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ABSTRACT

An extensive confined aquifer, currently pumped at a

rate of 3 billion gallons per yearr occurs in the fractured

and jointed upper 100 feet of the thick Paleozoic carbonate

rock sequence underlying met,ropolitan Vtinnipeg. The karstic

bedrock surface, a controlling parameter of the groundwater

flow system, .slopes towards the Red River Valley from re-

charge areas located in uplands along the borders of the Red

River Basin. The bedrock surface is mantled by 30 to 200

feet of .glacial drift. The drift is composed of 5 to 30 feet

of t,ilI overlain by lacustrine sedi:nents, mainly clays, that

average 40 feet in thickness.

Groundwater has been a source of water supply in the

t'Iinnipeg area since the early 1800's. The Upper Carbonate

aquifer, which during the first two decades of the twentíeth

century supplied a1l the cityrs water requirements, has a

transmissibility ranging between 2 
' 
000 and 200 

' 
000 gallons

per foot per day. The storage coefficient varies from

1x 10-6 to 1x 10-3. I¡Iater in the aquifer is generally

fresh to brackistr-, however south of the Assiniboine River

the water is brackish to saline and is not potable.

Groundwater withdrawals have created a major drawdown

cone in the central industrial area of metropolitan Winnipeg.

The drawdown cone is at the center of a lateral radial flow

-tx



system. Elevations of the piezometric surface range between

800 and 11500 feet in the recharge areas and are below 700

feet in the drawdown cones. . In niost locations the ground-

water has a temperature rangie of 390 to 430F and is mainty

used. for cooling purposes. Pumpage varies from 5 million
gallons per day in the wínter months to t0 millíon gallons

per day during the sunmer air conditioning period. The in-
creased summer withdrawals cause temporary declines in the

piezometric sirrface of, more. than twenty feet in central

VüÍnnipeg, and approximately one foot along the outer fringes

of the urban areas.

A resistor-capacitor analog and a {igital computer

model of the Upper Carbonate aquifer were tested by simula-

ting. the difference between summer and non-sutnmer pumpage.

The simulated d.rawdovrn correlated reasonably well with field

drawdown observations. The digital model indicated that

while the Red and Assíniboine River bed.s have a Iow hydraulic

conductivity they. still contribute significant amounts of

water to the aquifer. The models cên be utilized to ind.icate
'the probable effects of increased aquifer development, and

.as an aid in the prediction of changing water quality

patterns.



CHAPTER I

INTRODUCTION

The Winnipeg area (Figs. 1 and. 2) is underlain by an

extensive carbonate rock aquifer which currently yields

approximately.3 billion gallons of water per year. Ground-

water from this confined aquifer has been extracted for at

least 130 years. During this interval over 200 commercial

and industrial wells and thousands of d.omestic weIls have

been installed. Total pumpage has varied from less than

c:c ::.i1]ìcn tc tcn nnllicn Eallo::e ;:cr Ca;.

The industrial and commercial d.evelopment of the Metro-

politan area has, to a large extent, been influenced by the

excellent surface water supply that is brought in by the

85 million gallons per day capacity aqueduct from the Lake

of the lVoods ninety miles east of Winnipeg. Carbonate aqui-

fer weIls provide approximately seventeen percent of the

water supply used in the area. Pumpage from this aquifer

reached a maximum of 3.6 billion gallons per year in 1918

(Fíg. 3) . Following the completion of the aqueduct in 1-919,

pumpage abruptly declined but. has gradually increased due to

groundwater development for ind.ustrial and air conditioning

purposes

The Red River Valley is located along the micl-continent
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topographic low. Consequently, surface and groundwater

systems fLow toward it both from the east and the west.

Although natural d.rainage of the urban area consísts

of the two main rivers and several small streamé, the extreme

flatness of the praÍrie surface has required. the construction

of an extensive network of agrículture and flood. protection

drains. The largest of these is the recently completed. Red.

River Floodway. In the Metropolitan area the. sewer systems

remove most of the average annual nineteen inches of precipi-
tation before it percolates down to the water table.

Electric analog and. digital computer modeLs of the Upper

Carbonate aquifer were constructed., based on the available
geohydrologic ínfornrat.ion, in attempts to provide tools for
the quantitative eval-uation of the aquifer. These models

\^/ere t'ested utili zing the drawdown observat,ions, and the

estímations of the increase in pumpage for the 1965 air-
cond.itioning season. VühíIe the mod.els reasonably duplicated

the geohydrologic conditions, the tests on them indicated

that more precise field data are required before detailed
'models of the Upper Carbonate aquifer in the metropolitan

Winnipeg area could be constructed
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CHAPTER ÏI

GEO],OGIC ENVIRONMENT

The stratigiaphy of the Red River Basin is a coutrol-

ling parameter of the groundwater system. The Winnipeg

area is located stratigraphically on the northeast fringe

of a sequence of gently dipping sedimentary rock units

(Fig. 4). The bedrock surface is characterized by Paleo-

zoic carbonate formations (Fig. 5) which under Vüinnipeg

range in thickness from 250 to 750 feet. The bedrock

st¡rface (fig. 6) iias a iiu¡äbct c'Í ufosecL üepressio¡rs wiricir

suggest a karst topography similar to that observed in

rock exposures between Lakes Winnipeg and Manitoba. A

mantle of Pleistocene drift overlies the bedrock (Fig. 4) .

The drift has a maximum thickness over 400 feet, and is

generally thicker immediately east of the Pembina Escarp-

ment and. in the Sandilands Forest Reserve area (Davies et

â1, Lg62). ïn the central Red River Basin, the drift

comprises Glacial Lake Agassiz clay and recent fluvial

deposits overlying till (Fig. 7). Under the metropoJ-itan

Winnipeg area the surficial deposits have a maximum thick-

ness of approximately 200 feet. The average thickness is

sixty f eet (Fig. 8) .
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CHAPTER TII

HYDROGEOLOGY

Introduction

The major aquifer underlying the Winnipeg arear rê-
ferred to as the Upper Carbonate aquifer, occurs ín the top

fifty to one hundred feet of the Paleozoic limestones and.

dolomites (nig. 9). The aquifer is partially confined above

by the glacial drift and below by the slightly pervious

underly'ing carbonate rock. A relatively minor aquifer,
called, the lower Carbonatà aquifer, occurs in the bottom

twenty-five to fifty feet of the Red River formation, along

the contact with the upper shale unit of. the Winnipeg forma-

tion. The Þüinnipeg formation contains an Upper Sandstone

aquifer, 20 to 40 feet. thick and a Lower Sandstone aquifer

10 feet thick. Both of these aquifers contain saline water.

Recharge occurs through the glacial t,iIl and glaciofluvial

deposíts located in the upland.s along the borders of the

Red River Basin and in the Birds lli1l area. In a few places,

large diameter dug wells have been installed to provide

domestic water supplies from silt and. very fine sand in the

upper fifteen feet of the glacial lake clayr or from an un-

cemented zone in the top of the ti1l.

L4



Fig. 9. ÌIydrogeologic cross-section of the Rei Rir,'er Valley throuEh the Winnipeg area"



The Upper Carbonate aquifer,is characterized by a

network of fractures, joints, and bedd.íng planes which

provide aquifer permeability. Geochemícal- solution processes

acting for at least the past several thousand years have

enlarged the pore spaces and modified the network. Fracture

openings generally have maximum widths at the bedrock sur-

face and decrease in size with depth. The upþer 25 feet of

the carbonate rock is the major zone of hydraulic conduc-

tivity in the aquifer, and. is thus the section of most

active flow. The character of the fracture permeability in

the upper part of the bedrock at the Tnlet Structure of the

Ã.ecl F.iver Fioociway is siiowrr irr Figure iû. iüi¡iie Lire erri-ire

thickness of the carbonate rock Ís saturated, bore hole

pressure testing j.n the Winnipeg area has indicated that

the portion between the Upper and. Lower Carbonate aquifers

has an exceptionally low hydraulic conductivity and there-

fore is not a producing zone
ô

Large solution cavities in the bedrock, typical of

karst topography have been encountered.. Interception of

these solution cavities by wetls results in high capacity '
whereas, wells ttrat do not intercept these features may have

a low specific capacity. As the hydraulic conductivity is

highest in the upper part of the bed.rock, the slope of the

bedrock surface has a controlling influence on the loca1

and regional directions of groundwaLer movement in the

Carbonate Aquifers

.16
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aquifer. openings along the bedding planes, observed both

in outcrops and in excavations, usualry do not exceed one

inch in height. I{ajor joint operiings strike both north-
west and northeast, and vary in síze from haír1ine fractures
to openings over one foot wide. The joínt blocks are one

to ten feet wid.e

The transmissibilityl of the upper carbonate aquifer
(rig. 11) ranges from under 2,000 to over 200.1000 galrons

per foot per d.ay. The storage coefficient varies from

I x 10-6 Lo I x 1o-3.

Data from bore hole water pressure tests and pumping

tests indicate that the hydraulic conductivity of the Lower

carbonate aquifer is much less than that of the upper carbon-

ate aquifer. The interception of fractures is less frequent

and. the groundwater flows are usually small, indicating
narro\,v openings. The maximum transmissibirity of Lhís aqui-
fer is probabty less than 51000 gallons per day.

Sandstone Aquifers

_t8

The I;{innipeg formation contains the Upper and Lower

sandstone aqui-fers. The ten to twenty feet thick upper

shale unit of the winnipeg format,ion is a confining layer
for the Lower carbonate aquifer and acLs as an aquiclude

between this aquifer and the saline water bearing upper

r transmissibility -
day per square foot

hydraulic conductivÍÈy in gallons per

multiplied by aquifer thickness in feet.
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Sandstone aquifer. Beneath the City of i{innipeg the Upper

Sandstone aquifer is twenty to forty feet thick (Fig. 9)

and consists of bed.s of very fine silicious sandstone inter-
bedded with thin layers of sha1e. rn the Metroporitan area

this aquifer has a transnrissibility of less than 1,000 gal-
lons per foot per day. Twenty miles southeast of the city,
where the sandstone is thicker and coarser grained, the

transmissibility is in the order of 10,000 galrons per foot
per day. Thirty miles south of winnipeg this unit thickens

to eighty feet. Between this aquifer and the top of the

Lower sandstone aquifer are sixty to seventy feet of shale.

Thin lenses of sandstone occur at some places within this
shale unit.

under the city of lvinnipeg the Lower sandstone aÇuifer

is composed of fine-grained, silica sandstone. This uniL

extends down dip and in places along the western border

of Manitoba is forty feet thick (And.richuk, 1959). A purnp-

ing test on the two sandstone aquífers under central Vüinnipeg

indicated a combined transmissibility of approximately l-,000
.gallons per foot per d.ay.

Surficial Deposits

20

The Upper Carbonate aquifer is overlain by deposits of
glacial drift (fig. 7). Near the rivers and streams alluvium

occurs on the drift. The lower portion of the drift consists

of bould.er til1 and. associated glaciofluvial deposits. In
the central basin the upper part of the drift, comprises clay



and clayey silts deposited in Glâcial Lake Agassiz.

Deposits consisting primarily of outwash sand and gravel

occur in the Birds Hill area ten miles northeast of
Winnipeg.

The bouldery till consists of carbonate rock fragments

in a clay-silt matrix. The till thickness under metro-

politan Winnipeg averages twenty feet and ranges up to

forty feet. fn places, Lake Agassiz sediments rest directly
on the bedrock. Under the Winnipeg area the upper part of
the till consists of a soft, wet, uncemented zone that
ranges in thickness up to twelve feet, and averages three

feet. The underrying till is usually highly cemented wíth

carcium carbonate. The author has observed hairrine joints

in the cemented titl which probably account for most of rts
permeability. slightly north of the study area field. tests
using the Hvorslev method (Hvorslev, 1951) yield hydrautic

conductivity values that average 3 x 10-6 centimeters per

second (K. Goff, personal communication, 1-968). Glacio-

fluvial deposits, such as the Birds Hill complex, consid-

erably íncrease the overall hydraulic conductivity of the

drift..

The Birds Hill glaciofluvial deposits (Fig. 7) under-

lie an area of some sixty square miles and form an important

partially confined aquifer that contributes recharge to the

Upper Carbonate aquifer" The deposits are variable in grain

size and structure, ranging from rnassive sections of fine
silty sand to cross-bedded coarse grâveIs. TilI occurs
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discontinuously under the glaciofluvial mat.erials. An

upper t.ill usually overlies the periphery of the deposits
(Figs. 7 and. 12). The discontinuity of the lower tiII
allows appreciable groundwater recharge from the Birds

Hill aguifer into the upper carbonate aquifer. The western

extension is a larger esker. pumping tests indicate that
the transmissibility of the combined Birds HíIl and the

upper carbonate aquifers ranges between 100r000 and 300r000

gallons per day per foot. The high transmissibility is
primarily due to the Bird,s Hill aquifer. Other glacio-
fluvial deposits, deltas, and lake beaches occur along the

perimeter and within the Red River Basin (Fig. 7) . fn
general, areas of groundwater recharge are associated with
these deposits

Lake Agassiz deposits which underlie the central part
of the Red River Basin in general consist of two distinct
geohydrologic units. The upper unit consists of five to

fifteen feet of sitt and very fine sand interbedd.ed with
thin beds of c1ay. Under Winnipeg the Agassiz sed.iments

have a maximum thickness of eighty feet and an average thick-
ness of forty feet (fig. 13) but thicken westward to over

200 feet.

