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ABSTRACT

An extensive confined aquifer, cﬁrrently pumped at a
rate of 3 billion gallons per year, occurs in the fracturéd
- and jointed upper 100 feet of the thick Paledzoic carbonate

rock sequence undérlying metropolitan Winnipeg. The karstic
bbedrock 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 till overlain by lacustrine sediments, mainly clays, that
average 40 feet in thickness.

Groundwater has been a source of water supply in the
Winnipeg area since the early 1800's. The Upper Carbonate
aquifer, which during the first two decades of.the twentieth
century supplied all the city's water requirements, has a
transmissibility ranging between 2,000 and 200,000 gallons
per foot per day. The storage coefficient varies from
1 x 107% to 1 x 107%. Water ig the aquifer is generally
fresh to brackish, however south of the Assiniboine River
the water is brackish to saiine and is not potable.

Groundwater withdrawals have created a major drawdown
cone in the central industrial areé of metropolitan Winnipeg.

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




system. Elevations of the piezometric surface range between
800 and 1,500 feet in the recharge areas and are below 700
feét in the drawdown cones. .In most.locations the ground-

~ water has a temperature range of 39° to 43°F and is mainly
used for cooling purposes. Puméage varies from 5 million
galions per day in the winter months to 10.million gallons
per day during the summer air conditioning period. The in-
creased summer withdrawals cause temporary declines in the
piezometric surface of more.than tWenty feet in central
Winnipeg, and approximately one foot along the outer fringes
of the urban areas.

A resistor-capacitor analog and a digital computer
model of the Upper Carbonate aquifer were tested by simula-
ting the difference between summer and non-summer pumpage.
The simulated drawdown correlated reasonably well with field
drawdown observations. The digital model indicated that
while the Red and Assiniboine River beds have a low hydraulic
conductivity they still contribute significant amounts of
water to the aquifer. The models can be utilized to indicate
“the probable éffects 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 domestic wells have
“been installed. Total pumpage has varied from less than
cne million to ten million gallone per day.

.. The industrial and commercial development 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 dey capacity aqueduct from the Lake
of the Woods ninety miles east of Winnipeg. Carbonate aqui-
fer wells érovide 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
(Fig. 3). Following the completion of the aqueduct in 1919,
pumpage abfuptly declined but has gradually increased due to
groundwater development for industrial and air conditioning
purposes.

The Red River Valley is located along the mid~continent
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topographié low. Consequently, surface and groundwater
systems flow toward it both from the east and the west.

Although natural drainage of the urban area consists
.0of the two main rivers and several small streams, the extreme
flatness of the pfairie surface.has-required the constructioﬁ
of én extensive network of agriculture 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 éercolates down to the water table.

Electric analog.and digital computer models of the Upper
Carbonate aquifer were constructed, based on the available
geohydrologic information, in attempts to provide tools for
the quantitative evaluation of the aquifer. These models
were;tested utilizing the drawdown observations, and the
estimétions of the increase in pumpage for the 1965 air-
conditioniné season. While the models reasonably duplicated
the geohydrologic conditiéns, the tests on them indicated
that more precise field daté are required before detailed
‘models of the Upper Carbonate aquifer in the metropolitan

.Winnipeg area could be constructed.
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CHAPTER II
GEOLOGIC ENVIRONMENT

The stratigraphy of the Red River Basin is a control-
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 carbonéte formations (Fig. 5) which under Winnipeg
range in thickness from 250 to 750 feet. The bedrock
surface (Fig. 6) has a nunber of closed depressions which
suggest a karst topography similar to tha£ 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
al, 1962). In the central Red River Basin, the drift
comprises Glacial Lake Agassiz clay and recent fluvial
deposits overlying till (Fig. 7). Under the metropolitan
Winnipeg area the surficial deposits have a maximum thick-

ness of approximately 200 feet. The average thickness is

sixty feet (Fig. 8).
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CHAPTER IIX

HYDROGEOLOGY

Introduction

The major'aquifer underlying the Winnipeg area, re-
ferred toras the Upper Carbonate aquifer, occurs in the top
fifty to one hundred feet of the Paleozoic.limestones and
dolomites (Fig. 9). The aquifer is partially confined above
by the glacial drift and below by the slightly pervious
underlying carbonate rock. A rélatively‘minor aquifer,
called the Lower Carbonate 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 Winnipeg fprmation contéins 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 till and glaciofluvial

deposits located in the uplands along the borders of the

Red River Basin and in the Birds Hill area. 1In 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 clay; or from an un-

cemented zone in the top of the till.

14
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Carbonate Aquifers

The Upper Carbonate aquifér is characterized by a
network of. fractures, joints, and bedding planes which
provide agquifer permeability. Geochemical 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 upper 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 Inlet Structure of the
Red River Floodway is shown in Figure 10. While the entire
thickness of the carbonate rock is saturated, bore hole
pressure testing in the Winnipeg area has. indicated that
the portion between the Upper and Lower Carbonate aquifers
has an exceptiohally low hydraulic éonductivity and there-
fore is not aAproduciné zone.

Larée solution cavities in the'bedrock, typical of
ikarst topography have been encountered. Interception of
these solution cavities by wells results in high capacity,
whereas, wells that do not intercept these features may have
a low'specific capacity. As the hydraulic conductivity is
‘highest in the upper part of the bedrock, the slope of the
bedrock surface has a controlling inflﬁence on the local .

and regional directions of groundwater movement in the
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aquifer. Openings along the be@ding planes, observed both
in outcrops and in excavatiohs, usually do not exceed one
inch in height. Major joint openings strike both north-
west and northeast, and}Qary in size from hairline fractures
to opehings over one foot wide.A The joint blocks are one

to fen feét wide.

The transmissibility! of the Upper Carbonate aquifer
(Fig. 11) ranges from under 2,000 to over 200,000 gallons
per foot per day.,-The storage coefficient varies from
1 x107° to 1 x 1078,

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 Lhe groundwater flows are usually small, indicating
narrow openings. The maximum transmissibility of this aqui-

fer is probably less than 5,000 gallons per day.

