl A cti\FiNl ING LAyER IN FEEr pER sEC{l4tiD=rrEI0"3//t ¡ i\iul'.ltìER tlF NlÜDFs IN C,*ì¡¡þiti ijF i.{ATRIX=!r I4//r0 NT.JMtsFR5 cf- NiitJES Tf'.1 RtJ'¡ nF MÀTR lX= | , T4/ / t I l'!l.JÈIBER UF ITFRATI{..}i,J pARA^4ETERS6=NçI4//1 ERRoR CRIIERIA F\lR CL'ISURE=rrt-10,3//¡t IHICKf.tESS r-1F SIREA7M iJED IT.J FËET=OT E!0"3/ /? I NUMI3ER TJF TIME STEPS BETl'.JEET\] PRINTTUTS =Br rI4)
f-IRMAT ( IH1964X ¡23HTRANSI,lT SSIBTLITY I4ATRIX}
FIIRM/iT { lH0 r I3, tX r t plOE l2 "3/ ls(r 1p IOE I2. 3) )
FÜíìMAT {T I'S6IX' O RIVER MATRTX' }
I-ilRr'lAI { lHl t55Xr l7HIIMË STËP NtJMBEit=r I I O/sAXr29HSIZt_

L II.J SECIruDS=,810,3 /4OXC48HDURATII]f..J I-ìF PUMPI\IG AT TiII S

IIO/5OX. 29HStZE trF TifiE SIEp
PUMPTNù ÂT THI S PRINTCUT TNJ S

iìF TI,\4E STTP
PRIii¡ÍnUI i\ S

3/86 Xr 5HDAYS= r

550
570
575
580

2FCf)l\ DS= e E 10" 3 / 86X, BHM I NU TE S= r E I 0 " 3 / ù6X ¡ ó rtH{..ttj R S= e E L 0 "3Et0 "V/55 Xr ITIlITERATÍ0N NlrJt,tBËtì=e i I0)
59A FNRMAT { IHT Y54X,26IISTNRAGE Cí]EFFICIEi!T I.,IATRIX)
ó00 Fr.tRf,,iAI ( A5 / AS / A7 / A7 / A5l
ólO f-trRMAT (F20"3)
5?-0 FtiRMAT (8G10"01
ó30 FitRi'1AT { IHI t5ZXr2gHHyDRAtJLiC CiINDtJCIIVITy i,lAfR.iX}
{:40ì Fi:lRi'1AT ( 1HI r4óXe40HËLFVATIiIi! üF IMPËRMEABLE BASr ilF AQLTIFER650 FiìRÞ1AT ( lHlr56X'20i-lITERATItri{ PARAMETËRS/ / / t LH, t0EIZ,3) Io60 Ff RMÁ\T ( 1H0r l3H,¡iELL GtES DRy)
61A t-URMAT ( IHOT3qHEXCtEDED PËR.MiTTED i'jiJí"1ßER ijF IIEtìAIIr_lj.JSl



å80
{r90

I

rOO FDRMAT (

I r10FL2.2

20

30
40

FÜRf4AT ( 8G10.0¡
F[ìlì1"]AT { lt-t}, 40Xe 40þlGR ID
çI0Fl2"2ll

tt5

Pi{IITûTYPE II! X DIRËCTIO\ / / / IIHA

PrìilTfTYPÈ IN Y DIRECIIû¡\t/ // ( iHO

S PAC I NJG

SPAC I NG

IN

TNHOs 40X r4OHcRill
)

I

C

C.