Laboratory tests on samples from the Lower clay unit
indicate an intergranular hydraulic conductivity in the

order of 10-s to lO-i r cm per second and horizontal permea-

bilities that are Lwice the vertical (Baracos, 7-960¡ Mishtak,

1964). Hairline fractures were obseived in the lower clay
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unit during the floodway excavation. These fractures appear

to form a secondary permeabirity system. Because of the
silt and. sand beds the upper Agassiz unit has a higher
hydraulic conductivity than the underlying clay. The most
important hydrogeologic aspects of the lower Agassiz unit
are its restriction of recharge to the upper carbonate
aguifer, and the consequent deterrence of pollution from
surface sources.
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Groqndwater Movement in the U

rn the Red River Basin the upper carbcnate aquifer is
the most important part of the extensive zone of ground.water

movement that occurs within the upper portion of the bed-
rock. The groundwater regime in this zone can be divided
into three segments of predomínantly lateral movement:

(1) from the east, (2) from the northwest, and (3) from Lhe

southwesi (¡'ig. L4). rnfiltration in the glacial titï up-
land east. of the l-acustrine plain and in the Birds Hill
aquifer complex recharge the easLern segment (Figs. 4 and

7). Recharge for the northwestern region occurs in the
areas of thin glacial till northwest of Ï,rrÍnnipeg. The

southwestern system appears to be recharged through the
.thin veneer of glaciar tilr and fluviar deposits that over-
lie the Mesozoíc share upland.s on the western side of the
basin.

rn r8g4 before extensive groundwater pumping occurred.,

the piezometric surface in the upper carbonate aquifer was

I foot to 4 feet above ground level in northwestern vüinnipeg

(Johnson, 1934). Adjacent to the Red River in north central-

vüinnipeg the pi-ezometric surface v¡as 10 to zo feet belc¡w
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ground level. currently in the central part of the cíty
pumping has extensively d.epressed. the piezometric surfac'e.
rn the central part of the drawdown cone the depths to water
range from 70 to 80 feet, and the piezometric erevations are
at some places below 700 feet (rig. L4 and Hydrograph M-105,

rig. 15). Fructuations of piezometric revels in the upper

carbonate aquifer during the past six years are shown in
the hydrographs in Fig. 15

on a regional basis the aquifer has been considered to
be isotropic and the ground.water flow directions are inter-
preted as occ'urríng in the direction of the hydraulic
gradient (Fig. 14). It is recognized, however, that irreg-
ular ground.water flow channels in the joints, fractures, and

bed-d.-í"ng planes prohabJ.l' cr:ea-t.erl_ a_rea_s of loca.-l.,',¿¡i.str:opy.

Evidence of Aquifer Recharge

Major evidence for recharge is provided by the metro-
politan pumpage and water leveI d.ata. over the eighty year

period of major groundwater d.evelopment (Fig. 3) at least
130 billion gallons of ground.water have been withdrawn from

t'he aquifer. Throughout the basin, springs and flowing
wells also discharge large quanLities of groundwater. The

pumpage in the winnipeg drawdown cone appears to have

affected the piezometric surface of the upper carbonate

aquifer over an area of 11300 square miles. rf all the

water withdrawn had. been procuced from storage within the

aquifer, the average drawdown over this area, assuming a

2B



. sTo^oT .ra+eApuno-r6 .rêlTnbv a+euoq.Iec .ïoddn pð4caTês

GEODETIC ELEVATION (FEET}

ìd t"ì ::.t{ dõ õó ;3ü

{
GEODET¡C

õô
À

ELEVAT
!{.

iõ
oo

ION (FEET)

óo(

.ET '6T¡

(o
o' @

4-l

(

=I
o)(t

3o
I

GEODETIC ELEVATION (FEET)
{l

GEODETIC ELEVATION (FEET)

L

\

3I
i{

II

\

õo,
À

t

3I

\

õo
o

tto)

(

(o
o) -.J

oö



relat,ively high storage coefficient of 1 x 10-3, rvould have

been Ín the order of 600 feet. The observed maximum drav¡-

down is approximately 60 feet. Thís storage coefficient
and the assumption of lateral recharge produced resonable

test results when they were utilized as two of the para-
meLers in a resistor-capacítor analog model (Render et al.,
1968).

since Lg47, approximately 50 billion garlons of water
have been pumped from the aquifer in the urban area. Horv-

ever, the pie.zometric surface of the central portion of
the drawdown cone has shown onry minor fluctuations ín
elevation. As relatively lítt.le water was withdrawn from
groundwa.ter sLorage, the aquifer during this period must

have acted primarily as a transmission zone. Another indi-
cation that the aquifer is receiving substantial recharge

is provid.ed b1z groundwat.er d.ata from the f lood.way area.

For over a year, while the floodway has been discharging
approximatellz 3r000 gallons per minute of grounclrvater,

stable water level elevations have been observed in the

surrounding observation weIls. Furthermoret the line of
zero drawdorvn for the floodway drawdown cone is located
near the ti]l upland on the "u.=t.rn side of the basin. This

indicates that there is suffícient recharge availabre to
maintain the draught on the aquifer. Evidence for recharge

of the groundr,irater flow systems in the upper carbonate

aquifer by preci.pitation percolating through the glacial
till and glaciofluvial deposits rocated in the uplands
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along the bord.ers and. within the basin is shown by the
hydrographs for we1ls 057 and 058 (Fig. 15). The identi:-
fication of the Birds Hill as a :¡echarge area is indicated.
by the dome-shaped piezometric surface of the underrying

Upper Carbona-te aquifer

GroundrvaLer Geochemistry

The water in the eastern and. northwestern flov¡ regions
which cross carbonate rock is fresh in the recharge and.

slightry brackish and. very hard. in the discharge areas.

The total dissolved sorids values range from 300 to 1,500

milligrams per litre and the chlorid.e ion concentrations

vary from less than 10 to 500 milligrams per litre (rig.
15), T!:csc t:.:o s1"st=:s arc utirizeC fe: :u:a.l and sl:l::r.ban

potable water supplies and for the majority of the urban

commercial groundwater pumpage. only a few mires east of
its recharge area the southwestern flow system contaíns

brackish and saline water. The rapid d.eterioratíon of the

water qnality in this system is possibry caused by the

water flowing across formations that contain evaporite
deposits. some of the satrinity could. poss.'i-bly be d.ue to
intermj;<ing with sarine waters d.ischarging into the system

from a continental flow system (van Everdingen, 1969).

wíthin the study area total d.issolved. sorids values in the
southwestern system range between 2too0 and r0r000 milli-
grams per litre. As a result of contamination from wells
installed. into the sandstone aquif er:s, the ch.loride ion
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values under north central winnipeg are in excess of 500

milligrams per litre (rig. 16).

The groundwater temperature in the upper carbonate
aquifer generally varies between 39 and 43 degrees Fahren-

heit. At some sites within the urban drawd.ov¡n cone tLre

temperatures range up to 50 d.egrees Fahrenheít. Available
bacterial d.ata ind.icate the aquifer water is usuarly pure.

Vertical and River Recharge

ïn addition to the regional laterat flow systems there
are local ver'ticat flow regimes v¡ithin the overburden that
move water stored in the upper Agassiz unit down to the upper

Carbonate aquifer (Fig. L2). Because of Lhe permeability of
th¡Ï,n:.'.-:.l'*.ll.ir::ni+..|.Ir.^¡..l::*.:.-'.hr:...i^.y'-.!-¡'.|.L.r''::'{^..iLJVúv¿u i¡¡¡-Li- L¡iU iili¡e! *ilG'J.illìlr- uLj Lrii ivr¿LJù ¡a.i. uriU

upper carbonate aquifer are negligible, probably less than
one percent of the sulnmer pumpage.

where the upper carbonate aquife.r piezometric surface
is depressed below the water revels in the Red. River in cen-

tral Winnipeg (Fig. 9) there is a grad.ient from the river to-
wards the aquifer. An anol-og model stud.y of the effecL of
floodway ground.water discharge on the piezometric surface of
the Upper Carbonate aquifer Índicated that the river is at
least partially connected with the aquifer (Hobson et al.,
Lg64). The anolog incorporated. the assumption that the Red

River constituted. a hydrauric boundary of the aquifer. The

assumption \^/as generally verified by the close relationship,
j-n the areas ad j acent to the river, of the predictecl and. ob-
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served floodway drawdown cones. The potent.ial difference be-

tween the river and the aquifer is greatesL during the spring
flood period and the summer air conditioning pumpage int.erval.
within the central ülinnipeg area, the quantitat,ive contribu-
tion of this flow syst,em appears to be significant.

The saturated sections of the Birds Hill sand and gravel
deposits form. an aquifer that is up to 150 feeL thick. The

water table in the aquifer is at higher elevations than the
piezometric surface of the upper carbonate aquifer (r,ig . 12).

Thus water moves down to recharge the underlying upper

carbonate aquifer. The groundv¡ater frows radially out from

uncier ì:ne niir wiÈii the major frow oireccion being soutir-
v¿est into the urban drawdov¿n cone. The exposed sand. and.

graveJ- form excellent v¡ater intake areas and. as a resurt
of the short contact t.ime wÍth the aquifer materiars and the
conLinuous downward movement of fresh water, the water in
the aquif er has, as ind.icated by the isochr-ors on Fig . 16 ,

a low salinity.

Lower Carbonate Aquifer Flow Systems

Groundwater Flow in the Birì.s HiIl Aquifer

34

Though it possibly receives some downward percolat.ion

through the overlying slight.ly pervious carbonate rock, the

Lower carbonate aquifer is primarÍly recharged where it.
subcrops, east of vrlinnipeg under the gracial tilr (rig" 9).
The direction of groundwater florv appears to be westerly



arong the top of the upper shale unit of the winnipeg
formation. rn the urban area some of the water in the
aquifer is discharged through deep wells that penetrate to
the top of the winnipeg formation. The natural discharge
area for the aquifer is not klrown. However, it is possible
that vertical dì-scharge occurs through the overlying carbon-
ate rock and glacial drift into the Red River. chemical
tests obtaÍned at three widely separated, sites indicate
that this aquifer has a significantly higher salinity than
the overlying Upper Carbonate aquifer.

The sandstone aquifers are recharged. east of lrlinnipeg
where they subcrop under the glacial deposits. The hyd.rau-

lic aradient is westward towards the Red River valley. Near

the eastern edge of the Agassiz plain the geodetic eleva-
tion of the sandstone. aquifer piezometric surface is at
approximately 890 feet, while in central vüinnipeg the piezo-
metric ele¡¿ation ranges between 7 40 and 7 4s f eet. Tire lower
values occur under the central section of t,he drawclown cone

in the upper carbonaÈe aquifer. The groundwater flows down

the dip of the beds at least as far as the centre of the
Red River Basin. The areas of natural discharge have not
been determined. The down dip phasing out of the upper

sandstone aquifer into shale severely restrícts flow in Lhis
aqu-i-fer. while the Lower sandstone aquifer thickens down

dip the flow in it has not been evalúated.

Groundw Movement in the Sandstone

35
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Artificial discharge from the sandstone aquifers occurs

in . southeastern lvfanitoba where the water ín the aquif ers is
fresh. rn metropolitan winnipeg, where approximatery si-x

wells have been dril]ed through to the precambrian rock,
water in these aquífers has totar dissol-ved. solids between

30,000 and 80,000 milligrams per litre. The water is gener-

aIly unsuítable for most industrial and commerciar purposes

and at present none of the we1ls is used for water suppry.

As part of the study of the hydrogeologic conditions in
metropolítan winnipeg two observation werrs were instarled
in the sandstone aquifers (Fig. L7). rn the central area of
the upper carbonate drawdown cone the hyd.rographs indicate
that the piezometric elevations j-n the sandstone aquífers
are twenty or: more feet above the piezomerric surface of the

upper carbonate aquifer. This hydraulic gradient induces

saline water from the sand.stone aquifers into the carbonate

aquifer through open bore hores and. abandoned welIs. A fur-
ther indication of the connection between the carbonate and

sandstone aquifers in this area is the correlation in the

trend of v¡ater level fluctuation in the two aquifers (Hydro-

graphs MO-ll and 061, Fig. L7). Conversely in the north-
western section of the drawdown cone, where no werls have

been install-ed in the sandstone, there is no relationship
between the upper carbonate and sandstone aquj-fer piezo-
metric surface fluc'tuatÍons. The salinity contamination

that has resulted in north centrar winnipeg is shown on

rig.16.
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CHAPTER V

GROUNDT{ATER DEVELOPMENT

During the early development of Winnipeg, the Upper

carbonate aquifer was an important source of municipal and

industrial water. From 1900 to 1919 pumpage from the

aquifer fulfílled the water requirements of the first city-
owned water system. The 7969 estimated annual pumpage of
3 billion gallons per year (Fig. 3) is approximately

seventeen percent of the totar annual- consumption for the
':..'. |:-,--..-a 'iü-.'^ !l-?r'.'-..:"^-.-.- lì',^^--^^ 

^.c ;{., 1 -.^,r.i.l-.-.¡-r- l^:.,rll9u!vl/vlru<¿l¡ rYJ.Ilr¡¿y\:y Cr!qis. riu(iquljÇ (i¡ J-i-ü v\i¡¡J Lr¿iiu iOtJ

temp.erature groundwater is mainly used for commercíal and

industrial cooling. However, groundwater is âlso used for
irrigation and domestic water supplies. presently the

groundwater withdrawars in trÌinnipeg vary from five míl,Iion
gallons per day in the winter to ten million. gallons d.uring

the summer when Lhe air conditioni-ng demand is at a maximum

(Pig. 18 ) .

Phase One

The f irst settlers ,drew their r,vater from the rivers,
however as the settlement moved back from the river, water

from individual and community wells was delivered by horse

drawn r'"'ã.gons. fn 1880 the Winnipeg Water Works Company i¿¿g
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enfranchised for a period of twenty years and began

operations in 1882 drawing from the Assiniboine River at
Armstrongrs Point. During the elghteen hundreds, flowing

wells were present in northwest lVinnipeg (Johnson, Ig34)

and it is estimated that from tegZ to 1900 the ground-

water withdrawal rate was one mitlion gallons per d.ay

(ris. 3 ) .

In 1889 the City of Winnipeg purchased the VtÍnnipeg

Water Works Company and in Octoberr1900, converted the

system from the polluted and. sediment-laden Assiniboine

River water to groundwater from the Upper Carbonate aquifer.
From 1890 to I9L4 the Cíty of WinnÍpeg examined as altenate

water sources, the Red, Assiniboine and Winnipeg Rivers,

the Upper Carbonate aquifer and the Lake of the Woods which

rr" tho=en as the supply for the aqueduct system. Immed.i-

ately prior to completion of the Greater Wínnipeg Aqueduct

in 1919, a fÍeld of 29 we1ls extending from northwest

lVinnípeg ten miles north at one-half mile intervals, to

Stony Mount.ain, Manitoba (fig. 2) prod.uced ten million
'gallons per day. These wells had capacities up to 500

. gallons per minute and ranged in depth from 85 to 300 feet

and in diarneter from 1.5 to 15 feet.. By 1919r âs a result

of the nrunicipal pumping, water levels in northrvest Vüinnipeg

had declined to approximately forty feet beLow ground lerzel.

During 'bhis same interval St. Boniface obtainqd water from

a field of six wells located in the north central part of
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the city. while some of the originar city wells are st.ill
maintained for emergency purposesr major groundwater with-
drawals ceased following the completion of the aqueduct,

and the piezometric surface of the upper carbonate aquifer
recovered to its natural position close to the ground

surface.