Sandstone Aquifers

The Winnipeg formation contains the Upper and Lower
.Sandstone aquifers. The ten to twenty feet thick upper
shale unit of the Winnipeg formation is a confining layer
for the Lower Carbonate agquifer and acts as an aquiclude

between this aquifer and the saline water bearing Upper

! transmissibility - hydraulic conductivity in gallons per

day per square foot multiplied by aquifer thickness in feet.
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Sandstone aquifer. Beneath the City of Winnipeg the Upper
Sandstone aquifer is twenty to forty feet thick (Fig. 9)
and consists of beds of very fine silicious sandstone inter-
bedded with thin layers of shale. In the Metropolitan area
-this aquifer has a transmiésibiiity of less than i,OOO 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 gallons 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 Winnipeg the Lower Sandstone aguifer
is cbmposed.of fine-grained, silica sandstone. This unit
extends down dip and in places along the western border
of Manitoba is forty feet thick (Andrichuk, 1959). A pump-
ing test on the two sandstone aquifers under central Winnipeg
indicated a combined transmissibility of approximately 1,000

-gallons per foot per day.

Surficial Deposits

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 boulder till and associated glaciofluvial deposits. In

the central basin the upper part of the drift comprises clay
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and clayey silts deposited in Glacial 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-
Apolitan Winnipeg averages twenty feet and ranges up to
forty feet. 1In places, Lake Agassiz sediments rest directly
on the bedrock. Under the Winnipeg area the upper part of
the till consists of a soft, wet, uncemenfed zone that
ranges in thickness up to twelve feet, and averages three
feet. The underlying till is usually highly cemented with
calcium carbonate. The author has observed hairline joints
in the cemented till which probably account for most of 1its
permeability. Slightly north of the study area field tests
using the Hvorslev method (Hvorslev, 1951) yield hydraulic
conductivity values that average 3‘x 10~° centimeters per
second (K. Goff, personal communication, 1968). Glacio-
fluvial deposits, such.as the Birds Hill complex, consid-
erably increase the overall hydraulic conductivity of the
drift.

The Birds Hill glaciofluvial deposits (Fig. 7) under-
lie an area of éome sixty square miles and form an important
partially cénfined aquifer that contributes reéharge to the
Upper Carbonate aquifer. The deposits are variable in grain
size and structure, ranging from nassive sections of fine

silty sand to cross-bedded coarse gravels. Till occurs




.22

discontinuously under the glaciofluvial materials. An
upper till usually overlies the periphery of the deposits
(Figs. 7 and 12). The discontinuity of the lower till
allows appreciable groundwater recharge from the Birds
‘Hill aquifer into the Uppef Carbonate aquifer. The western
extension is a larger esker. Pumping tests indicate that
-the transmissibility of the combined Birds Hill and the
Upper Carbonate aquifers ranges between 100,000 and 300,000
gallons per.day per foot. .The high transmissibility is
primarily due to the Birds Hill aquifer. bther glacio-
fluvial deposits, deltas, and lake beaches occur along the
perimeter and within the Red River Basin (Fig. 7). 1In
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 silt and véry fine sand interbedded with
thin beds of clay. Unaer Winnipeg the Agassiz sediments
have a maximum thickness of eighty feet and an average thick-
ness of forty feet (Fig. 13) but thicken westward to ovexr
200 feet.

Léboratory tests on samples from the lower clay unit
indicate an-intergranular hydraulic conductivity in the
order of 107° to 107!! cm per second and horizontal permea-
bilities that are twice the vertical (Baracos, 1960; Mishtak,

1964). Hairline fractures were observed in the lower clay
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unit during the floodway excavation. These fractures appear
-to form a secondary permeability syétem. Bécause of the
silt and sand beds the upper Agassiz unit has a higher
hydraulic conductivity than the underlying clay. The most
~important hydrogeologic aspectsAof the lower Agassiz unit
are‘its restriction of recharge to the Upper Carbonate
aquifer, and the conéequent deterrence of pollution from

surface sources.




CHAPTER IV
GROUNDWATER FLOW SYSTEMS

Groundwater Movement in the Upper Carbonate Aquifer

In the Red River Basin the Upper Carbonate aquifer is

the most important part of the extensive zone of groundwater

movement that occurs within the upper portion of the bed-
rock. The groundwater regime in this zone can be divided
into three segments of prédominantly lateral movemént:
(1) from the east, (2) from the northwest, and (3) from the
southwest (Fig. 14). Infiltration in the glacial till up-
land east.of the lacustrine plain and in the Birds Hill
aqﬁifér complex recharge the eastern. segment (Figs. 4 and
7). Recharge for the northwestern region occurs in the
areas of thin glacial till northwest of Winnipeg. The
southwestern system appears to be recharged through the
thin veneer of glacial till and fluvial deposits that over-
‘lie the Mesozoic shale uplands on the western side of the
basin.

In 1894 before extensive groundwater pumping occurred,

the piezometric surface in the Upper Carbonate aquifer was

1l foot to 4 feet above ground level in northwestern Winnipeg

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

Winnipeg the piezometric surface was 10 to 20 feet below
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ground level. Currently in the central part of the city
pumping has extensively depressed the piezometric surfacé.'
In the central part of the drawdown cone the depths to water
range from 70 to 80 feet, and the piezometric elevations are
at some places below 700 feet (Fig. 14 and Hydrograph M-105,
Fig. 15). Fluctuations of piezometric levels 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 groundwater flow directions are inter-—
preted as oéchrring in the di;ection of the hydraulic
gradient (Fig. 14). It is recognized,,however, that irreg-
ular groundwater flow channels in the joints, fractures, énd

bedding planes probably created areas of local anistropy.

Evidence of AqUifer‘Recharge

Major evidence for recharge is provided by the metro-
politan pumpage and water level data. Over the eighty year
period of major groundwater development (Fig. 3) at least
130 billion gallons of groundwater have been withdrawn from
the aquifer. Throughout the basin, springs and flowing
wells also discharge large quantities 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 1,300 square miles. If all the
water withdrawn had been produced“from storage within the

aguifer, the average drawdown over this area, assuming a
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relatively high storage coefficient of 1 x 10_3, would have
been in the order of 600 feet. The observed maximum draw-.
down is approximately 60 feet. This storage coefficient
and thé assumption of lateral recharge produced résonable
test results when they were utilized as two of the para-
meters in. a resistor-capacitor analog model (Render et al.,
1968). |

Since 1947, approximately 50 billion gallons of water
have been pumped from the aquifer in the urban area. How-
ever, the‘piezometric surface of thevcentral portion of
the drawdown cone has shown only minor fluctuétions in
elevation. As relatively little wafer was withdrawn from
groundwater storage, the aquifervduring this period must
have acted primarily as a transmission zone.. Another indi-
cation that the aquifer is receiving substantial recharge
is provided by groundwater data from the floodway area.
For over a year, while the floodway has been discharging
approximétely 3,000 gallons per minute of groundwater,
stable water level elevations have been observed in the
surrounding observation wells. Furthermore, the line of
zero drawdown for the floodway drawdown cone is located
near the till upland on the eaétern side of the basin. This
indicates that there is sufficient recharge available to
maintain the drauéht on.the'aquifer. Evidence for recharge
of the groundwater flow systems in the Upper Carbonate
aquifer by precipitation percolating through the glacial

till and glaciofluvial deposits located in the uplands
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along the borders and within the basin is shown by the
hydrographs for wells 057 and 058 (Fig. 15). The identi-
fication of the Birds Hill as a rechargé area is indicated
by the dome—shaped piezometric surface of the underlying

Upper Carbonate aquifer.