7\O FÜRMATf /t GRIUE(0 sI3rr r'[3u{ )r 5Xr ¡ DISCHARGË RATE t,\ cu"F/sFclo =elPË12.3r 20Xe8 SATURATED IHXCKNESS Ií{ FEET =rIpEl2.3t800 FoRMÂT l// //7H GRIDE( rI3rlHr rI3c LHI/ /20X'30H SAIURATETT THICKNESSllhi FEËr--E IPËL2'3//zoxç30H r-ryDRAuLIc coNDUcTIvITy F/s =r tpELz.j2//zOXç 30H TRAI\S¡4ISStBILiTy ií\ FT**275 =s IpELZ"3///LXl
END
)k*ìk*{(l(*}¡******tF***+(*****ìk***-:ir'¡+*******+)F********>F*<*,'Fìk*>F>k*++**)t):<***
SUBRC.IJ'T INE PRNTA
>Ft!**)ir{(}Ft¡***{<****+)F*****+*)t+*i<4r***)i(*****1k********+*+***¡r****++++***
rHIS Sl.JBRtrUTlhlE PRINTS oUI Tl'lE DRA|¡ùüWti ¡4ATRIX AS ALpHABETTC
Clri',1ïOiJRS
cLrPIf'ltìri PHI s StlM, ¡pLX r DE Ly,D I r"rL,D i Mt.l, RATE r s r srRT r SpAC\rG
I¡ITEGFR DIMLIDIMhJ
REAL K

IJIMEít¡sIl.,[J RATÊ(50r50]' SY¡4(39)r pRf'JT(60)r pHI{50r50}s srRT{5ùy50}rI RLA\iK((r0lr S (50r50¡
DI,4F\lSTi]¡I DELY{ 5C), DELX(5OI
DL;UBLE PREC IS II]N PHI
WRI ÏË ( ó,50 )

DATA SYM/ lHl r lH2 r tH3 r IH4 y IH5 y 1H6 r 1H7 r IH8 u lH9 u LHA r l_ Hrlr lHCy LHDc lHE e lIHFe IHG' lHHc 1HI, Il-{Jv IHKT IHLT liJMr IHNe IHûr ll-{Pr lHOr tHRr lHSr lHTr lHrJç IHV2, lll\d r IHX gLHY'lHZ rLHO?lH rlH* tLtjG/?ijLANK/60*1H /
f h;D- ( ó5-D ¡lrt1il,t /z
D[] 4O Its=ITUIML
t)n 30 JB=IrDIMf,t
K=SfRT( IIt¡ JB )-pHI f I ß, JB)
R=R/ SPACNG
IF (K.LT.OI GN TÛ 1O
K=AMCll)(Kr3ó. )

IF (K.LT"I.l pRNT{JB)=SyM{36)
lO IF tK.LT.Ol pRl\,lT(JB)=SyM(39)

f F ( PtlI ( ItsrJ B ) " EQ"STRI( I8, JB l ) pRNT{ JB ) =SyM{ 371
ill=K
IF (NI"LT.I} GÛ TO 20
PRl,lT (JB )=SYM {ÀJ }
IF (RATF{IBr JB) "Gï"0. I pRNT{JB)=Syf,1(27}
IF (RATE( ItsrJB) "LT"0,l pRnlT{JB}=Sytl{32}
Ciii\T i¡'Jt.JE
viRIïE {óró0} { BLAi\¡K( I ) r I=1 s fr.JD} r {PRNT (JB}rJg=I, Dl¡4ìil)
l4R I TF ( ó, 70 } SPACNG
Rl:TtJR\l

*********)i<*#********+******ìtìt***+*+:k)t**********:Fìr+*ìr*+*****f*ìr****

50 FnRi4AT ( 1l-tOt 5OX tSZHALPHABETIC C[lNT[iiJRS F:]R rlRAt^lDiii,JN | / / / / t60 FrlR¡4AT { IH e65A2l
7O FCRI'¡AT (IOHOLFGEND\K**/1BHÛCIi.iT]UR Ii.ITERVAL=,FTO,f/32iIOLOCATIì]I.I IF1tìFcfiARGÈ BLìUNDARY=R /L6HahlELL LtcATI0i'l=H,/2lH0ct-'f!E rlF IMpRESSIûÀ,j=G)

trr\j ¡J

C

t.
r



f.