. The groundwater system was abandoned primarily because

of excessive natural" hardness and sulphate and. because

groundwater technology had not become sophisticated enough

to allow the long term yierd of the aquifer to be predicted.
rn addition, the maintenance cost of the groundwater system

vras anticipated. to be higher than that of the gravity frow
aqueduct. Although groundwater was not satisfactory as a

iong Lerm water supply, it played an important role by

allowing the city to attain the size where financing of the
aqueduct was feasible

Phase Two

A second phase of ground.water d.everopment began in the

]-920 rs when commercial centres of pumping were created in
the central urban area, and also meat packing plants estal¡-
lished hi9h capacity werls in st. Boniface. A substantial
drawdown cone developed primarily east of the Red River
(Fig. 14) and well productivity decreased because of the

decrine in the piezometric surface. As the water revels in
the st. Boniface area are much the same today as they were

4T



ín 1947, the drawdown cone appears to have stabilized. rn
centrar vtinnipeg, wells were instalLed by theatres and

restaurants for air cond.itioning and by cold storage plants
which required large quantities of cold.water during their
peal< operating periods. Another feature of this phase of
development was the institution of the groundwater sewage

tax by the city of winnipeg. This tax, which still exists,
economically encouragies the recharging of spent cooling
water to the aquifer and between 1940 and 1960 eíght
recharge systems came into operation.

During the second. phase of groundwater development at
least four wells penetrated. to the Precambrian. Vühere these

wells vrere of poor capacity there was rittle contamination
of the carbonate aquifers due to saline water discharge.
Also, in areas such as northwest winnipeg where the hyd.rau-

lic heads in the aquifers are essentialry identical (Hydro-

graphs for wells Mo-12 and IrIo-14, Fig. L7) relatively little
damage was done. However where the above stated cond.itions
did not prevail (Hyd.rographs for werls 061 and Mo-1l,
Fig. L7) saline water flowed up into the fresh upper car-
bonate aquifer.

Phase Three
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tuted a third phase of groundwater development. Some of
these units are supply-recharge well inst,alrations which

eriminate the ef f luent se\^¡age tax' and conserve ground.water.

These systems usually operate on a rarge volume of water

which is raised. a few d,egrees in temperature while passing

through the cooling unit.

Systems that are adapted to the corrosiveness of the

water allow the brackish groundwater that occurs south of
the Assiniboine River to be used for cooling apartment

buildings. The developnrent of apartment building air con-

ditioning has also created large summer pumpage centres in
the suburban areas located along the Assiniboine River in
the western sections of the City (Fig. IB). The air condi-

t.ioning water demand. places a short term high capacity

stress on the sysÈemr âs irlustrated by representative hydro-

graphs for the urban area (Fig. 15).

Of approxirnately two hundred commercial and municipal

weLls that have been developed in the Wínnipeg area, about

115 are still operating. The estimated annuar pumpíng rates
'for the operating wells, which draw nearly exclusively from

the Upper Carbonate aquifer, are presented in Fig. 3. In

the central section of the area ground.water withdrawals com-

bined with narrovr weLl spacing have rowered the piezometric

surface close to the main producing zones of the aquifer so

that there is little remaining available drawdown. At some

places during the summer period of heavy pumpage, the top
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of the aquif,er is dewatered and the effective transmissi-
bility is reduced

The construction of most domestic welrs consísts of a

four inch diameter.casing drilled. into the top of the bed.-

rock with an uncased shaft extending to the point where

sufficient water is encountered. The depth of the domestic
wells varies from 25 to 4oo feet, wíth the average being
between loo and 150 feet. The similarly constructed com-

merciar wells are usually of greater diameter and depth,
often being extended to the top of the vlinnipeg Formation.
commercial well specific.capacities range between 0.64 and

2û5 and average i5 ga11onÈ per minute per foot,of <Írawdown.

rn constructíng a high capacity well the casing must be

properly seated in solid rock so that the silt and. rock
flour in the lower sections of the glacial t.iI1 do not
enter the well. At the same ti-me care must be exercised
to ensure that the casÍng d.oes not block off producing

zones in the upper portions of the bedrock.

elI Construction

44



Brinciple of Resistance - capacitance Analog computers

Resistance-capacitance electric analog computer tech-
niques have b.een used for reservoir evatuation by the
petroleum industry since the early 1940,s. However, this
method did not come into use for groundwater evaluation

until the early 1960ts" Bermes (1960) and. skibitzke (1961)

converted the erectric analog to a tool that courd be used

in aquifer evaluation. lrlalton and prickett (1963) pubrished

several papers on the value of analog computers in evaru-

ating the types of aquifers encountered. in rllinois. sub-

sequently, numerous other investigators have used analog

computers as a working tool in evaluating aquifer poten-

tiars, mainly with respect to urban and. industriar aquifer
developments. The erectrical theory and analog techniques

employed by these investigators are essentiarly those given

by Karpul.us (1958), and Walton and prickett (1963).

ELECTRIC ANALOG AND DIGITAL COMPUTER

MODELS OF THE UPPER CARBONATE AQUIFER

CHAPTER VI

Theory

The electric analog computer is a techníque for solving

of Electric Analog Aquifer Models
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the groundwater flow equat.ions. In order to obtain a

unique solution the aquifer parameters and boundary condi-

tiòns must be specifì-ed. The foundaLion of the technique

is a mathematicar expression that describes the physics of
flow of a compressible fluid through an elastíc porous

medium. The following discussion is taken from pinder and

Bredehoeft (1968) which gives a review of the basic hydraulic
and electrical theory of analog aquifer models.

The partial differentíal equation governing the non-

steady state, two dimensional.flows of groundwater in hetero-
geneous, anisotropic and elastic porous medj_um is:

wherê h is the hydraulic potential, S is the storage coeffi-
cient, T is the transmissibility tensor, t is t,ime and !{ is
the volume flux per unit area.

Consider the aquifer divided into an equal square area

grid (Fig. 19). The intersection of the grid lines are

called nodes. The gríd width, a, approxímates the sides

Ax and Ay of a f init,e-dif f,erence grid. That is, the element

area, d2, ís very small compared to the area of the aquifer.
The finite difference expression for the flow equation

at node ij is:

a

ã'x.
l_

(rii.H. ) = g
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rxx(i_Lj). (hi-rjr - hij:.)

* tyy (Lj''4)

(ax) 2

. (hij-lk -

^r
where L, j, and k are the

sions, and Ax, Ay, and At

t dimensions.

s (hijL - hii:.-r)

+ rxx (i+%j, ' (hr+riE-]rhijt)

(aY) t
hiir.) + r

rn a resisÈance-capacitor network with a square pattern
and network junctions consisti-ng of six resistors and one

capacitor (Fig. 20) , the relationship of the electrical
potentia.l in the r.zi-cjn.ity of the ju.nction accord.ing to
Kirchoff's law is:

+ W(x,yrL) e)

yy (Lj+,4) ' (hijJrt - hij¡.)
(Áy) 2

indices in the x, y, and t dimen-

are increments in the x, y, and

I
Rxx (i-%j )

+l
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' (ei-r j ti, j )

(a' '"i+lj
Rxx (i+àj )

= CÐe+I +1
ãEqF"

whe're e is the electromotive force, r is the electric
current, R is the resistance, and c is the capacitance.

The analogy between the hydrologic and electrical
systems is apparent from equations (2) and (3).

+1
R

YY (a t)-Yz)

e,.) +rl'
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Modelling Scale Factors

In addition to the above analogies, the following

also exist; the flow of water through the aquifer according

to Darcyts law
+->Q=-Kgradh

where O is the flow of water ai:d K is the hydraulic conduc-

tivity, is similar to the flow of electricity as stated by

Ohmrs law
++I=_Lgrade

F

The Lwo networks are related in four ways: gallons are

related to coulombs, head is related to volts, gallons per

day are related to amperes, and time corresponds to time.

From the relationship of Darcy's and Ohm's laws it is evi-

dent. that in order to model the aquifer system, there must

be four scale factors. These scale factors, Bermes (1960) ,

are: K- which relates gã1Ions to coulombs, Krscales feetl-

to volts, K3 equals gallons per day per ampere, and Kn con-

verts model time in seconds to aqui fer time in days.

The following formulae set forth the scaling relation-

ships:
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e^.^., = K'C coulombs (4)
g<al r

Hfe"t = K2V volts (5)

Qgal,/day = K3r amPeres (6)

Td.y" = K4t seconds (7)



In choosing scale factors, the following

must always be met

K3K4/RL = L

To produce a formula for calculating the size

tors for the model, Darcy's Law and Ohmrs Law

ted in equation 6 to yield.

K.R = t'3 
ohms

K"T

Equation 9 is used in conjunctioñ v¡ith vector area

methods, Karplus (1958) to calculate the model resistor
values. The capacitor size is derived from Coulomb's Law

for the electric charge of a capacitor and the relation-
slriy ui C i:o o2S. fire resuiLariL for¡iruia is:

c - 7.48 u2S éù farads ... (tO)

* I

Simulating Aquifer Boundary Conditions

relatj-onship

(8)

of the resis-

are substitu-

50

Vertical Rechar

Vertical recharg,e can occur in a semí-confined aquifer

through the aquitard from an overlying source. This situa-

tion can be either of considerable areal extent, covering

many square miles t or limited¡ ês in the case where the

source is a river and the leakage was through an underlying

aquitard. In either case, there must be a gradient from

the source through the confining bed to the aquifer. The

general formula for calculating the resistors that represent

e Bounclar



the vertical permeability of the aquitard ís:

where R" ís the value of the resistor in ohms, K3 and K,

are scaling factors as described previously, P' is the

vertical permeability of the aquit,ard, M' is the thickness

of the aquitard, and, a is the node spacing. .In calculating

the value of vertical resistors under. a river bed, 14' be-

comes the thickness of the aquitard under the river bed,

and the term a2 is replaced by the product of width of the

river, and Lhe length of channel, represented by each node

símulat.ing a portion of the river channel.

Late'ral- Boundaríes

R^=
(J

K3

-._i.---?î

Rz (P' /M' ) a"

Special boundary procedures are required

different grid spacings are in juxtapositíon,

grid system must be terrninated. The boundary

utilized in this study are called streamlíne

ial bound.aries

Streamline Boundaries

5t_

(1r ¡

Resistors along streamline boundaries usually have

different values from those representing equivalent condi-

tions in the interior of the model system. The vector area

for a streamline resistor is only half the size of that of

network interior resistors. Therefore, a streamline

where two

or where a

techniques

and equipotent-



boundary resistor represents a component. of the oríginal
field that has only harf the. transmitting capability of an

interior grid element. Resistor values are proportional
to the inverse of the transmissibility. Consequently,

along the bound.aries, the resÍstor values must be twice

large as the interior resistors. The streamline

boundary techniques \^/ere used in this study to effect the

matching of coarse and fíne grid sections. The procedures

used are gíven by Karplus (1958).

Equipotential Boundaries

Tn the case of a boundary zone where all nodes are

maintained at equal voltage, the resistors along the
-r'rr.., _ _'ÐOüiiücar-J â.llè srliiriiciteü äS urrçJ ar-ç €L.L.L errÊCurVêiySli¿iLc]Cl

out.

A portion of the aquifer may d.irecÈly intercept a

surface water body such as a river or lake. ïf the water

level in the water body can be consídered t,o be essentially
stable, the model bound.ary can be represented by an infinite
source of electricity at constant potential. This type of
boundary is constructed by groundi-ng al1 the nodes that
occur along it and by eliminating all the resistors between

these nodes.
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Tn order to represent the horizontal flow of recharge

water into the boundaries of the modelled area, terminal
resistors are connected from the boundary nodes to the

electric around. The values of these resis'tors are usually



estimated from the permeability of the area they represent.

I,üinslow and Nuzman (1966) used a terminal resistor value

that lvas ten times that of the average value of an internal

resistor. This approach would represent either a further

ten units of aquifer area t or a ten fold decrease in aquifer

permeability within a unit area. When there is a voltage

drop within the model interíor, these t.erminal resistors

allow a trickle of electricity to enter the boundaries of

the model in the same manner that groundwater flows into

the edges of an aquifer when there is a potential drop with-

in j-t.. Boundary resistors have a critical effect on the

accuracy of the mod.el v¡hen the voltage drop along the model

boundaries is large.

The Upper Carbonate Aquifer Electric Ana.l-oq Model

The analog model lvas constructed and tested by the

author and students in the Department of Earth Science at,

the University of Manitoba. The model was built in an

attempt to simulate the aquifer conditions in the metro-

politan Winnipeg area. The aquifer was simulated as being

anistropic, heterogeneous and semi-confined with l-ateral

and river recharge. Sta¡rdarcl construct,ion Lechuiques

utilizing. peg-board, resistors, and capacitors were used

in forming the analog. The d.ifference between the 1965

summer and non-sunmer pumpage was 'simulated on the model.

The simulated and observed drawdown data for the Upper

Carbonate aquifer during the summer of 1965 \Álere compared
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to test the accuracy of Èhe model.

Design and ConsLruction of the Model

The analog moder was constructed with a piece of
4 inch pegboard perforated with holes on a r inch square

pattern. A transmissi-bílity contour map of the upper

carbonate aquifer under meLropolítan vüinnipeg at a scale
of I inch = 51000 feet was fastened over the pegboard. A

grid system røas established and the transmissibility value
for calcurating resistor sizes was obtained from the
contour map by means of the vector area technique, Karplus
(1958). rn each case resistor size was determined from
equation 9. Brass sLroe eyelets was inserted into the peg-

board and four resistors and a capacj-tor lvere connected

to each node" The size of the capacitor at each node was

determined from the varue of the storage coefficíent for
the particular area and equation 10.

Transmíssíbility

The transmíssibility values for the detaited model

areas were obtained from the data presented on Fig. l_1.

For the vector areas outside the detailed zones, the
transmissibility values were obtained empirically from the
spacings of the piezometric contours for the bedrock

surface zones.
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Storage Coeffiõient

The storage coefficient vaLue used over most of the

model area was I x 10-3. In the detailed zone, thís value

\,ras ascertained. f rom pumping tests. In Lhe outlying sec-

tions of the model the value was based on several pumping

.tests, piezometric AradÍents, and on the nature of the

geology.

. In the central section of metropolitan Winnipeg a

storage coefficient of I x 10-s was used. In the Birds

HiII area where the sand and gravel are in contact with

the Upper Carbonate aquifer a value of 2.5 x 10-2 was used

for the storage coefficient.

liodei Sòale l-acÈors

The values for the model scale factors that were used

ínitially v/ere:

K, -'1 x 10s gal/coulomb

K2 = I fE/voIL

K3 = 5 x 1o1o gaI/day/ampere

Kh = 2x Io'* daysr/second

The choice of the constants is esseni:ially an arbitrary
procedure. The value of Kz lvas chosen as I for convenience.