Groundwater Geochemistry
The water_in the eastern and northwestern flow regions
which cross carbonate rock is fresh in the recharge and
slightly brackish and very‘hard in the discharge areas.
The total dissolved solids values range from 300 to 1,500
milligrams per litre and the chloride ion concentrations’
vary from less than 10 to 500 milligrams per litre (Fig.

18). Theze two systems are »21l and evbhurban

potable water supplies and for the majority of the urﬁan
commercial groundwater pumpage. Only a few miles east of
its rechargé area the southwestern flow system contains
brackish and saline watef. The rapid deterioration of the
water quality in this system is possibly caused by the
water floWing across formations that contain evaporite
-deposits. Some of the salinity could possibly be due to
“intermixing with saline waters discharging into the system
from a continental flow system (Van Everdingen, 1968).
Within the study area total dissolved solids values in the
southwestérn system range between 2,000 and 10,000 milli—

grams per litre. As a result of contamination from wells

installed into the sandstone aquifers, the chloride ion
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values under north central Winnipeg are in excess of 500 
milligrams per litre (Fig. 16).

The groundwater temperature in the Upper Carbonate
aquifer generally varies between 39 and 43 degrees Fahreh-
heit. At some sites within the urban drawdown cone the
temperatures range up to 50 degrees Fahrenheit. Available

bacterial data indicate the aquifer water is usually pure.

Vertical.and River Recharge

In addition to the regional iateral flow systems there
are local vertical flow regimes within the overburden that
move water stored in the Upper Agassiz unit down to the Upper
Carbonate aquifer (Fig. 12). Because of the‘permeability'of
‘ ¢ in the
Uppér Carbonate aquifer are negligible, probably less than
one'pércent of the summer pumpage.

Where the Upper Carbonate aguifer piezometric surface
is depressed'below the water levels in the Red River in cen-
tral Winnipeg (Fig. 9) there is a gradient from the river to-
wards the aquifer. An anolog model study of the effect of
floodway groundwater discharge on the piezometric surface of
the Upper Carbonate aquifer indicated that the river is at
least partially connected with the aquifer (Hobson et al.,
1964). The anolbg incorporated the assumption that the Red
River constituted a hydraulic bou@dary of the aquifer. The

assumption was generally verified by the close relationship,

in the areas adjacent to the river, of the predicted and ob-
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served floodway drawdown cones. The potential difference be-
tween the river and the aquifer is greatest during the spring
flood period and the summer air conditioning pumpage interval.
Within the central Winnipeg area, the quantitative contribu-

tion of this flow sYstem appears to be significant.

Groundwater Flow in the Birds Hill Aquifer

The saturated sections of the Birds Hill sand and gravel
deposits form an aquifer that is up to 150 feet thick. The
water table in the aquifer is at highér elevations than the
piezometric surface of the Upper Carbonate aquifer (Fig. 12).1
Thus water moves down to recharge the underlying Upper
Carbonate aquifer. The groundwater flows radially out from
under the Hill with the major fiow diréction being south—
west into the urban drawdown cone. The exposed sand and
gravel form excellent water intake areas and as a result
Qf the short contact timg with the aquifer materials and the
continuous dbwnward movement of fresh water, the water in
the aquifer has, as indicated by the isochlors on Fig. 16,

a low salinity.

Lower Carbonate Aquifer Flow Systems

Though it possibly receives some downward percolation
through the overlying slightly pervious carbonate rock, the
Lower Carbonate aguifer is primarily recharged where it
subcrops, east of Winnipeg under the glacial till (Fig. 9).

The direction of groundwater flow appears to be westerly




along the top of the upper shale unit of the Winnipeg
formation. 1In 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 known. However, it is possible
that vertical discharge occurs through the overlying carbon-
éte rock and glacial drift into the Red River. Chemical
tests obtained at three widely separated sites indicate

that this aquifer has . a 51gn1f1cantly thher salinity than

the overlylna Upper Carbonate aquifer.

Groundwater Movement in the Sandstone Aquifers

The sandstone aquifers are recharged east of Winnipeg
where they subcrop under the glacial deposits. The hydrau-
lic gradient is westward towards the Red River Valley. Near
the eastern edge of the Agassiz plain the geodetic eleva-
tion of the sandstone aquifer piezdmetric surface is at
approximately 890 feet, whiie in central Winnipeg the piezo-
metric elevation ranges betweén 740 and 745 feet. The lower
values occur under the central section of the drawdown cone
in the Upper Carbonate 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 restricts flow in this
aquifer. While the Lower Sandstone aquifer thickens down

dip the flow in it has not been evaluated.




Artificial discharge from the sandstone aquifers occurs
in southeastern Manitoba where the water in the aquifers is
fresh. In metropolitan Winnipeg, where approximately six
wells have been drilled through to. the Precambrian rock,
water in these aquifers has total dissolved solids between
30,000 and 80,00Q milligrams per litre. The water.is gener-
'ally unsuitable for most industrial and commercial purposes
and at present none. of the wells is used for water supply.