J.7 6
\t ì;<* ìk * ** *( * >ir* * >:< * * * l¡ fs >i( **)k * + x<* ìk ìk ** * * ** ).1 *ìt* * *** * ***r + *:F ì! ì! ì¡ + * *ìt *+ **** * * *
St]DRfìI.JT I NF PRI..]T1
:Fìk>Fìtt¡l:{<**>i**¡kl(*\t+***r¡***+**+>i(**tÉ*{É+j,{**)F+(*t***{E*******l¡:k**ì!**àr+***+
Tilis sl'.lfltìtìtiT iilJE pRif!TS iliJr ì'rJE DR¡\ìr¡D]|"irri MATR Ix I j"{ Nur'4Err,ICÂL FnRill
t c ! ¿ o þ ø o 

' 
ô o å ¿ oo ô I o o o 0 0 ð o o o c a € oo 6 @a o o 6 0 06 0 0 0 0 c o o g o ô o o c. ! o o oô o o o o o, oCrll4i'4oN PHI sslJMr DELX r DELY r DIi4L ¡oÍMt¡y RATEr Sr SrRT, SpACfriG

DIi\ErJStrOr\l RATE(50e501, DDN(60!, pHI{50e50l r S(50r50}ç SrRT{50r50}
DI¡¡E¡iS IÜN DELY( 5O ) ¡ DËLX (50}
f f'. TtiGl:R D I ML r llI Mf"J

I]IIUBLE PRECISION PHI
ilRITE (6e30)
Dt-l 20 i=lyDIML
Dr.i l0 J=lrf)IMW

l0 DDN( J)=SIRT{ t rJ}-pHI ( I?J }

?.0 WRIIE (6r40) Ir (DDN(K) rK=lrDir4Wl
RFTU Rr''l

** 'N* ¡k'i< Í<* * * {< * * *v,< ì. * ** ** {( + * {< ** d<:F *t {( * +* * *** * *+* * * **< * *+ + +):* * * + ** * * ** + * *

3O FI,fìMAT ( IHII 58X, I6HI]RAkjDt]WN IN FEET / /,/+0 FtlRr4AT ( tH0r [3 rlXr l0ELZ,3 / l5Xr l0ElZ.3 I )
F\Jt)
)i(/r>l(*+{(******i(Í(\td(**rt:k**+*x<+*t<+.t**<+**;t**************\!++++*ìr+**lk**s+>:
SUBRÛU TI NE CHECK
+t'Él¡x<*i<**<*{<*+******rk******>F++*+**++:Fit************r?*+#++ll****+*+****
THI S SUBfìIIUT I NE CNMPUTES A M/ASS BAL ANCE OF THE AQU I FER SYSTÊÞ1
ccMíqCIN PHI rSUl"lr DFLx rDELY ¡DI ML ?DIMi,{'RATE, srsrRT rspAcNG
TI.JTE GER D Tf"lL ç D T MI,d

DIi'48Í\SÍûNj RATE{50e50}, S (5Or 50} y pHI ( 50,50}, sTRT( 5u,50)
DT'..,:EÑSTÛf',I DELYf 5O} I DELX(50}
DÍJUBLE PRËCISICIN PHT
f0TL=0.0
PIJMP=O"0
Dn t0 lC=2tDIML
Dn l0 JC=ZrDfMl.l
Ii-ITL=TOTL+S{ JC' JC } *DELX( JC I*DELY( IC } * ( SIiìT{ IC, Jc ) -PHI { IC, JC ) )l0 I F ( RAT E ( Ic ? Jc, . LT.o.0 ) pr.JM p=puMp-RAr E( I c r JC I *SUM
D IFF=PUMP-TOTL
PERCNf= { D IFFlpUMp } {.1 OO.
l,JtìITE l6 ¡2ON TtTLrpUMpr D IFFrpËRCj\T
RE TURT'.I

*vr***)F*)i(/r********+**********v;t**\t*ìk*ìk>.F******\t+rr*ìr***ìr:l:*+****+*fìr+*
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2O FIJIìMAT (63HOQUAI\TTIY PIJMPED ACC{.]RDIi{G TÛ CÜJ\E OF ÙEPIìESSIIC FE[r=¡EZo.Lo//59H QtJAr'lrITy puMpED ACC]ÍìDING To ì¡tELL L)2l''l CUBIC FFET=TEZO.IO//5IH FSIIMATE FRCf,t pUMpINtG LFSS EST3 Dlì4l¡jllnþ{N=eE20,10//4ZH IltFËEIìEt\jcE AS A pERCEt\iT ùF VtJLt.J,,,,tE420"10)
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