The remainder of the scale factors were selected so that

readily avaílable and inexpensive resistors and capacitors,

and available excitation-response apparatus could be used.

Standard tolerance, lovr waitage fixed carbon resistors wiih
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vallles from approximately 10 2 to LO7 ohms and capacitors

of low voltage rating with values of 10 to lgts/¡rf were

chosen. During evaluation of the modelr ,it was found that

the required voltage for a given pumping rate could not be

obtained in the centre of the model and the following

changes in constants.were made:

Kr = 5 x lors ga\/coulomb

K2 = 5 fL/volt

K3 = 25x loro gal/day/ampere

Model Boundaries

Resistors around Èhe boundaries of the small scale

portíon of the model have values twj-ce that of the inside

resistors representing tfie same transnrissibiiity vaiue.

Thís is because the vector area represented by the boundary

resistors is à as large (Karp1us, L958). Because the pump-

ing was performed in the fine scale grid, it was possible

to use a larger grid spacing around the finer one to approxi-

mate the large groundwater reservoir. The inaccuracy of

using this larger grid is not believed to be significant.

A grid spacing of 1 inch = 201000 feet (4 times that of the

fine grid) was used and the aquifer was extend.ed 12 miles

on each side. The method. used to affect the variation in

net spacing was to regard the coarse and fine regions of

the analog system as separate fields and to treat the inter-

face between the two as a streamline boundary. The resist,ors
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along the coarse grid boundaries were doubled in the same

manner as the fine grid boundary resistors.

Capacitors were chosen for,the coarse grid in the

same manner as they were for the fíne grid except that (a)

in equation 10 is 20r0OO feet instead of 5,000 feet.

Resistors \^¡ere connected. to the nodes around the

boundaries of the large scale grid and. to ground to simulate

the resistance to flow of water from the rechar'ge areas to

the model boundaries. On the western. boundary, l0 times

the estimat.ed average interior resistance was used. The

Sandilands Forest Reserve area east of the modelled region

is a major recharge zone. Variable resistors were used so

that the simulated recharge from the Sandilands area could

be varied. For eacti eastern boundary iiocie, resistance

values of 2OA, 104, 54, and. 2A, where A is the average

value of the interior resistance, were installed.

At certain localities in tlre centre of VüinniPeg, the

Red and Assiniboine Rivers are acting as recharge areas for

the Upper Carbonate aquifer. The relationship is dependent

.upon the river stage. However, if leakage through the con-

fining bed into the aquifer is vertical and proportional to

the drawdov¿n, the hydraulic head. in the river can be assumed

to be more or less constant. This leakage can be simulated

in the model by the addition of resisLors connected to

ground and. to each node of the network representing a river

location. The size of resistor used in slmulating leakage
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from the Red and Assiníboine Rivers was calculated from

equation 11. For each of 15 nodes along the rivers, vari-
able resístors were installed that could simulate vertical
permeabilitíes of 0.009, 0.02, 0.04, and, 0.I gaL/d.ay/fL2

as wel-l as an open circuit. Because varues for the coeffi-
cient of permeability of the till in the winnipeg area were

not known, the above range of varues for the hydrauric con-

ductÍvity were chosen from Todd (1959).

Excitation-Response Apparatus

The excitation=rêsponse apparatus (Fig. 2I) consísts
cf g '.ravâfor:ll Ecncrator, a puJ-sc Ecncïa';;r, ar,d .:i: ¿scj_lic

scope. The apparatus forces electrical energy, ín the

proper time phase, into the analog.model and measures energy

levels within the energy-dissipative resístor-capacitor net-
work. The apparatus is also used to determine "Ur" in
equation 12 below. The waveform generator prod.uces a saw-

tooth wave pulse which synchronizes the sweep of the oscillo-
scope with a negative rectangular \,vave produced by the pulse

generator. The rectangular wav-e has an ampritude analogous

to the pumping raÈe (O) and a \^/ave duration time analogous

to the pumping period (ta). The pulse is passed through a

resistor and is then connected to the anarog modeÌ at a node

which represents a pumping center. The pumping rate is
related to the voI1-age and the resistor by equat,ion number 12,

luation of the

5B
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(Walton and Prickett, L963).

^ - 
vtK,

" - 1.44 R.
L

where Q is the pumping rate, Ri is the resistor value

through wilich the pulse is passedr and V, is the effective
voltage across the resistor.

The excitation apparatus is connected to the model and

the pulse width set to símulate the pumping períod. The

voltage drop across the resistor in the excitation connec-

t.ion is adjusted by use of the pulse amplitude until the

voltage required to simulate the pumping rate is measured

on the oscilloscope. The apparatus is then reconnected,

a-nd. l:he oscil-loscope scafe ad.justed so that. the vcltege

drop within the network can. be measured against. time. The

observation probe is then moved to each node in the model

and the voltage drop at the end of the pumping. interval is

record.ed as feet of water level d.rawdown.

Nodes on the analog model (Fig. 22) lvere numbered

1 to 30 in a north-south direction and 1 to 37 in an east-

west direction with the number I nodes in the north-west

corner of the map sheet. The n-odes which were used. in the

tesLing ranged from 5 to 33 in an east-west direction and.

from 5 to 26 in the north-south direction. The reaso¡ for

this choíce being that in the outer areas of the modeI,

voltage drops were insignificant due to the effects of the

boundary regÍons
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Model Experimênts

SimulaÈed pumpÍng of the model was performed at the

nodes which corresponded to major centers of increased

groundwater pumpÍng in the city during the summer of 1965

(Fig. 18). voltage drop observations were taken in order

to observe the simurated effect of the increase in pumping

on the aquÍfer piezometric surface. The summer pumpage

season is here defined as the average number of frost free
days which Vüinnipeg experiences, approximately IOO days.

The pumping rates were obtained.graphically from Fig" lB.
The centers, in the order they were pumped., are shown in
Table I.

m'!-,.- F:.*.,-.1- -¡ j:,.-"-1 :.r..- il .-..,:it:^-.i r-,.-. -^.::r-! .r-- r.-.ñ.!.-.,'! .! .--, ..J..,.:!r¡¡ç ! ¿! Þ u Þ!¡r!u!e ucv ¡rui,rrr¡)iiiy i.-:s¡ii-€r u,e:s Us(i vVCiS -Lu¡uc¡ LçL¿

at node 14-19. The following describes the procedure used

at this node. The procedure for all other "pumping center"

nodes was simirar. The values used for each center are list-
ed in Table I.

The pulse generator output was connected at node 14s-19E

and the pumping time was set at 100 days to match the length
of the summer pumping. The setting for the analog pumping

time was determined by substituting the desired pump time

(fOO days) into the equation,

td = K4t"

6l-

where td is the pump tjme

in seconds and I(n is equal

in days I t^ is the moclel pump times

to 2 x 104 days/second, Lo was



Test
Number

Analog Mode1

K¡.

25x10 s

5x10 s

5x10 s

5x10 s

5x10 s

5x10 s

5x10 s

5x10 s

1

2

3

4

5

6

7

I

TABLE I

Pumping Rate Data

Pumping
Center

Location
Node

14S-198

15S- 168

I 6S- 14E

18S-19E

13S- 198

10s- 218

16S-208

155-268

Pump Pump Rate
Time (10 s 9a1

(d.ays ) per dry)
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100

100

100

100

100

100

100

100

B.

6.

16.

L.2s

.50

.60

1.0

1.1

Resistance Voltage
V¡ Drop

(ohms ) (vo1ts )

22,000

33,000

13 ,000

1Bo,0oo

430,000

330,000

220 | 000

110,0oo

0.106

0. 571

0.600

0.650

0.620

0.570

0.634

0. 633



determined as 5 milliseconds, However, because of extra-
neous electrícal interference, setting the pulse width
multiplier at 5 milliseconds did.,not insure an exact read-
ing of 100 days for the pump time. Therefore, the apparatus

was set to give a negative rectangular rdave which measures

one centimeter horizontally on the oscírloscope scare.

The apparatus \^ras connected so that v, in equation 12

could be measured. The varue of e for node r4s-19E was

equal to 800,.000 gaI/day; R, was 22,000 ohms; K, was

25 x los gal/day/ampere; v, was calculated. as 0.106 vo1ts.
The pulse amplitude was adjusted to 19 volts and a voltage
drop of 0.106 volts lvas obtained on the oscirloscope. ït
was necessary to change to a K3 scaling factor of 25 x 10 s

in order tc.¡ seL the voi'i;age clrop at 0"1û6. Tiris ciicj not
effect the final rea<1ings, however, because Ky Kz and Ku

were kept constant and. the drawdown observed on the oscillo-
scope was multiplied by 5 giving a net operative effecL of
zeToo

Now the model was arranged so that current withdrawal
and the observation of vortage drop (d.rawd.own observations)
courd commence. The method of measuring the drawdown was

to connect the observation probe to a nod.e. and then to
measure the indicated drawdown on the oscilloscope. Draw-

downs were measured at 638 nodes for each pumping center
and recorded on the data sheets. After all the pumping

centers had been pumped, the eight. drawdowns record.ed for
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each node were totalled so that the

node for all of the pumping centers

drawdowns were plotted on a grid of
the values were contoured (rig. 22).

Introd.uction

A digital approach to aquifer evaluation, which rvas

more flexible for the single layer case than the electric
analog, was provided by pinder and Bredehoeft (1968). This

technique indicated that an exact and. more detailed model-

of the upper carbonat,e aquifer coul-d be efficiently obtained
1--- +1^^ ¡-:.*.ir--.f .-^.rì-^.x ...-1-t----r-- - -- a I FÞ1' ti¿c i;i'giËèii ¡itsulìCrü. ¿iCLiur-r¡¿irgJ-y , o fii,f,üei Of .LÏ¡e gr-ürìiiCi-

water conditions in the bedrock surface zone was developed

which encompassed. most of the Red River Basin in llanitoba.
This model was evaluated by simulating the rg6s suilrmer

increase in groundwater withdrawar from the aquifer and then

comparing the simulated drawdown of the piezometric surface

with that observed in the fierd. A number of different
models were attempted by varying the varues for leakage

through the confining units and. the river bed hydrauric
conductivity. The procedure v¡as continued untir a satis-
factory representation of the field drawdown was obtained.
As the pumping rates used were est.imations, no attempt vvas

made to accomplish a better fit between the sÍmulated and

observed values by artering the transmissibility and. storage

Diqital Model of the U

total drawdown at each

was obt.ained. These

the analog modeL and

r Carbonate
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coeff icient parameters .

Theoretical Development of the Aquifer }Íodel

The ground.water flow equations and the discretization

of the ground.water field for the.digital solution are very

similar to those employed for the analog model. Pinder and

Bredehoeft (1968) provide a detailed discussion of the

theory involved. in aquifer modelling. The following theory

is taken from their paper

If the differential equation for non-steady flow of a

compressible fluid in an elastic non-homogeneous porous

medium is written:

â (T,, âh ) _âh+- '-ri'-¡=i /= S# * ltI(xry,E)o*i -o*j

where:

,ij is the transmissibility tensor tF'l
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h

S

t
VV

is the hydraulic head (L)

is the storage coefficient

is time

is the volume flux per unit area tfil

If the co-ordinate axes of the finite difference grid

(Fig. 19) are aligned paralIel to the principal directions

of the transmissivity tensor, the finite difference approxi-

mation of equation (13) may be written:

... (ir)



r**(i-å,i¡. {li-r, j.L-- hijL) * r**(1+¿,il.tli*r, jåî- iuU
r- ---i

* *io (í,j-rr)' qhi, j-r,F - hijLl 
* rvv (í,j+rr). thi,j*1,-.:. - hijL¡

OOj t '-?' ----¡'

s (hijt - hi, j , ¡.-t) * 9w (i, j )
At. Ax. Av.

l'l_

.2H,, h... h.K_.( r(arl) --alK --Lt)rk-Iì
¿n----'r [i, j )

where:

Trlx(i+å,j) = -3"(i'j) " r**{i+1'j) 
-

-xx (i,
is the harmonic mean of:

and where:

i is the

j is the

.is the

K is thes

m ís ther
9w(i,j) is

t is the

66

index in the x d.imension

inclex in the y dimension

index in tíme

hydraulic conductivity of the stream bottom ,L(r)
thickness of the stream bottom (t)

the rate of withdrawal or injection at the nocle

L3xiYi (¡ )

time increment (T)

Txx (i+I, j ¡

a*i*l

(1a¡



Axr^y are space increments (t)

H_- is the hydraulíc head in the lakes and streamsr

The Computer Program

The Computer Program (Appendix A) is written in
Fortran IV for the IBM 36C system. The program solves the

finite difference approximation (Equat.íon L4) of the ground-

water flow equation by an alternatíng direction implicit
procedure (Pinder I L970). Equation L4 is solved for the

desired boundary condítions at each node in the finite
difference network after 1¿/2 (where t = the length of the

initial time step in seconds) seconds of pumping. These

values are then used a.s initi-a.l- eond.i-ti.ons foi: th-e eaJ.cu-

lation of the head values at time t. The procedu.re con-

tinues until the desired period of pumping has been limufr-
ted.

Analytical Procedure

In util-izing the program, a grid is established over

the aquifer area (Figures 19 and 23). The centers of each

grid element are called nodes. Matrices are formed by

recording the transmissibility and storage coefficient for

each element and the locations of pumping welIs and surface

water bodies. The inítial head in the aquifer is a required

parameter. A deck of cards is prepared, giving the x and y

dimensions of the grid. The data set is fronted by a set of
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parameter cards whi.ch list such critical data as the

head for surface water bodies, the thickness of aquitards

underlying surface water bodies,'the flux through the

conf ining unit.s r the length of the initÍal time step and.

the maximum duration of pumping. The proced.ure is detail-
ed in Appendix A. The program requires that all units be

ín feet and seconds.

J'ormulation of the Digital }4odel

The area modelled extended 70 miles west, 50 míIes

east, 60 miles south and. 54 miles north of the confluence

of the Red and Assiniboine Rivers. The model grid for
tfle cent'ral section of tirrs area was detaij-eo tì'rg. ¿J).

Model Grid

Vector areas were mapped wi'Lhin the region stud.ied.