As part of the study of the hydrogeologic conditions in
metropolitan Winnipeg two. observation wells were installed
in the sandstone aquifers (Fig. 17). In the central area of
the Upper Carbonate drawdown cone the hydrographs indicate
that the piezometric elevations in the sandstone aquifers
are twenty or more feet above the piezometric surface of the
Upper Carbonate aquifer. This hydraulic gradient induces
saline water from the sandstone aquifers into the carbonate
aquifer through open bore holes and abandoned wells. A fur-
ther indication of.thé.connéction between the carbonate and
sandstone aquifers in this area is the correlatién in the
trend of water level fluctuation in the two aquifers (Hydro-
graphs MO-11 and 061, Fig. 17). Conversely in the north-
western section of the drawdown cone, where no wells have
been installed in the sandstone, there is no relationship
between the‘Upper Carbonate and Sandstone aquifer piezo-
metric surface fluctuations. The salinity contamination
that has resulted in north'centfal Winnipeg is shown on

Fig. 16.
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CHAPTER V

GROUNDWATER 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 fulfiiled the water requirements of the first city-
owned water system. The 1969 estimated annual pumpage of
3 billion gallons per year (Fig. 3) .is approximately
seventeen percent of the total annual consumption for the
metropoliitan Winnipey area. Because ©
temperature groundwater is mainly used for commercial and
induétrial cooling. However, groundwater is also used for
ifrigation and domestic water supplies. Presently the

- groundwater withdrawals in Winnipeg vary from five million
gallons per day in the winter to ten million.gallons during

the summer when the air conditioning demand is at a maximum

(Fig. 18).
Phase One

The first settlers drew their water from the rivers,
however as the settlement moved back from the river, water
from individual and community wells was delivered by horse

drawn wageons. In 1880 the Winnipeg Water Works Company was
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enfranchised for a period of twenty years and began
operations in 1882 drawing from the Assiniboine River at
Armstrong's Point. During the eighteen hundreds, flowing
wells were present in northwest Winnipég (Johnson, 1934)
and it is estimated that from 1882 to 1900 the ground-
water withdrawal rate was one million gallons per day
(Fig. 3).

In 1889 the City of Winnipeg purchased the Winnipeg
Water Works Company and in October,1900, converted the
system from the polluted and sediment-~laden Assiniboine
River water to groundwater from the Upper Carbonate aquifer.
From 1890 to 1914 the City of Winnipeg examined as.altenate
water sources, the Red, Assiniboine and Winnipeg Rivers,
the Upper Carbonate aquifer and the Lake of the Woods which
was éhosen as the supply for the agqueduct system. Immedi-
ately-prior to completion of the Greater Winnipeg Aqueduct
in 1919, a field of 29 wells extending from northwest
Winnipeg ten miles north at one-half mile intervals, to
Stony Mountain, Manitoba (Fig. 2f produced ten million
‘gallons per day. These wells had capacities up to 500
.gallons per minute and ranged in dépth from 85 to 300 feet
and in diameter from 1.5 to 15 feet. By 1919, as a result
of the municipal pumping, watervlevels in northwest Winnipeg
had declined to approximately forty feet below ground level.
During this same interval St. Boniface.obtained water from

a field of six wells located in the north central part of
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‘the city. While some of the original city wells are still
maintained for emergency purposes, major groundwater with-
drawals ceased following the completion of the aqueduct,
and the.piezometric surface of the Upper Carbonate aquifer
recovered to its natural,positibn close to the ground
surface.

-The groundwater system was abandoned primarily because
of excessive natural hardness and sulphate and because
groundwater technology had not becémelsophisticated enough
to allow the long term yield of the aquifer to be predicted.
In addition, .the maintenance cost of the groundwater system
was anticipatéd to be higher than that of the gravity flow
aqueduct. Although groundwater was not satisfactory as a
long term water supply, it played an important role by
allo%ing the city to attain the size where financing of the

aqueduct was feasible.

Phase Two

A second phase of groundwatervdevelopment began in the
-1920's when commercial centres of pumping were created in
. the central urban area, and also meat packing plants eétab-
lished high capacity wells in St. Boniface. A substantial
drawdown cone developed primarily east of the Red River
(Fig. 14) and well productivity decreased because of the
decline in the piezometric surface. As the water levels in

the St. Boniface area are much the same today as they were
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in 1947, the drawdown cone appears to have stabilized. In
central Winnipeg, wells were installed by theatres and
restaurants for air conditioning and by cold storage plants
which required large quantities of cold water during their
peak 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 encourages the recharging of spent cooling
water to the aquifer and between 1940 and 1960 eight
recharge systems came into operation.

During the seéond phase of groundwater development at

least four wells penetrated to the Precambrian. Where these

wells were of poor capacity there was little contamination
of the carbonate aquifers due to saline water discharge.
Also, in areas .such as northwest Winnipeg where the hydrau-
lic heads in the aquifers are essentially identical (Hydro~
graphs for wells MO-12 and MO-14, Fig. 17) relatively little
damage was done. However where the above stated conditions
did not prevail (Hydrographs for wells 061 and MO-11,
Fig. 17) saline water flowed up into the fresh Upper Car-

bonate aquifer.

Phase Three

Since 1960 there has been an ‘increase in apartment
house and hotel construction. The~consequent installation

of high capacity wells for air conditioning, has consti-
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tuted a third phase of groundwater development. Some of
these units are supply-recharge well installations which
eliminate the effluent sewage tax and conserve groundwater.
These systems uSually.operate on a large volume of water
which is raised a few degrees iﬁ temperature while passing
thréugh 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 development 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. 18). The air condi-
tioning water demand places a short term high capacity
streés on the system, as illustrated by rebresentative hydro-
graphé for the urban area (Fig. 15).

Of approximately two hundred commercial and municipal
wells that have been developed in the Winnipeg area, about
115 are still operating. The estimated annual pumping rates
‘for the operating wells, which draw nearly exclusively from
.the Upper Carbonate aquifer, are presented in Fig. 3. 1In
the central section of the area groundwater withdrawals com-
bined with narrow well spacing have lowered 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




of the aquifer is dewatered and the effective transmissi-

bility is reduced.

Well Construction

The construction of most domestic wells consists of a
four inch diameter,casing.drilled into the top of the bed-
'rqck with an uncased shaft extending to the point where
sufficient water is encountered. The depth of the domestic
wells varies from 25 to 400 feet, with the average being
between 100 and 150 feet. The similarly cbnstructed com-
mercial wells are usually of greater diameter and depth,
often being extended. to the top of the Winnipeg Formation.
Commercial well specific.capacities range between 0.64 and
205 and average 15 gallons per minute per foot.of drawdown.
In constructing 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 till do not
enter the well. At £he same time care must be exercised
to ensure that the casing does not block off producing

zones in the upper portions of the bedrock.
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CHAPTER VI

ELECTRIC ANALOG AND DIGITAL COMPUTER

MODELS OF THE UPPER CARBONATE AQUIFER

Principle of Resistance - Capacitance Analog Computers

Resistance~-Capacitance electric analbg computér tech-
niques have been used for reservoir evaluation by the
petroleum indﬁstry since the early 1940's. However, this
method did not come into use for grbundwater.evaluation
until the early 1960's. Bermes (1960) and Skibitzke (1961)
converted the electric analog to a tool that could be used
in aquifer evaluation. Walton and Prickett (1963) published
several papers on the value of analog computers in evalu-
ating the types of aquifers encountered in Illinois. Sub-
sequently, numerous other investigators have used analog
computers as a working tool in evaluating aquifer poten-
tials, mainly with respect to urban and industrial aquifer
developments. The electrical theory and analog techniques
employed by these investigatoré are essentially those given

by Karpulus (1958), and Walton and Prickett (1963).