The area centered on the confluence of the Red and

Assiniboine Rivers and including the whole of metro-

politan Winnipeg was d.ivided into rectangular vector

areas of relatively sma11 d.imensions (Fig. 23\. This

was done to obtain a more detailed. evaluation of the

drawdown and to restrict th-e size of the vector areas

representing pumping wells and river channels. fn con-

trast to the analog approach, the element djmensions

were varied as desired. The region, bounding the detail-
ed area and not affected bf its grid di¡nensions was
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divÍded into a coarse network of six sguare mire vector
areas. one of the features of the digitar grid is that
any row or column dimension must be projected through the
whole system from boundary to boundary. This is in con-
trast to the anarog model where detailed grid systems are
bounded within the coarser grid neLworks.

Aquifer Coefficients

The transmissibility and storage coefficient values
used in the digital model v/ere the same as those described
for the analog mode1. one difference occurred with respect
to the transmissibility values. Because the digital model

area extends some twenty miles further west than the analog
nnJ¡1 -,-.^- r-.!^¡1_r.r-. li+¡-l!^..!I.:.r-r- --â1,-^-,. t_.^;1 {-¡_ t-¡ rc.!--t...._..t... ¡ c.¿!¡vsv4 qÀvq, e!ç¡¡iù¡rr-Lü¡Áiv¿¿1-i 

"cìi¡¿ç;j rj.¿ü ui/ vU cþ i-¿ii¡ci.uss !v!

the regions underlain by Mesozoic shale. The value serected

was 101000 gallons per foot per day. This figure was based

on several pumping tests that had been performed in the bed-

rock surface zone. These pumping tests arso indicated that
the storage coefficíent for the areas underrain by shale

was I x 10-3 r or the same as had been chosen for the major-
íty of the model area.

The digital model requires that an initial or pre-pump-

ing head value be provided for each node. providing arI the

factors affecting flow through the aquifer can be simulated,
the prepumping piezometric surface for the aquifer can be

incorporated in the moder. The difficulties invorved in
siniulating all the f actors af f ecting f iorv irr the aquif er,
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prevented the pre-pumping piezometric surface from being

incorporated ínto the present moder experiments. There-

fore, a pre-pumping piezometric surface with zero gradient
set at an arbÍtrary uniform elevation of 750 feet above sea

level was used

Boundary Conditions

The boundary conditions for the model consisted of an

impermeabre barrier boundary around. the outside of the

moder area, a constant head recharge source in the outer
sections of the grid system, recharge by leakage through the

river beds along the Red.and Assiniboine Rivers, leakage

through the confining units and discharge corrditions simu-
'l -+^À 1-r'r'^r'r¡.i ¡a rr¡1 1 ¡

riv44ù.

The barrier boundary is required. to provide a region

around the perimeter of the model where no flow occurs. rf
the model is not bounded in this manner, it is impossible

to obtain a solution to the finite difference approximation

of the groundwater flow equat,ion. The outrying constant

head recharge boundary (rows designated ',R", Fig. 24) was

establ-ished to provide an infinite source of recharge water

to the aquifer. The boundary rgcation was chosen so that
the lateral boundary of the digital model wourd be at the

same geographic location as that of the anaLog mode1.

Partial hydrauric connection between the aquifer and the Red.

and Assiniboine Rivers was simulat-ed within the metropolitan

area (rig. 24). The constant head in the rivers \fa-s set at
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the sanÌe elevation as the ínitial piezometric surface of the

aquifer. Vertícal leakage through the confining tiI1 and

clay and discharge from the aquifer by means of wells that

pump at increased rates duríng the surfrmer, were the other

two boundary condítions simulated.

Diqital Model Response

The response of the model was eval-uaLed by simulati-ng

the 1965 difference between suflrmer and non-summer pumpage

in the metropolitan Winnipeg area for periods of 99 days.

Pumping centers rather than individ.ual wells were simulated.

These were located at the node nearest to their geographic

location (Fig. 18). The pumping center concept was used so

I c :,'Lrr<r.L Lrre (¡rÞuo¡LiL,lrs uf ti¡e cirawoown cone causeci by moving

wells into pumpage centers, would be similar for the digital

and analog models. The f irst, pumping tests \,\rere simulated

with no recharge through the clay and no leakage through the

Red ancl Assiniboine River beds. The simulated drawdown is

shown in Fig . 25. The simulated drawdo\,vn tras much greater

than that observed in the field. Therefore, the aquifer

boundary conditíons \,vere altered by using different values

for the flux through the clay a-nd the hyd.raulic conductivity

of the river beds. The best fit to the field data was

-t 
t

obtained with a flux through the clay of 4.88 x 10 '" cu ft/

sec/flz and a river bed hydraulic conductivity of I x 10-8

fE/sec. The comparison of the simulated and. observed draw-

down cones are shown on Fig. 23. The Alpha numeric map
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printed by the computer (Fig. 24) irlustrates the bound.íng

river and well- locations as well as the drawdown varues.

Figure 26 illustrates the relationship between the analog

and digital model drawdown simulaLions.
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9. 26- Comparison of analog and digital simulations 1965 surTüner drawdow¡r.

42P
M ILES

6



CHAPTER VIT

DÏSCUSSION OF RESULTS

Reasonable simuration of the drawdown in the upper

carbonate aquifer for the period. of increased pumping

during the summer of 1965 was obtained from the analog and

digital moders. Tmproved accure-cy would have been possible
had metered pumping rates, and a more dense and more sel_ec-

tive observation well network been availabte.
The drawdown símulated by the analog model closely

a¡-'gi tlxi:üa i:es Liic íieiü i¡rf ur¡na tic¡¡i iii i-iie cer¡. i;i o.i ses,¿iull

and ín the outrying portions of metroporitan winnipeg
(Fig. 22) - rn the west central section of the mod.el grid,
the simulated drawdown appears to be much rarger than the
observed values. Hohrever, in this area, there are large air
condítioning pumpíng centers and few observation welrs.
Therefore, the suTrrmer drawdown is likery larger than the
present observation system indicates" Also because the
pumping rates are estimated, it may be Lhat the pumping

vaLues are too large, thus producing a rarger drawdown. rhe
one foot drawdown line probably provides the best indication
of the accuracy of the moder. fn the outlying sections of
Lhe urban area, the effects of fructuating pumping rates
tend to be damped out and the drawdown is more easiry

7?



assessed. Similarly in the extremities of the detailed
model- network, the effects of grouping individuar werls into
pumping centers has l-ess of a distorting effect on the mag-

nitude of the drawdown. on the eastern side of the drawdown

cone, it was difficult, due to the effect of the drawdown

caused by the discharge of groundwater into the Red River

Floodway, to assess the location of the observed one foot
drawdown line. This hây, in part, account for the differ-
ence between the drawdown line locations in this area.

. Prel-iminary experiments with the analog model indicated

that the hydraulic conductivity values chosen for the becls

of the R.ed and Assiniboine Rivers h/ere too large and, there-

fore ¡ Li;e.: f inal tests were carried out r'vith the ríver nodes

all se1- r,n open circuit. The rel-ati.,'ci-i' c]-osc apprc:<i-rnat.lcn

of the l-est resuLts to the field results is difficult to

explain ín the face of the fact that when the digital model

was operated under similar boundary condit.ions, the simu-

lated drawdowns were considerably larger than the observed

values.

The field cond.itions for the dígital model evaluations

hrere the same as those for the analog model. Therefore, the

above comments on the field data apply to Èhe comparison of

the digitally simulated and observed drawdowns. The digital
model simulation of the 1965 summer drawdown (Fig. 23) that

compared. most favourably vrith the observed drawdown v¡as

obtained with the following aquifer boundary conditions:
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1. Vertical flux t.hrough the confining beds of
4.Bg x 10-r3 cu. f.L/sec/ftl.

River bed hydraulic conduct.ivity of I x 10-8

ff/see

Boundary zone. simulating a horizontal recharge

source.

2.

3.

Generarly the simulated drawdown is larger than the

observed drawdown (Fig. 23). There is, however, reasonable

correlation in the central l{innipeg area and along the one

foot. drawdown zone. The apparent excessive drawdown in
the west centrat section of the mod.er network is simirar
to that obtained with the anarog model- and is probably a

function. of observation v¡ell density and pumping rate esti-
rnatic¡n. À,iterations in the irydraulic conductivity of the

Red and Assiniboine Rivers' beds by as rittle as one-half
an order of magnitude has considerabre effect on the draw-

down values.

The comparisons of simulated and observed time draw-

down values (Fig. 27) indicate that the aquífer coefficíen.t.s

and the estimated pumping rates are quite close to the fierd
conditions in the vicinity of observation well M-r77. The

hydrographs for the areas near observation wells lvl-55 and

061 indicate that the aquifer coefficients chosen for the

model are too smaIl or that the fierd pumping rates increase

gradually over the pumping perioo. rf the latt,er situation
is indeed a significant factor, the final pumping rates
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must exceed the estimated rates as the observed and. simu-
lated drawdown values correlate guite we1l at the end. of
the pumping period.

The digital model operated under the stated boundary

conditions produces a simurated drawdown cone that very
closely resembles that deríved from the analog model test.s
(r'ig. 26). However, the drawdown values obtained. from the
digital model are usually larger, particurarly on the
western side of the urban area, than those from the analog.
when the d.igital model was operated und.er the same boundary

conditions as those set for the analog model, a m.uch larger,
deeper drawdown cone v,/as simurated. The reason for this
discrepancy is not known at present. However, it, is prob-
abl-y a procedu::al- ei:ror- , Lr, 'ci:e analog- si-rLiulaLiurr, irrvoiving
the wave for.rn generator operation.
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CH7\PTER VÏIÏ

CONCLUSIONS

The Upper Carbonate aquifer, which acts primarily as a

groundwater transmission zone, contríbutes an estimated

L7 percent of the annual water supply Ín the metropolitan

lrlinnipeg arear and wiII be an increasingly important source

of commercial water. The summer rate of groundwater pumpage

for coo-ling is gradually increasing, however, the present

rates do not appear to be causing more than a seasonal low-

ering of the piezometríc surtace of t;he upper carbonace

aquif er. The mantle of glacial clrif t conf ining this aqui-

fer is a deterrence to pollution from surface sources in

most localities in the urban area. It appears that wells

and excavations are the most IikeIy mechanisms by which

pollution can occur. Similar1y, the upper shale of the

Winnipeg formation prevents natural influx of salíne water

from the Upper Sandstone aquifer. However, salínity con-

tamination caused by open well bores has been detected in

north central Winnipeg. The injectiori of large quantities

of warm water into the groundwater system will raise the

temperature of the groundwater and destroy its most attrac-

tive attribute. This study supports the concept that local

detailed assessment of the major aquifers within a ground-
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lvater basin requires cognizance of the characteristics of
the basin-wid.e groundwater system

The model studies corroborate the interpretation that
the glacial lake clay and. tiIl underlying the river channels

form a barrier to aquifer recharge from the surface water

sources. The analog and digital models both provided a rea-
sonable sjmulation of the drawdown observed during the

summer of 1965. However, the digital model bound.aries are

more representative of the geohydrologic conditions and,

therefore, it appears to be the superior modei. The d.igital
model, for the single layer case, is more efficient at syn-

thesizing the complex geohydraulj-c conditions that are €ri:

countered in the field. The ease with which t.he digital
moder can be revised to correlate si:nulated conditions with
observed values make it, in the si-ngle layer case, a more

powerful experimental and. management tool.
To formulate as accurate a model as practical the geo-

logic and hydrologic parameters shoul-d be known as precisely

as is economically feasible. The piezometric surface of the

aquifer, which is the most signifi-cant parameter, must be

defined in detail. The pumping or recharge rates for each

non-dornestic well should be me{-ered in accordance with Amer-

ican Water Works Association Standards. Also, it is imper-

ative that the changes in the piezometric surface caused by

changes in pumping rates be accurately monitored. In order

to meet this requirement at least one observation wel-I
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should be strategically located within each drawd.orvn cone.

Observation wells are required. along the boun<laries of

surface water bodies that lie within the modelled area.

While it is feasible to mod.el a developed aquifer without

knowing the field values for the transmissibility and. sto-
rage coefficient, the writer suggests that a more realistic
model can be more efficiently acquired if aquífer hydraulic

tests are performed within each segment of t,he flow system.

These tests should be located such as to test the aquifer
parameters withín characteristic segments of the flow net.

At least one precise test should be carried out within each

segment of the flow system. The remai.ning data can be

acquired from commercial well pumping tests, from simple

puin¡2ii:g 'tests i¡:volviitg oniy a p-urnpii:g weli t oÊ a p'rir.ii7ii¡g

well and one observation well t er from water pressure tesÈing

of well bores. Vtater quality considerations require that
analyses be obtained throughout the flow systemn and particu-

larly in areas where waters from different segments of the

fIow system may be mixingr or where deleterious v¿aÈer is
contaminating sections of the aquifer.

The collection of data on the aquifer should be perform-

ecl as accuraLely as f ield practice aIlows. lrÏa-ter leveL meas-

urements.should be determined to an accuracy of 0.01 foot.
The barometric efficiency of the well is required in assess-

Íng water leve1 changes in the order of 1 foot,. The meters

used. in monitoring the discharge or recharge of wells should
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be calibrated to plus or minus 3 percent of total capacity

and should be recalibrated at least every three years. fn

general, complete chemical analyqes should. be reported. and.

the cation and anion equivalents should balance to v¡ithin
less than 2 percent of the total equivalents.

' In their present staLe, the two models could be ut.il-
ized to evaluate the probable effects of new pumping centers

and to estimate the quantitative capabilities of the Upper

Carbonate aqu.if er in the metropolitan hrÍnnipeg area. Estab-

lishing the new piezometric surface that would result from

an increase in groundwater development. would be a consid.er-

able aid in predictíng probable changes in groundwater

quality" Further development of the models wí11- require an

i-m-provement i.n t.he ol:serrzation vrell ne-tv¡ork, pa:r:tícr.ri-ar.l.,,z

in the west central metropolitan area and the metering of
the discharge from all non-domestic welIs
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An Ïterative Ðigital. Model for Aquifer Evaluation

By

George F. Pinder

rrhÍs progran simulates the response of a confined. or unconfined.

fer to pumping at a eonstant rate from one or uore rr¡eIrs. fhe

th infiltration from one or more lakes and_ strea¡ns. The program ís

-water reservoir nay be irregular in shape and. non-bomogeneous

PURPOSE

tten 1n IOR[B.\I( IV for the I3M J6O system. (See Appendi.x for
gran J-lstine).
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fhe d.ifferential equation for nonstead.y flow of a

compressibl-e fluid. in an el-astic non-homogeneous porous med.itm

car¡ be r,¡ritten (ninaer and ked-ehoeft, 1968)
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f¡ an unconfined aquifer the transntssÍv-ity 1s a fwrctlon òf

time as veII as of space. In order to approxinate equation (2)

l¡:i.thout generating a non-llnear set of finlte-clifference eguations,

the head. from the preped-ing tirne step 1s used, and the transmissirnity

1s given by5-
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At each node the transrnissivity, storale coefficient, and. 1nÍtia1

head. are record.ed.. nhe pumping rate is record.ed. at each nod.e where a

wel-l 1s J-ocated. and. the hyciraulic conductivities of stream or J-ake

bed.s where they cccìrr. ï:n the case of a¡r u:rconfi.ned. aquifer

the 
.transnissivity 

is replaeed. by the hyd.raul-ic conductlvity and the

eLevation of the base of the aqu-lfer Ís also record.ed.. . A paraneter

cartl. is prepared. prorÍding the d-inensÍons of the grid., the head. 1n

the stream, the thickness of the strea.m or l-ake bed.s, fnforlmation

eoncerning the maximm d.uration of purr¡ling arìd other constants used.

in the eomputational scheme. AJ-l computer J.nput and. output 1s 1t a

consistent set of unlts; the program is set-up to use feet and.

second.s
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ÍFhe objective of the program is to solve equatlon (Z) f¡rpficitly

for the d.eslred bound.ary cond.itions at each nod.e on the grid. after

Lt seeond.s of pwrping. ftrese values are then used. as lnltial

conditions for the calcuJ.ation of the head vaJ-ues at time 2 Lt;

this procedure is óontinued. until the reservoir has been pum¡red. the

d.esired. length of time. The size of the time step i.s increased

ex¡ronentially. Nunerieal values and. an alphameri.c contour map of

the d.rar,¡d.om in the aquifs¡ âF€ printecl at selected. tÍ.me steps
t

(see Fig. 2).

Figure 2 -- Alphameric contour map of d.rawd.om at .AntlgonÍ.sh
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ll

l2

l3

l4

l5-

l6

The iterative alternating-d.irection implícÍt proced.ure

is the mathematical technique used. to solve the N

sinul-taneous equations where itl is the number of nod.es Ín

the matrix, Hy.d.raulic head. values are calôulated for each

nod.e in the matríx by solving alternatety the equations fo

rows and coJ-umns implicÍtly. Equation (Z) for the

ca].cul-ation of rolrs is

It t f 'L-trJrK LrJrK Iææ(í-'erj) tT'

hn -hn, mt ,'"i+Lrjrk "i,j,k,T'th(¿+'"ri)'T'

"ll .nn, . - n.'L-trJrR L

l7

l8

Àæ. ' '!'
-L r

hn - h.
: g ( LtJtK L'J'K-J'

G--,

.n-L .n-7n. " - n. .1,.:t-J.K L.J.K

i.i.k

l9
2H,. -h1

-Ks ( )""'r(i,j )

+ r(h: - h'.-1. . )LtJtK LtJrK

where I Ís a normalized iteration parameter;

. n is the index ind.icating iteration numbe'r.

Au."J
"n-L .n-Lni. i*1 ,k ' n¿. i .k

Ãu."J

, qu(i,j)
' G:-ñ¿:. 1, "J

LO U. S. GOVE¡INMENT pRfNTtNc OFFICE: r959 O - Slll?r
a6t ' too



\
At each time step the row and. colurnn equatÍons are solved_

alternately untlr the greatest hea.d. d.ifference between a row and.

eol-umn computation at any nod.e is ress than a preseribed. error

crlterfa. I'lhen thls closure is achleved. the program begi"ns solv:Íng

for the head at the ner¿ time t + Lt. TLre proeed.r.¡re is
continued. until the d.esired. period. of anal-ysis has been sinnrlated. or

the aqulfer becomes d.ewatered.. 't^lhen any cond.ition arises which

terminates eomputation the head matrix and. the eJ-apsed_ simulation

perÍ.od. are punehed. on card.s. ftrese card.s can be used. as input if
1t 1s necessary to extend. the period. of anarysis at a later t1me.

For a d.eta-1led ex¡glranation of the technique used for solving

the fÍnlte-difference equations see Douglas and Rachfora (t956).

3

4.
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I

9

lo-
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l2

t3

l4
.
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t7

l8

l9

20-
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2

3

4

The forrowing sectlon d.escrlbes the preparatlon of paraneter

antl data bard.s. Íhe arrangement of the assembred. program deck ls
shown ln figure J.

5-

6

7

I

9

lo-

1l

12

l3

l4

15-

l6

t7

l8

l9

20-

Figure l. Assembled. program d.eck.

APPLTCATTON

Parameter card.s

Al]- values

1n IT.g. 4.

Figr.re 4;

are rigþt justifÍed in the data field. as lnd.icated
.!

Card 1

Colu¡rn

1-10

TT-20

2r-30

3L - l+0

l+r - 5o

51-60

SârnFJ-e cod.lng form.

Varlable

I]4AX

Dll,ff,

DÏM.I

NUMI

EBE

DELT

2l

2?

Contents

slnulation period 1n hours

nr:mber of nod.es in a colunn of the matrlx åt

number of nod.es i.n a row of the matri.x åÉ

naxj.mum number of tlme steps åe

vertleal leakage into the aqulfer Ín feet
per second.

lnltial tlne lncrement 1n second.s

12

tr ri,' r t .
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Card 2

1-l-0

l-r - 20

2r- .- 30

5-
31-ho
4r-50

!I-6O
6t-To

7

I

9

l0-

M

K1]I

FACTOR

TJEiVG$I

ERR

FACS

FACB

FACP

thickness of stream or l-ake bed.s 1n feet

nr.:mber of time steps between printouts åÈ

m.rltÍplier for values of hydraulic
cond.uctiv:ity of stream or J.ake bed.s

number of iteration parameters åç

error criteria for closure

mútiplier for storage eoefficient

rul.tlpJ-ier for aquifer base bottom
e].evation ,

rultipller for hydraulic eonductivity
of aquifer

71-Bo

CarcL 3

r-10
LL-20

21-30

t2

l4

l6

17

e"d I
l--10

FACT

RÏ\TER

SPACNG

l9

20-

2l

Card 5

L-5

uuJ.tipJ.íer for transmissivity

hyd-raulic head in river in feet

contour lnterval 1n feet

22

STIM elapsed time at beginning of eomputations
(usuatly O. unless provÍd,ed. as

. 
punched.output)

Índ-icator for punched output; Íf punehed
output is d.esired. at terrnination of
conputations wrÍte PIINCï, otherr,rise
leave card. blank. ,.

I,

PUNCÍI

L6
U. S. COVen¡,tte.rT PRfNTtNc O¡¡F¡CE I l9t9 O - strt?t

t6t ' loo



l,

2

3

4

5-

6

7

8

9

1o-

tl

72

l3

l4

15-

l6

t7

l8

l9

20-

2t

22

29

24

Card 6

r-10

C_a,.rd 7

L-T

üIA5ER indicator of water-tabl-e conditions, if
vater-table conditÍons are
encountered. write WAÏERTABLE :

otherwise leave card. b1ank.

Card- B

L.T

CONTR i¡d.icator of contoured. printout;
lf an alFhamerlc contour map of
hyd"raulic head. is d.esired- r.¡rite

. CONTOUR; othervise leave this
card. b1ank.

'i

ind.lcator of numerical printout; if the
nr.rmerical head. values are d.esired.

. wrlte NUI4ERTC, otherwise leave this
carcL blank

Card- 9

r-5

NUM

CHCK indicator of cornputational cheek; if a
mass balance on the system is
desired write CTIECK; otherwise
leave card. blank.

values are
lnclud.e a

fixed- p,:inti they must be right justified. and not
d.ecimal point

25-

_ï-
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2

3

4

5-

6

7

I

9

lo-

tl

l¿

l3

l4

t5-

l6

17'

t8

l9

20-

2t

22

23

24

Data Card.s

Set I

Distanee betr,¡een nod.es in the prototype in feet: the d.j.stance

between ad.jacent nod.es is reeord.ed. as ind.icated. in figure r . fhe

val-ue's in the Jt d.irection¡ DET,X, are record.ed. first an¿ are followed,

beginning ca.rd,by the varues in the / d-irecti.on, DEL(.

As lndicated in figure 1 the vaLues for DELY and, DELX must remaln

constant for each row. and. colurnn respectively. Each value may

occupy 10 spaces including the d-eci-mal poÍnt . 'i

25-
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Set 2

T¡itial- hydraulic head: STRT: tbe initial hyd.raulic hea.d. values are

record.ed. from l-eft to rigþt along the rovs beginning w'ith the top rovr.

Eaeh rov begins on a new card. and. each value may occupy 10 spaces

lnclud.ing a d.ecimal- poi.nt (ttrere will be a mærirmrm of elgþt values

record.ed on each card-). TLre hydraul-Í.c head values punched. at the

terninatfon of the prograxû can be read as initial hyd.raulic head.

va-lues 
i

Set 3

Iocations ef wells-r I'akes¡ and s.treams, RAffi: the locatlons of wells,

lakes, and. streams are record.ed. J-eft to right along the rows,

beginning r,rith the top row. Each row begins on a new card. and. each

value rnay occupy onl.y h spaces inelud.ing a negative si.gn and. d.ecirnal

polnt (no sign is necessaz-y for a posi.tive nunber). At any nod.e

where a l-ake or 
.stream 

occurs the hyd.raulic cond.uctivity of the bed.

d,it¡:ided by the hydraulíc cond-uctivity nultiplier is recorded. At

any nod.e tn¡here a wel] 1s located. the purping rate in cfs 1s recorcl-ed-

preced.ed. by a negative sign.
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Ilydraulic conductivity: PERM or transmissÍvity T: this data set

consists of the hyd.raulic cond.uctivity values 1n the case of a r+ater

table problem or transrnissiv:ity values 1n .a confined. aquifer situation

The val.ues divid.ed by the appropriate nn:ltlplj.er are recorded. J.eft to

right along the rows begÌ-nning wÍth the top rov. Eaeh ror¿ begÍns on

a new card. and. each value may occupy up to 4 spaces includ.ing the

decinal point

3

4

7

I

Set 5

Aquifer base elevation, SOTTOM: this data set consists

elevation of the base of the aquifer measuïed. from the
12

datum as the initial- head, dtuided. by an appropriate muJ-tipller.

llLis data set is orritted- if a confined.-aquifer probJ-em i.s consi.dered..

llhe va1ue" "*u 
recorded left to right along the rovs begÍnning l¡ith

the top rov. Each row begins on a nell card. and. each value iliay occupy

up to 4 spaces i-ncluding the d.ecinaS- polnt.

l8
Set 6

Storage coeffieient values¡ S: this d.ata set consj.sts of
19

coeffÍcient at each node, d.ivided. by the aþpropriate nuJ-tiplier.

|flre va-lues are recorded. left to right along the rovs, beginning w-ith

the top rov. Each row begins on a new card. and. each value nay occupy

up to

of the

same reference

h spaces including the decimal point 
r

the storage

20
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Nunrber of nod.es:

6

7

8

9

10-

[he d.imensions of the nod.al array consid.ered- in an aquifer problem

generally d.epenrl- upon the storage capacity 1n the computer and.

available fu¡d.s. fhe l-arger the nod.al array the more corçuter ti.me

is required to simulate a specified period. of analysis. Íh:is

prograrn pernrits arrays up to 50 X 50 nod.es . i

P,ral¡d.own near the_puq¡ing rqelI:

Irlithd.rar,¡a1 from a welf is assurned- to occur over the area of

Ínfluence of the well nod.e. Drawd-om values r.+ithin cne nod.e of

the r+e11, therefore, Ìrirl not accurately represent field. responses.

fhe use of small-er space j.ncrements near the well w:irl'lnprove

the accuracy of the sol-ution.

.Ad.vantages of j.terati.ve teehnlque :

PROGRAM FEATU]ìES

Certain limitations inherent in the alternating d.irection

lrrpricit teehnique are overcome by lntrod.ucing a relaxation

factor and. iteration. Some of the inportant ad.van-ta.ges of
aï1. lterative analysÍs are:
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Í. abrrrpt changes in transmissiv:ity between nod.es is

perrnitted., .

variabJ-e space increments nay be used.,

cury time increment At may be used.,

the elJ-iptie fozu of the fJ-ow equation can be treated.

directl-y (the steady-state problem) ,

the iterative proced.ure requires less corqguter time

lrhen period.s extend.ing tens or hund-red.s of years are

sirnul-ated. i

ii.

LLl-.

fv.

V.

lvftútipl-ieation Constants

t2

lvlultiplication

to d.ecrease the
13

numbers

storage

constants (racrcn, FACB, FAcs, FAcp, FACT) are used

number of d.ata cards r.rhen very g4al I or very J-arge
I

l6

must be read.. For exam¡rle, if 1t vas necessary to read- a

coefficient value of .0001 the muJ-tiplication fac'bor FACS

coul-d be set equal to

t7

card.; the progran would. convert the 1. to .000I d.uring exeeution.

t8
Progra¡i Diagnosties

l9
f$ro progran d.iagnostics- may be generated. if an abnormal-.program

termi-nation oceurs. fhe message U0EEDED PERIvIIIIED NU]{BER OF

ïÏERATIONS is printed when convergence i.s not achieved. vithin

100 iterations. Thi.s situation generall-y arises vhen ar¡ error in
i

data input resul-ts in an irrpossible physical problem. The message

I^lEirL GOES DRY occirrs when the cone of d.epression in ar¡ uneonfined

aqulfer d.rops below the impermeable aquifer base.

.0001 and- 1. worrld. be record.ed. on the d.ata

22
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ïteratÍon Pa-r:a¡neters

ftre ehoice

convergence

consid.ered..

ERR of .OOl

of the nrunber of iteration parameters, LENGIIÌ, and. the

eriteria, ERR, depends upon the physleal problem

fhree to seven iteration parameters a¡rd. a value for
. shoul-d. provi.d.e satisfactory results in most problems.

lvfass Salance

fhe 0TIECK option pernrits the ealeul-ation of a nass balance vhen

there l-s no infiltrati.on Ínto the system. lflre voluine of vater

removed. from the aquifer is corçuted. by in-i:egration over the cone of
d.epressi.on and. by caleulating the volt¡rce removed. from the we]]s.

[hese values are compar9d. and. the d-ev:iati.on ex¡rressed. as a pereent of
the volume purnoed.. Tf infi1-tz'ati.on d.oes oeer_f the d.er¡j-at,.on ls a

measure of the volume of vater entering the systen.

lhis program is not d.esigned to simulate aIL of the com¡rlicated

hyd.rologie problems encountered in the field.. ït j.s intended as a

startlng point from whieh more complex mod.ers can be d.eveloped..
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APPET{DN(

Tg.PROVIDH THE POTSNlIAL DISTlIIBUTION IN i\ CONÍ:INED ÂSUIFER JIFTER A T.