Theory of Electric Analog Aquifer Models

The electric analog computer is a technique for solving
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the groundwater flow equations. In order to obtain a
unique solution the aquifer parameters and bOundary'condi-
tions must be specified. The foundation of the technique
is a mathematical expression that describes the physics of
flow of a compressible fiuid thfough an elastic porous
medium. Thé following discussion is taken from Pinder and
Bredehoeft (1968) which gives a review of the basic hydraulic
and electrical theory of analog aquifet models.

The partial differential.equation governing the non-
steady state, two dimensional.flows of groundwater in hetero-
geneous, anisotropic and elastic porous medium is:

.on
i3°9%,

oh

) = S3g

”g‘x.(T + W(x,y,t) (1)
i

where h is the hydraulic potential, S is the storage coeffi-

cient, T is the transmissibility tensor, t is.time and W is

tﬁe volume flux per unit area.:

Consider the aquifer divided into an equal square area
grid (Fig..19). The interséction of the grid lines are
called nodes. The grid width, a, approximates the sides
Ax and Ay of a finite-difference~grid. That is, the element
area, a?, is very small compared to the area of the aquifer.

The finite difference expression for the flow equation

at node ij is:
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where i, j, and k are the indices in the X, ¥, and t dimen-
sions, and Ax, Ay, and At are increments in the X, y, and
t dimensions.

| In a resistance-capacitor.hetwork with a square pattern
and network junctions consisting of six resistors and one
capacitor (Fig. 20), the relationship of the electrical
potentiai in the vicinity of the junction according to

Kirchoff's law is:

1 .(ei_lj - ei,j) + 1 '(eij-i - eij)
Rex (i-%j) = Ry, 3y
+ 1 .(ei+lj - eij) + 1 _'(ei+1j - eij)
Rex (i+%3) ' Rov (i5+%)

= Cde + I _ + 1 .

-——_E g "'R— 13 -W
where e is the electromotive force, I 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).




"Modelling Scale Factors

In addition to the above anglogies, the folldwing
also exist; the flow of water through the aquifer according
to Darcy's law
6 = ~K Erad h
where Q is the flow of water and K is the hydraulic conduc-
tivity, is similar to the flow of electricity as stated by
Ohm's law

I= -1 grad e
k

The two 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-
den£ that in order to model the aquifer system, there must
be four scale factors. These scale factors, Bermes (1960),

are: Kl which relates gallons to coulombs, K,scales feet

2

to volts, K3 equals gallons per day per ampere, and K4 con-

verts model time in seconds to aquifer time in days.

The following formulae set forth the scaling relation-

. ships:
qgal = KlC coulombs ees (4)
eret = KZV volté BREE (5)
anl/day = K3l ;mperes cee (5)
Tdays = K,t seconds ees (7)
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In choosing scale factors, the following relationship

must always be met: _
K3K4/Kl = 1 | ees (8)
To produce a formula for calculating the size of the resis-

tors for the model, Darcy's Law and Ohm's Law are substitu-

ted in equation 6 to yield.

R = ohms eee (9)

3
K2T

Equation 9 is used in conjunction with 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-

ship 0f C to a“s. The resultant formula is:
C = 7.48 azs (Eg) farads : oo (10)
1

Simulating Aquifer Boundary Conditions

Vertical Recharge Boundary

Vertical recharge can occur in a semi-confined aquifer
through the aquitard from an overlyiﬁg source, This situa-
tion can be either of considerable areal extent, covering
many square miles, or limited, as 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 confinihg bed to the aquifer. The

general formula for calculating the resistors that represent




the vertical permeability of the aquitard is:

G 3

R, = K | ce. (1L)
R, (P'/M") a? |

where_R is the value of the resistor in ohms, K, and K

G 3 2
are scaling factors as described previously, P' is the
vertical permeability of the aquitard, M' is the thickness
of the aquitard, and a is the node spading. In calculating
the value of vertical resistors under.a river bed, M' be~
comes the thickness of the aquitard under the river bed,
and the term a2 ié replaced by the product of Qidth of the

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

simulating a portion of the river channel.

‘Lateral Boundaries

‘Special boundary procedures are required'where two
different grid spacings are in juxtaposition, or where a
grid system must be terminated. .The boundary techniques
utilized in this study are éalled streamline and equipotent-

ial boundaries.

- Streamline Boundaries

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

51
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boundary resistor‘represents a component of the original
field that has only half the transmitting capability of an
interior grid element. Resistor values are proportional
to the inverse of the transmissibility. Consequently,
along the boundaries, the resistor values must be twice

as large as the interior resistors. The streamline
.boundary techniques were used in this study to effect the
matching of coarse and fine grid sections. The procedures

used are given by Karplus (1958).

Equipotential Boundaries

In the case of a boundary zone where all nodes are
maintained at equal voltage, the resistors along the
boundary are eliminated as tney are ail eilfectively shorted
out.

A portion of the aquifer may directly intercept a
surface water body such as a river or lake. If the water
level in the water body can be considered to be essentially
stable, the model>boundary can be represented by an infinite'
source of electricity at constant potential. This type of
boundary is constructed by grounding all the ﬁodes that
occur along it and by eliminating all the resistors between
these nodes.

In 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 ground. The values of these resistors are usually
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estimated from the pérmeability of the area they represent.
Winslow and Nuzman (1966) used a terminal resistor value
that was ten times that of the average value of an internal
resistor. This approach would represent either a further
ten units of aquifer aréa, or a ten fold decrease in aquifer
permeability within a unit area. When there is a voltage.
drop within the model interior, these terminal 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 it. Boundéry.resistors have a.critical effect on the
accuracy of the model when the voltage drop along the model

boundaries is large.