A l)E5l6l'l¡ITEO PFp.:(ìf) rjF T lf'lE 
^ 

Z
*(*t<*.(¡*{¡*++*:t{,**r¡4,v,! }::>i.t.i.tt:l*tt})l*rl'i\ttt*++++tt*:Xtlttr¡+rltl.*t*'+*+**t(+¡trlrl**r¡tr¡+ A 3

ItlË THf ì01 
A 4
A5

'\: T!{E ÂLrËtìN^T1î,¡G r)lt-{ECTtON ti4PLtClT TECt{NI0UË lS USÊD TO SOLVE 
^ 

6
A7Tt{g L INE^{ f:eU^T I {1ilS. 
A rl

f-.FscíìtpTlr-]i{ oF prlR^t.lETEtìSC Â 9
. Â=COiFFlrl:NT lN FINÍTE DIFFERENCE EOUATIO|{ A l'1

ß=C,ISFFICIENI IN l-ll': ITE DIFFERãNCE ESUQTI0I,| A 1l
F5(i)=DU,iiIY VA|ìIÂIILE DõFIÍ'I|:I) AS C/W A IZ
nllrT0:.1(lrJt=ELEvAll0N OF 3CTIO14 A t3

,c=ccSFFIcIË¡iT lN FINITE DIFFERSi*ICE EQUÂTIoN A 14
D=')Ur':i1Y vÀP. IAßLrj RIPP.;SENTIT'JG PAiìAMETFRS 0F EOUATION t,fH0SE VALUES A Ì5
¡,:IE T.\*OHII FI,OV PREVIOUS ITÍ:Ê'ATIC'N A Ió'!)i.YS=ñJi4rlE;ì Of: DAYS S I i\jCÈ PtJllP ING STAP.TED A 17
L'st-T= LEi.jGTlt oF ItttTI^L llir!: STEP (S:CnNlSt ' A l$
ÍiIL,(=!)lS'l¡\liCE iiET.l,iEEi: l,l0DgS Itl Tllf: Píìf-ll'rlTYPE IN THE X 0IRECTI0N A I9

(':ÉtTl Â '?4
[[lY=01 ST^NCE 3ET'È'FEN NC]OES Il'l Tl'lE PR0rl.]TYPE IN THE Y D!RECT I0N ,1 2l

(FF[T' A 22
0IrtiL=l'rrJ¡.:úER OF ¡ltrf)Es IN CCLUMN 0F MATRIy. A ?-3

!!f4¡ì=ii,J:rrliiiì. u¡ ll0tiis IN flf:H OF FATRIX A 2t+
'tilìÍ{=CLllStJîF Ciìl T 9f-( I À F0í{ tTtR^T ION A 25
F¡ìCTI):ì=I4IJLTIP,LIC,^TI L-]N FÀCTOR Ff]R ADJUSTTIIG SlCR¡.òE COEFFICIENT A 26

A27FACfJ=}IJLT IPLICA] IIJ|,I FI\CTT'ìf{ FOK. t]OTTOV ËLIVATION
[...ÇÐ=$rJ¡f I pL ! c,.\T ILìi.l F/\cT0f¡. FfJf( HyDo^uL f c co¡,DUCT iv:Ty A 2B
!:ÂCS=|'í'JL'l IPLICAT:Jl,l FÀCT(lÍr FOfì STfjir¡,cF COEFFIC'lEl¡T 

^ 
2')

FÅCT=¡ATJLTII)LIC;ITiUI\I FÂCTCIì ÊOR IRÂ|\JSi''I ISSIVITY. A ?C
G=lUr.Ìt'lY \,^FtASLE DlFIflEf) AS (D-Â+G(J-])l/ì¡l A 3l

.l'l:,'S-il.lU':[]EP.f-]ÊllC;,.')SsI¡.lc5PtJi,lPIhlGsTA9,TfD
l¡lK=lTEß,^.Tlcll P^i]Âr'ETt:íi 

^ 
33

. K[iÊ;)(lrJl-SrOFì^L:E ]iATp. IX FoR PtlI V^LUES A 7+
KIH=irU"¡l'rFr.i LIF TII{E STFPS P,ãT|iEEN PFINTTJUïS A 35
r=Jlllc(Nfss cF sTcfl¿l}l ôED. of-ì LiKE BOTTOM '(FEET' A 76
lir.i',rT=i'1 \\lþlull NU¡lt,tR llF TIME STEPS 

^ 
37

PI'! I(ÌI.JI=I{EÂD IÍ{ A.I]U!F!:fì AT Ñ*OD{: (IIJ) If\I FEET A 3B
pÍrrr¡1¡l,J!=i.i.Ì9AY FO'ì rr;ìtNTING OUT HE^n 14ÂTßlX !N CCNToUR FoRM A 39

, OfìF= ;:..:CIIAIIf,,E'f:LIIX Fß0.\4 TI.tT Ct]\FIi\! INÛ LAYFR (CUß¡C FEET fISR SECOND A 41
F.ÂTË(IrJ)=F^IE CF PUvPINr.i IN CFS IF NEGATIVF: - .t 4t

I{YDRAULIC CO¡iI)T'CT!VITY DF STRSAI.! OR LÂKE SOTTOM IF A ¿.?

POSITIVE A ¿¡)
rr.t.r'.r=f)u-r¡:Y V¡ì,rrlL'lLE ITFFINED As s(lrJ)/DELT h 4t¡
É!Vi:iÌ=lli^t) Itl 'r.!Vf:R A 45
tr.f:.=Vl.nf^n,Lq AC.Çn¡¡11!:.lG F0!¿. VERTIC^L LÊ^(ÂGE A 4ó
iÌri=v^il ÂtlL: dcf.luliî l¡:..ì FcP Fui4P I\G A 47
S(Í,Jl=S'rfr).¡,$i COCFI:ICIFNT (51'.lF\SlO¡'ILFSS) ,' A ¡.8

r SfST'(I,.t)=li\: If lAL VALUÉ t'F llYl)rì/.ULlC HEÀC' lN 
^QUIFER 

A 49
St.lr1:DU.iÅT I ON f ìF p'Ji'P ! r'lG I N SECr)f l0S Â 5C

J/, i
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SY¡if JI=LIi'IF¡iIì ÂR!I^Y CcTJTATN¡¡¡O SYsgg¡5 Fc;T PRINTINO oUT ¡{EÅO
r,!^TP i X

r Í I, J l = T'i ¡1 \S i\i l s s l v I Ty ( F ç_?.f +tt 2 / s f c ot,l 0 )

TF:lii'( I I =Tã¡?Þ0PY L(-'CAT tOf'¡ OF CtItRçNTLY C¡lLCUL^lÉ0 VTlLUES 0F HEÂD
Tlt\r=i/..¡yf tlUl,,l ¡.'-LDTIEiI PERIrl0 OF PUt,tP!NG
t,=ntrr:fiy v/,21¡.nLE DFFINE0 ils 0_^ûBE(J_l ¡

.'¡ {ilr.

COn:trO¡,¡ PH ¡ r SUM' DELXr DgLYrDtMLtD ¡.Hh"R^TErS rSTRT'SP^CNG
D!"SNSIOôl S(5n,50), PER!4(5Cr5Cl, BOTTO¡1 (50r9C)r RATE.(5etr}'! r KEEp(. A .ól :... '.., : .. .,'.5ôr5'¡, Gl5rl), TEMP(511r ßE(50)r RHoPl25 lt'.CHK(lo), STRT(50r50)r T'A 62 . ..': '.. 

.:'5Ô'5.l,.Gl5fl}'TEMP(51llßE(50)lRH0Pl25ll\cHK(lo)lSTRT(50l50)'T..^62'....
2(5q,îtlr'pi{l(5nr5cl . 

^ 
63 : : . ::. 'I , .. ' .,,

RFÂ1.'¡A KEFPI I!IK,NIJq , A 66 .,

¡¡:ÏË,lf? ntNL,Olf.it, 
^ 

67 ,.: , i". ..r. -. . .,.' . ifrclJlLEPÊ.[clsIcNr,HIlKEEPrOrGlTEMPlBEll.l'Tl'T2lT3rT4rRH0lAlßlCr0ELT.Â6B
1'Pl.|(JP'.D¡P.^i'1rIl.iKrRivER'cHK'PNcHll.tÂTERrC0NTfì'NUl.4'cHcKA69',;¿ : .' : .

t).1r, Cl-rK(1)/51-rPU{CH/tCHK(2)/3Hr{^TERTAB/rCHK(3)/7HC0ñT0UR/rCHKlh'tlI /r'7]
Irtt"tUrERif,/tLHKlS)lrHCrlECRl /\ 7¿s

11.r.5 ( 5,'j7q I Ttl,\xrDl14LrDIl.ll.,trNUMTrORErDELf rürKTHrF^CT0RTLENGTHTgRR, tt 76
I|:¡CSTFACß,Í-^CP,F^CITRIVERTSPÂC|IG ; 

^ 
7-l

t!.',!' (9t{, 1n) st,;i : ' 
^ 

7fl
¡ F.\n I rr . i¡O¡ I Phla-ll .1.1^T FP .CnÍ\lTn . NilrM- f',ltc-K .r 7()¡.[,\|)ir.s¡í¡QflPl.lc|l'1{^TEPrC0¡\lTRlNUMrCHcK.'. 't:"pf,tt) ( 5t631,1 {DFLXI Jl rJ=l ¡f)lMr.t)
?f..Âíl (5 rf¡rìô) (DFLY( I) r I=Irf)ll4Ll?f.'Âí](5rf¡Iìô)(DFLY(I)rI=Ilf)ll4L}].'^8l,',;,''],''..-:...'..,..'
90 lO.l=l,OlMt-

fF.(llÂ'TFf.:.i|:Ê.c'tll((?llG0To50'..:.j.'.'

'lln iî -l=Ì.fìlitllJ

Â' 5t

^ 5?
Â53
^54A 55
A 5(r

^57.^ 58
A59
AóO
A .ól

^62

î(ì TO 70
. 51 DO 6c I=l rDIML

n0 ¿,¡ i=Ircll4L
rF^D (5'5101 (BOTT(lÞl( I rJl rJ=lrOIM'¡,t)
r)Ít /ìn .j= I ; n lär¿l .. i

¿,o ùCTTf)i!( !, J) =DOTTOMf lrJ )+FACB

ît 72

A75

"^ 95
i.^ e6
I'a ez



RE^D (5ç51C1 (T(IrJl'J=trDI!,?W)
DO ó0 J=i r DI ¡4'¿l

60 ffIrJ)=T(IrJ)*FÂCT
71 t)n 31 l=l,flra! ¿

!ìEAt) ( 5¡"s?1., ( S( I rrJl rJ=I ;DIMWI
flLì 3¡r -r=l,n:¡,1:J
S(I?JI=S(Ir¡¡-IFACS

\
8C

^ 
tol

A 1e2
A t03 -

^ 
!.c4

^ 
I05

A 106.

^ 
tc7

A ie8
A 109
A t 10

^ 
!It

l\ tt2
A I 13
A l14
A I!5
A t16
I\ .LL I

A ilB
A TÌ9
A t2c
l\ t2t

^ 
122

Â 123
A t2+
L L25
A 126

^ L27
A 12tl
,1 129 .:.

4 1?c
/1 1?1
A L32
A 131
A l3/r
Â t3.5

c

c

a a a. a.. a a a aa a aaa a a a aa aa a a a¡t a a aa a a aa j O Or¡ oo O ¡ O
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rf¿.1\lT P^f'A!!F rf rt V/rLUfS
i;tr. lTF (f,,551 , 1".'rtlt-rrll'lAXrNUlvlTrQrlErDIl4LrcIMWrLENG'|'H,ERRrFÂCTORTFÂCSr

IFACIJ I FACP, FAC T I R I VÉIì, i4.,F.TH,-

rrr,il,ITE ( ór ¿'9Cl (DSLX( J I rJ=lrf:Il4!{l
!,il{lTE lât7er',} (LìËLy( I }r I=lrDIl4L}
Ti'i¡i X= T;''l¡\ f,rt I $n fi .
Ir- (!,1^Ti:lì.i0.CllK(2t) GC r0 1r.ì0
ilfì!TE (ó156,1 

1

30 911 I=IrDIi4L
9C );?Iit (í:r'-'7:) Ir(T( IrJl rJ=lrDlt4Wl

l C0 rrhì I TÊ ( 6, 59íl l
. D0 .!. l0 I= 1, DI È,!L

Ll0 HrìIiE (6,57Ct I'(S(lrJlrJ=lrDIt4W,
tiÍil TE (6t51a )

nC 124 l=!lDIl'tL
I20 r{;llTE 16,51r: ) Ir (RÂTE( !rJ I rJ=lrDIMHl

itr ( ¿jAr1:P.¡:E.CtlK(21 ) GO TO 150
'¡¡ÍìIIE (ó'lr3D)
D0 13C I=1rt)Ii4L

131 ;JR ITF ( 6'570, I r ( PERI4( I rJl rJ=l rtlltlWl
r.rRITi (6,|4C)
D0 140 i=l'DIML

!./''J '¡,i]. ITÊ (6'516) lr(BOTTOM(lrJt rJ=lrDIt'1Wt
I5o Ji{0!=D I }'h'-l

'I

a .. ¡. a.. a. a a a.. a a..... a. r.. a a.ra e . r a'a.a a a aa a a aa a a a. a a aa a,aaa aa A 13ó

CO¡IPUTS I TERAII ON P,IRAI.IETERS I i]I
;îil:;: "''* ^ t3e

.xVÂL=3. t4l5,t*2./(2.+Dlr.lr+*+21 î iiÎ' YVAL=3. i4t5+:¡2/ (2.r..OIML*'f 2' 
^ 

I42
r)0 lô1 l=2'91i.1L A :.43
D0 1ó1 J=2 'Dl f4, A l++
lF (T(l'Jl.S1.O.t GO TO 16rJ : . A 145
x,)Ârr T=(V¡\L/I ( i / ( I+L\ELX (.l ! *l 27Dray ( I tr*z t I 

^ 
14ó

Yr¡i'cìi=YVtt-r{ i. / ( Ì+OELY( I ) ++2/0ELX( J t{.rz ¡ ) A l4l

,rrä"',iiiriJ¿t't.r"'rrri'xpÂc'T'YPAí'rr) ' î ï:i
,lLo¡-iÂ=Ë./.r) ( /ll-Cc I l/rltt. IN I / f LEt.tcTH-: ) t 

^ 
I 5n

I
t'
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c



i\

P."Oofl)=H4tN
DO 170 lttf lr.1f=lrLSNGTl{.