The Upper Carbonate Aquifer Electric Analog Model

The analog model was 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 lateral
and river recharge. Sﬁandard ébnstruction techniques
utiiizing,peg—board, resistofs,,and capacitors were used
in forming the analog. The difference between the 1965
summer and non-summer pumpage was simulated on the model.
The simulated and observed drawdown data for the Upper

Carbonate aquifer during the summer of 1965 were compared



to test the accuracy of the model.
Design and Construction of the Model

The analog model was constructed with a piece of
% inch pegboard perforated witﬁ holes on a 1 inch.square
pafterh. A transmissibility contour map of the Upper
Carbonate aquifér under metropolitan Winnipeg at a scale
of 1 inch = 5,000 feet was fastened over the pegboard. A
grid system was established and the transmissibility value
for calculating resistor sizes was obtained from the
contour map by means of the vector area technique, Karplus
(1958). 1In each case resistor size was determined from
equation 9. Brass shoe eyelets was inserted into the peg-
board and four fesistors and a. capacitor were connected
to eéch node. The size of the capacitor at each node was
deterﬁined from the value of the storage coefficient for

the particular area and equation 10.
Transmissibility

The transmissibility values for the detailed model
.areas were obtained from the data presented on Fig. 11.
For the vector areas outside the detailed zones, the
traﬁsmissibility values were obtained empirically from the
spacings of the piezometric contours for the bedrock

surface zones.
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Storage Coefficient

The storage‘coefficient value used over most of the
model.area was. 1l x 1073, 1In the detailed zone, this value
was ascertained from. pumping tests. In the outlying sec-
tions of the model the value was based on several pumping
tests, piezometric gradients, and on the nature of the
geology.

. .In the central section of metropolitan Winnipeg a
storage coefficient of 1 x 107° was used. . In the Birds
Hill area where the sand and gravel are in contact with
the Upper Carbonate aquifer a value of 2.5 x 10 2 Qas used

for the storage coefficient.
-Model Scale Factors

The. values for .the model scale factors that were used

initially were:

K, =1 x 10° gal/coulomb

K, =1 ft/volt

K, = 5 x 10!'° gal/day/ampere
K, = 2 x 10* days/second

The choice of the Constants is essentially an arbitrary
procedure. The value of K, was chosen as 1 for convenience.
The remainder of the scale factors were selected so that
readily available and inexpensive resistors and capacitors,
and available excitation-response apparatus could be used.

Standard tolerance, low wattage fixed carbon resistors with
g .




values from approximately 102 to 107 ohms and capacitors
of low voltage rating with values of 10 to 101%/Hf were
chosen. During evaluation of the model, 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:

K, = 5 x 10'°® gal/coulomb

=
N
i

5 ft/volt

=
w
I

= 25 x 10'% gal/day/ampere
Model Boundaries

Resistors around the boundarieévof the small scale
portion of the model have values twice that of the inside
resistors representing the same transmissibility value.

This is because the vector area represented by the boundary
resistors. is % as large (Karplus, 1958).. 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 = 20,000 feet (4 times that of the
fine grid) was used and the aqﬁifer.was extended 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 treaf the inter-

face between the two as a streamline boundary. The resistors
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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 fine grid except that (a)
in equation 10 is 20,000 feet instead of 5,000 feet.
Resistors were conheéted to the nodes around the
boundaries of the large scale grid and to ground to simulate
the resistance to flow of water from the recharge areas to
the model boundaries. On the western boundary, 10 times
the estimated 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 each eastern boundary node, resistance
values of 20A, 10A, 5A, and 2A, where A is the average
valué of the interior resistance, were installed.
At certain localities in the centre of Winnipeg, 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 drawdown, 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 resistors connected to
ground and to each node of the network representing a river

location. The size of resistor used in simulating leakage




from the Red and Assiniboine Rivers was calculated from
equation 1l. For each of 15 nodes along the fivers, vari-.
abie resistors were installed that could simulate vertical
permeabilities of 0.009, 0.02, 0.04, and Oll gal/day/ft?

as well as an open circuit. Because values for the coeffi-
cient of permeability of the till in the Winnipeg area were
not known, the above range of values for the hydraulic con-

ductivity were chosen from Todd (1959).

Evaluation of the Upper Carbonate Agquifer Analog -Model

Excitation-Response Apparatus

The excitation-response apparatus (Fig. 21) consists
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scope. The apparatus forces electrical energy, in the

proper time phase, into the ahalog.model and measures energy
levels within the energy-dissipative resistor-capacitor net-
work. The apparatus is also used to determine “Vr" in
equation 12 below. The wéveform generator producés a saw-
tooth wave pulse which synchronizes the sweep of the oscillo-
scope with a negative rectangular wave produced by the pulse
generator. The rectangular wave has an amplitude analogous
to the pumping rate (Q) and a wave duration. time analogous

to the pumping period (tq). . The ﬁulse.is.passed through a
resistor and is then connected to the analog model at a node
which represents a pumping center. The pumping rate is

related to the voltage and the resistor by equation number 12,




(Walton and Prickett, 1963).

VrK3 :
Q‘—m ‘ | ees (12)

where Q is the pumping rate, Ri is the resistor value
through which the pulse is passed, and Vr is the effective
voltage across the resistor.

The excitation apparatus is connected to.the model and
the pulse width set to simulate the pumping period. The
voltage drop across the resistor in the excitation connec-
tion is adjusﬁed 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,
and the éscilloscope scale adijusted so.that the vcltage
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
recorded as feef of water level drawdown.

Nodes on the analog model (Fig. 22) were numbered
1 to 30 in a north-south direction and 1 to 37 in an east-
west direction with the number 1 nodes in the north-west
corner of the map sheet. The nodes which were Qsed in the
testing ranged from 5 to 33 in an east-~west direction and
from 5 to 26 in the north-south direction. The reason for
this choice being that in the outer areas of the model,
voltage drops were insignificant due to the effects of the

boundary regions.

59



Y,

)
20
} 25 -
2
r 30

" 6E |, 7E
35

. l 14
I3
° 2

10
1

_\T,M -__NO.15 HIGHWAY 5

IW ' 2w

EXPLANATION

3.6

ANALOG NODE WITH SIMULATED DRAWDOWN IN FEET

OBSERVATION WELL

LINE OF EQUAL DRAWDOWN BASED ON SIMULATED DRAWDOWN DATA
LINE OF EQUAL DRAWDOWN BASED ON OBSERVATION WELL DATA

DURATION OF PUMPING = |00 DAYS.

2 4 6 8

B

-
SCALE IN MILES

Fig. 22. Analog simulation 1965 summer drawdown.




61

Model Experiments

Simulated pﬁmping of the model was performed at the
nodes which corresponded to major centers of increased
groundwater pumping in the city during the summer of 1965
(Fig. 18). Voltage drop observations were taken in order
to observe the simulated effect of the increase in pumping
- on the aquifer piezometric.surface.. The summer pumpage
season is here defined as the average number of frost free
days which Winnipeg experiences, approximately 100 days.
The pumping rates were obtained .graphically from Fig. 18.
The centers, in the order they were pumped, are shown in

Table I.