170 F.l-l0P( ¡!TI14g,=RHO2 (NTIME-1 t*ALPHA
PÂFÂ14=P.l{(JP ( !. Iwirir ii, ¡sii rRh,op(Jr rJ=rrr-cNirxl

il gT=¡
ÌEST=1

A !5t
^ 

152
Â 153
t. L94
A T55

. 
^ 

156
,1 157' 
^ 

t53
a. a. a. a. a... a. a. a a. oa aa a a aa a aa a a a aa a a a aa ¡ aa a aaaa a aaa a a a a a 

^ 

159

lF rEsr EQUALS 1 coNTINUE ITERÂTIoN' IF TEsr EQUA!-S 0 Go ro NExr
TIi4E SfEP

180 IF (TEST.EQ.lt GO fO 250
' rlFl\ÂL=C

IF {K. I.Cr.NU;4T.CR.SUM.GT.TM^X} IFINAL=l :. ltTH=C
. IF (I,'O'(KTIKTH)'NF.1.OR.KT.EQ.O./\ND.IFINÂL.NE.II tJO TO 2IO

I',.QIfF (ó?5qEI KTIÐSLTISUMI?4 INS,}'tRSrDÂYSIKOUNT \

IF (CO\TR.EO.CIIK( 3' ) CALL PRNTA
IF (I.JU1I .EQ.CHK(¿II CALL PPNTI
lF (ct-{cK.e0.cHK(5)) C^LL CHFCK
If: (lFI¡!A'-.¡!5.!) c0 f0 210
IF {Pì{CH.¡üE,CriK(1 ) I SIOP

l9C DO ZO4 I =11!)l VL
zCD tl"'. liE l1r5?.f) (PhI ( I rJ I rJ=1,DIt4Wl

rJRITÊ (7,ålll SuiilsroP '

KT=KT+ i
K0Ui,lT=1

33 i;: j:l; ßi i:
220 KtEP{ lrJt=DllI (IrJ)

lF (l.i¡rTtF..r,tE.cFtK(2), Go fo 240
DC ?3r"r l-trDlriL
DO 23¡ J-1,!lr'!,/,,
T I I, J I =p!Rlí ( I r J !*(pHI ( I,J)-gOTTOM( L)I t

L

c
c
c

A 160
A l6t
A L62
.^ I63
A Ió4

. Â Ló5
A ló6
A 167
A IóB
A I69
A t70
A I7I

^ 
172

A I73
A L74
A l7s
A i7ó
Â 177
A I7B

^ 
179'Á Ì80

A I 81
Â IB2
A IB3
¡1 184
A !.85
A tao

. A I87
A IB8
¡1 I 89
A l9n
A ICI
A 1.92
A 193
A !.94
A 195
A 196
A:.97

1\)
@

'l

[-
l
I.

I

I

IF (T(Í,Jì.G8.0.t G0 TO 23O
ll,ì I T F I tt t 66C: I
Gt) T(Ì lor)

230 Ctì¡'lr I ItUF
24C í'ìELT=DÊL T+DELT

SU14= SU;,î+t)ELT
ti:ts=suY/361c.
t.illiS=H-ìSf/:1¡
0ÂYS=H \S/24.
G0 1r,¡ '2'4 27 0

250 IF (Kilri:.:T.LT.l00l Go T0 2ó0
: h'RITE (/rró7C)

Gt ro !9c

,' A 198
A !9ç
A 20C

J

I
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260XOUIçT=KOU^,IT+1 . ,'ZeI
rf'- ( rloJ IKOUNÍTLENGÍ!{} 

' 
270 ,27Qt28O A 2Q2

z7c.t{iH=c A ZC3
2!1 riTH=îiTH+! A ZO4P^aA"'-q,tJoP(NTtJ, r ' 

^ 
2c5

TSST=î.
290 or 30î J=: rDt Mr.f i 'rlì1
3at r:riP(J!=PHI(lrJ) A tci

f.'){) /rcô l=2rDIlfL
no 360 J:2,J1,ll]I /r 2 '!.1

A 2tr
....aôo.....aa........rad......a.a..a A ZLz ' ,.......o.........aôo......a... 

^ 
2\1

DETETìM!¡IE r{ilETr{ER NoDE IS CUTSIDE AQUIFER BOU|IDÂRI' 
^ 

2L4 .
lF (T( Ir.rl I 3lcr3ócr3lo ' ¡ ?15

^ 
216

. . . . . . . . . . . . . r .. ... . .. ... . .. . r .. d . ... a .... ... a. 
^ 

?I7
A 2:.8

?10 RI.|0=S(I'J)/DELI Â 219
A 220

, 
o ¡ o ¡ r'¡..... ............................................ a A 2ZI

A ?.22
CÂLCULATF 

^VER/'GE 
VALUES OF T LIETWEEN 

^DJ^CENT 
NOCIES 

^ 
zz3

iIOO:: CONFIGURATIONC ÎI=LETTT T2=RIGHT, T3=UPPERI T4=LOHER A 224
T 1= ( ( 2.*f I i r J-! t *T( I tJ l't / I T( I,,J 

'.*DELX( 
J-I t +T( I r J-!. ) rk0ELX( J t t ) /DELX 

^ 
225

1(J) 
^ 

2?5
T3=( (2.f,i(lrJ+1'*T( I ¡Jlt/(T(I,JtfDELX(J+l)+Ttt,.l*1,,*DELX(JtD/DELX ii3?1(.') 

^ 228' T-L=((2.+T(I-!rJ)*T( IrJrr/(T(IrJ)*0ELy(I-!t+T( I-!r.T,rDELy( l,lt/DELY A 229,'
1(t) A 23î
T+=¡¡2.*T(I+lrJl*T( f ¡Jll/ (T(!,Jl*DELY(I+lt+T(I+t,J)+DELY(I).D/DCLY 

^ 
2)l

l(I! A Z3?.::,1(=PÂR^u*|T!+T2+T3+T4) ît 233
K=D.C A 234

A 235
...........................a..............o............ 

^ 
236

^ 
?_37

cH.EcK illJETHEa, 
^:onE 

IS ALOI¡G /\ STÍIEAM 0R OÎ't A L/IKE - 
^ 

238
IF (PArs( I.Jl ) 73lr33et32e A ZZ9

320 K=D.¡l lE(IrJl 
^ 

Z4i
A 24!

....... I ¡ ¡ oo .............. ¡.......................... 
^ 

242
A 243

C.ÂLCu'-,ilE v^LUEs Forì, PAfiAr.tETEP.s Ar BrCr ÂNr) BE 
^ 

244
330 3=-TI-T2-RHO-K/(2.*M!-IMK .' A ?45

: Â=T1l
c.r. 

| 
^ 

246

'l=íJ-A+lE(J-Il 
A 247

BS(J)=C./w î'r:,2
A, 25q

/.
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c

c

c
C

J
I
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^ 

Z5l

.(. CH:CK NODE FOR POSSIBLE î.,ÊLL LOCATION 
A 252

. 
^253R{={J}ìE

. Rlr=o., ^ 
254

IF (rìATE(l'Jtt 340r35Ct35A A 255
Ã ?56341 f¿.V=-p.ÂTÊ{IrJ}/(DELx(J,+DELy(lt) A 25735C:r=-t3*pt{!(l-lrJl+(T4+T3-Ijr,!K)rrpH!(IrJ)-fl+,ÈpHI(l+lrJl_RHO*KEEp(trJl_ A 25gI ( t(/r.'l t *( t?l VER-KEFP ( I t J,t /2. , +R|-RR A ZS9C ( J I = { D-^'¡G( J-t L,/,.t A 26036CrC')r,lTil.JU[ A Z(,L
A 262

........... a. ô.......... o o... a...... oa A Zó3

CALCULATE H5AD V/\LUES FoR Rot,,s oF MATRIX AND PLACE TTìEH I * I,;ziTEi+poRAt'y LrJc^TJ ott TE14p
l,,lt.¡3=Dlt.1r¡-z "r¡jv¡ì rtr'lr 4 2óó

t,() 39n KN!4=1 r N03 ^ 
267

^ 
t¿oA LIJOliO4=D I11,/t-K¡lO4 A Zó9Pl'lI ( f -!r^t04,=TEÀlplN04 I

^ 
270IF iT(l,i{C4)t 3BCr370r3Be ^ all

3Z0.TFr.¡)(N0¡+)=p¡[(Irt,i04, A LIL
crì Tn 2oñ A 272

A 2733e9 TErt':P( fi11.l =G lt.l04,-ßE (N04)*TEMp( N04+ll
^.?7r,20r. cofir !NrJr-, A 2754Ql C(;ilIif.tui:
A 277:i+!r'*'l++'.'+'l*(**:t*'ltr*+tt+'l*û+'t*+**r¡rr*Írrirt,ßtt*rrrr+rr*¡r'trr*4r{r*|Ñ+{r*r.rtdrt*+t*lt** 
A 27,3

^ 
?_7c,FÍ)LLCI.f SIiIILIAR PROCEDURE FOR COLUMNS OF MATRIX AS TI.IAT CONSIDERED A UTJO, F,Jí\ RO,.¿S A 2gIf)O /tIO I=IrDIt'lL A ZBz410 TEItP(ll=PHI(Irlt 

^ 
Zg3lrtril=DIv¡-t

tlo 5I Q J =2 r'D t Nltl A 284

Dtl r'?C !=2, tNel 

^ 
iïZ:F (T(LJll ¿+2Or470t4ZO A ZB7' ,1 2BB

aaaaaaaaa aaaaaaaa aaaaaart aaaa aaaa aa..

42C RHO=S(LJ)./CËLT

I
/D.E L X

/DELX

/DELY

c
c
c

c
c

clc

UJot.

c
c
c

r
c
c
c

a.aaaaaaaaaaaaaaaaaaaaaaaa aaaa

^ 2r9

^ 
200

/1 zel
A 292
A 2q3
A ?94

^ 
295

t^ 296

^ 
297

A 29¡r

^ 
?.ee

A 3C0

cnr- Jur- n; E

¡ TI= (.{ 2.*T (

1(Jt
T 2=l l2.t,l I

ltJr
T3=((2.4it

AvER'1GF VÂLUSS CF
I,J-l'*T( IrJ)'!/f T(

lrJ+l)*T( IrJt,/(T(

l-lrJtrr( LJ' )/(T(

T BEThE:N ÂDJACENT
IIJ IfDELX(J-I )+T( I

I'J'*DELX(J+lt+T(l

aaoaaaaaaaaaaaa

NOO ES
? J-l t'¡oELX( J ) ) ,

r-t+I)*DELX(J)t)

I 
' J 

'*DELY( 
I-1' +T( I-I I J )'¡T'ELY( I 

' 
I 

'



:.il)
T+=( (2.*T( I+lrJl*T,( lrJl(rr!t
I t4 K= PA RA i'|* ( T t + T2 + T3 +T 4 

'K=C.1

c!{ E cK
.Jq-=4{-Â

. IF (qATE(I,Jl' 45Qt46Ot46r)
45c !rl.t=-RAIE( : rJ l/(DÊLX(J'ì,DELy(I ) t
4(¡4 D,z--l I *:)l{l I I, J-l !+ ( Tt+T2-li\iK }'r.pHI

I ( t(/r.l) *( FìIVl-r.:.-KEFp( I ç J I / 2. I +fiH-RR
G( ! )= ( D-A'!G( I-1 t ),/r.l

470 Ce¡lT i:.rLJE

! / ( Tl I rJ ) *0ELy( I+t I +T( I+.1r J t'r'oELy ( I t t t /oELy

c
c
c
c

,t'
c

(,À) C
HC

A

^
A
A

/\
Â

^,A
/1

30t
't 

^J
303
304
3C5
3C6
307
30s
309
311
3lt
3L2c

c
c
c

cHECK þlHETr{FF. N00E IS ALONG Â
IF (fì^IE( ItJ) t t¡t+Qr\t¡Qr{Jf;

430,K=RATE( IrJ)

aaaaaaaa

CALCULATE VALUES FC!ì PÂRAI.iETERS AI BICI ÂND
440 A=T3

C=T4
9=-T4-13 -!ì ltC-K/ ( 2 . * i't t - I t|K
l,l=ß-¡,'i(llF ( I- !,
3:i( I l=C./ti

aaaaaaoaaaaaaaaaaaaaaoaaaaaaaaaaaaaa

STREAM OR ON A LAKE

......................... /1 313
A ?, 14

BE \ A 3.!.5' 
^ 

31ó
A 3!7
a 313
A 319

^ 
720

1\ 321

NNO F

AR
tfo oottIBLE t/,rELL l-ocATloN

A '123

a, 324
A 325
A 326
A 327
A 328 i:'.

c
c
c
c

aaat.a.aaaaaaoaa

CALCULATE I{EAD VALUES FOr¿. CCLUMNS OF .I.IATRIX ANI)
LTJCAT IOi.I TE¡|P
NLÌ3=D I'.11-2
ÐC :i00 KNí.)4= t , ND3
i!O/r=D! '.lL-Kl:r-ì4 :

ítrt I ( l,lf-ì/. r..!- I ) =TE H9( NO4 t
lF. (T(f{04,J1 I 49Cr4B0r4g0

rl80 TE:1o ( Nal4 I =Pltl ( \tc{, J )

G(i Tt_ì 5/.':
4o0 TEt4p (rirJ.1, )=C( rt0lr)-3F ( t{041*TEF:p(NO¡r+ll

r Ii (nA,JS(TEr':P(I:04 l-PHI (f{C4rJ,,.GI .ERRI TFSf=1.
5ô0 (:r]t{ I : NlJt_
5lD CllNTl\r.,!

6() Tf-ì I r'rn

(lrJl-T2+PHI( I'J+tt-RHO'..KEEP( IrJr- A 32t
A 330
A 331
A 7)2

^ 
1?,3

..............o... 4334
a 335

PLACE IN TEMPOÂARY A 33ó
A 337
A 138
A 33e
A 340
A l/r I

:. \ 1t,2
î, 3Lt
A J41
Â 345I

. A 34t:
A 347
r\ 348

^ 
349

A 350
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A 359
A 36C
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'4362
/r 3ó3
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364
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A 366
A 367
A 3ó8
A 369
A 370
A 37!

^ 
372

^ 
373

A 374
A 375
Â 376
A 3?7
A 37fJ

^ 
?,79

A :'¡ 3C
A 3¿ll
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^ 
383

A 3B/t

^ 
385

^ 386
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/1 389
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825
Pr 26
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