The first simulated pumping cénter lested was located
at node 14-19.. The following describes the procedure used
-at this node. The procedure for all other "pumping center"
nodes was similar. 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

(100 days) into the equation,

t, =K

where td is the pump time in days, tS is the model pump time

in seconds and K4 is equal to 2 x 10" days/second, ts was




Test

Number K3
1 25x10°
2 5x10°
3 5x10°
4 5x10°
5 5x10°
6 5x10°
7 5x10°
8 5x10°

Pumping
Center

Location

Node

14s~19E
158-16E
16S-14E

18S-19E

13S-19E

‘10S-21E

165-20E

15S-26E

TABLE I

Pgmp
Time
(days)
100
100
100
100
100
100
100

100

Analog Model Pumping Rate Data

Pump Rate
(10°% gal
per day)

8.

6.

16.

1.25
.50

.60

Resistance

Vr
(ohms)
-~ 22,000
33,000
13,000
180,000
430,000
330,000
220,000

110,000

.106
.571
.600
.650
.620
.570
.634

.633

62

Voltage
Drop
(volts)




determined as 5 milliseconds. However, because of extra-
neous electrical interference, setting the pulse width
mﬁltiplier 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 wave which measures
one centimeter horizontally on the oscilloscope scale.

The apparatus was connected so that VrAin equation 12
could be measured. The value of Q for node J4S-19E was

equal to 800,000 gal/day; Ri was 22,000 ohms; K., was

3
25 x 10° gal/day/ampere; Vr was calculated as 0.106 volts.
The pulse amplitude was adjusted to 19 volts and a voltage
drop of 0.106 volts was obtained on the oscilloscoﬁe. It
was necessary to change to a K3 scaling factor of 25 x 10°
in order to set the voltage drop at 0.106. This did not
effect the final readings, however, because Ky K, and K,
were'kept constant and the drawdown observed on the oscillo-
scope was multiplied by 5 giving a net operative effect of
zero. |
Now the model was arranged so that current withdrawal
.and the observation of voltage droé (drawdown observations)
~could commence.. The method of measuring the drawdown was
to connect the observation probe to a node.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 recorded for
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each node were totalled so that the total drawdown at each
node for all of the pumping centers was obtained. These
drawdowns were plotted on a grid of the analog model and

the values were contoured (Fig. 22).

Digital Model of the Upper Carbonate Aquifer

Introduction

A digital approach to équifer evaluation, which was
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 Carbonate aquifer could be effiéiently obtained
Ly the digital wmelhod. . Accordingly, & wmodel of. the guround-
water conditions in the bedrock surface zdne was developed
which encompassed most. of the Red River Basin in Manitoba.
This model was evaluated by simulating the 1965 summer
increase in groundwater withdrawal from the aquifer and then
comparing the simulated drawdown of the piezometric surface
with that observed in the field. A number of different
models were attempted by varying the values for leakage
through the confining units and the river bed hydraulic
conductivity. The procedure was continued until a satis-
factory réprésentation‘of the field drawdown was obtained.
As the pumping rates used were estimations, no attempt was
made to accomplish a better. fit between the simulated and

observed values by altering the transmissibility and storage




65

coefficient parameters.
Theoretical Development of the Aquifer Model

The groundwater flow equations and the discretization
of the groundwater 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 eléstic non-homogeneous porous

medium is written:

(T, .80 )_

T, Sh
1] 'é':?j

S’é‘{:“ + W(X,y,t) . s (13)

o.al 2
»

i
where:

_ 2
is the transmissibility tensor (% )

ij
h is the hydraulic head (L)
S is the storage coefficient

t is time

W is the volume flux per unit area (%)

If the co-ordinate axes of the finite difference grid
(Fig. 19) are aligned parallel to the principal directions
of the transmissivity tensor, the finite difference approxi-

mation of equation (13) may be written:




66

]
xx (1+%,3)°

, h, . ., = h,. he v ., - h.,
Txx(i~%,j)'( i lljéi. ijk) + T ( l+l,33§' ijk)

h, . - h,. h, . - h,.
+ T e (Cddmlk dky o Tl sy e (Cig3tlLk k
yy (i,3-%) = (-=£d Ay. =)+ Ty g - (2 Ay . =)
J : J
sPigk T Mgk, Se,)
At Ax . Ay,
I
2H_,, .y - h,.. - h, .
- Koo (Cx(i,g) — ijk i,3.k-1) . (14)
r(lrj)
where:
\ _ 2T .

Txx(i+l,j)
+ Txx(i+l,j)AXi

xx(i,73)

xx(i,j)Axi+l

T ] . =
xx (i+%,3) T
is the harmonic mean of:

Txx(i,3) ,  Txx(itl,3)
Ax., Ax.
i i+l

and where:
i 1is the index in the x dimension
is the index in the y dimension
k is the index in time

K_ is the hydraulic conductivity of the stream bottom

m,. is the thickness of the stream bottom (L)
is the rate of withdrawal or injection at the node
Xin(T )

t 1is the time increment (T)

D (i, 5)
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AX,Ay are space increments (LY

H. is the hydraulic head in the lakes and streams

The Computer Program

The Computer Progfam (Appendix A) is written in
Fortran IV for the IBM 360 system. The program solves the
finite difference approximation.(Equation 14) of the ground-
water flow equation by an alternating direction implicit
procedure (Pinder, 1970). Equation 14 is 'solved for the
desired boundary conditions at each node in the finite
difference network after t/2 (where t = the length of the
initial time step in seconds) seconds of pumping. These
values are then used as initial conditions for the calcu-
lation of the head values at time t. The procedure con-

\
tinues until the desired period of pumping has been simula-

ted.
Analytical Procedure
In utilizing 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
récording the transmissibility and storage coefficient for
each element and the locations of pumping wells and surface
water bodies. The initial 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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parameter4cards which list such critical data as the

head for surface water bodies, the’thickness of aquitards
underlying,surface water bodies, the flux through the
confining units, the length of the initial time step and
the maximum duration of pumpiné. The procedure is detail=-
ed in Appehdix A. The program requires‘that all units be

in feet and seconds.
Formulation of the Digital Model

The area modelled extended 70 miles west, 50 miles
east, 60 miles south and 54 miles north of the confluence
of the Red and Assiniboine Rivers. The model grid for

the central section of this area was detailed (Fig. 23).

Model Grid

Vector areas were mapped within the region studied.
The area centered on thé confluence of the Red and
Assiniboine Rivers and including the whole of metro-
politan Wiﬁnipeg was divided into rectangular vector
"areas of relatively small dimensidns (Fig. 23). This
" was done to obtain a more detailed evaluation of the
drawdown and to restrict the size of the vector areas
representing pumping wells and river channels. In con-
trast to fhe analog approach, the element dimensions
were varied as desired. The region, bounding the detail-

ed area and not affected by its grid dimensions was
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diﬁided into a coarse network of six square mile vector
areas. One of the features of the digital 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 analog model where detailed grid systems are

bounded within the coarser grid networks.

Aquifer Coefficients

The transmissibility and storage coefficient values
used in the digital model were the same as. those described
for the analog model. .One difference occurred with respect
to the transmissibility values. Bécause the digital model
area extends some twenty miles further west than the analog

I
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the regions underlain by Mesozoic shale. The value selected
was 10,000 gallons per foot per day.A This figure was based
on several pumping tests that had been performed in the bed-
rock surface zone. These pumping tests also indicatedAthat
the storage coefficient for the areas underlain by shale

was 1 x 107 %, or the same as had been chosen for the major-
ity of the model area.

The digital model requires that an initial or pre-pump-
ing head value be provided for each node. Providing all the
factors affecting flow through the aquifer can be simulated,
the prepumping piezometric surface for the aquifer can be
incorporated in the model. The difficulties involved in

simulating all the factors affecting flow in the aquifer,
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prevented the pre-pumping piezometric surface from being:
incorporated into the present model experimenté.. There-
fore, a pre-pumping piezometric surface with zero gradient
set at an arbitrary uniform elevation of 750 feet above sea

level was used.

Boundary Conditions

The boundary conditions for the model consisted of an
impermeable barrier boundary around the outside of the
model 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 conditions simu~
lated by pumping wells.

The -barrier boundary is required to provide a region
around the perimeter of the model where no flow occurs. If
the model is not bounded in this manner, it.is impossible
to obtain a solution to the finite difference approximation
of the groundwater. flow equation. The outlying constant
‘head recharge boundary (rows designated "R", Fig. 24) was
established to provide an infinite source of recharge water
to the aquifer. The boundary location was chosen.so that
the lateral boundary of the. digital model would be at the
same geogfaphic location as that of the analog model.
Partial hydraulic connection between the aquifer and the Red

and Assiniboine Rivers was simulated within the metropolitan

area (Fig. 24). The constant head in the rivers was set at
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the same elevation as the initial piezometric surface of the
aquifer. Vertical leakage through the confining till and
clay and discharge from the aquifer by means of wells that
pump at increased rates during the summer, were the other

two boundary conditions simulated.

Digital Model Response

The response of the model was evaluated by simulating
the 1965 difference between summer and non-summer pumpage
in the metropolitan Winnipeg area for periods of 99 days.
Pumping centers rather than individual wells were simulated.
These were located at the node nearest to their geographic
location (Fig. 18). The pumping center concépt was used so
{hat the distortions of the drawdown cone caused by moving
wells into pumpage centers, would be similar for the digital
and analog models. The firstipumping tests were simulated
with no recharge through the clay and no leakaée through the
Red and Assiniboine River beds. The simulated drawdown is
shown in Fig. 25. The simulated drawdown was much greater
than that observed in the field. Therefore, the agquifer
boundary conditions were altered by using different values
for the flux through the clay and the hydraulic conductivity
of the river beds. The best fit to the field data was

obtained with a flux through the clay of 4.88 x 107%°

cu ft/
sec/ft? and a river bed hydraulic. conductivity of 8 x 10™°
ft/sec. The comparison of the simulated and observed draw-

down cones are shown on Fig. 23. The Alpha numeric map
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EXPLANATION

_~—5—"" LINE OF EQUAL DRAWDOWN BASED
ON SIMULATED DRAWDOWN DATA (FEET)
WITH NO RIVER OR VERTICAL RECHARGE
IN THE WINNIPEG AREA.

- DURATION OF PUMPING=100 DAYS

ig. 25. Digital simulation 1965 surmer drawdown with no vertical leakage.




printed by the computer (Fig. 24) illustrates the bounding
river and well locations as well as the drawdown values.
Figure 26 illustrates the relationship between the analog

and digital model drawdown simulations.
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EXPLARATION

——5 —— LINE OF EQUAL DRAWDOWN BASED ON
DIGITAL SIMULATED DRAWDOWN DATA (FEET)

— 5 — LINE OF EQUAL DRAWDOWN BASED ON
ANALOG SIMULATED DRAWDOWN DATA (FEET)

DURATION OF PUMPING = 99 DAYS

g. 26. Comparison of analog and digital simulations 1965 summer drawdown.



CHAPTER VII
DISCUSSION OF RESULTS

Reasonable simulation 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 models. Improved accuracy would have been possible
had metered pumping rates, and a more dense and more selec-
tive observation well network been available.

The drawdown simulated by the analog model closely
approximates the [ield information in the cential section
.andvin the outlyingAportions.of metropolitan Winnipeg
(Fig. 22). 1In the west central section of the model grid,
the simulated drawdown appears to be much larger than the
observed values. However, in this area, there are large air
conditioning pumping centers and few observation wells.
.Therefore, the summer drawdown is likely larger than the
present observaﬁion system indicates. Also because the-
pumping rates are eétimated, it may be that the pumping
values are too large, thus producing a larger drawdown. The
one foot drawdown line probably perides the best .indication
of the accuracy of the model. In the outlying sections of
the urban area, the effects of fluctuating pumping rates

tend to be damped out and the drawdown is more easily
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assessed. Similarly in the. extremities of the detailed
model network, the effects of grouping individual wells into
pumping centers has less 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 may, in part, account for the differ-—
ence between the drawdown line locations in this area.

Preliminary experiments with the analog model indicated
that the hydréulic conductivity values chosen for the beds
of the Red and Assiniboine Rivers were too. large and, there-
fore, the final tests were carried out. . with the river nodes
all set on cpen circuit. The relatively closc'approximation
of the test results to the field results is difficult to
explain in the face of the fact that when the digital model
was operated under similar boundary conditions, the simu-
lated drawdowns-were considerably larger than the observed
values.

The field conditions for ‘the digital model evaluations
were the same as those for the analog model. Therefore, the
above comments on the field déta apply to the comparison of
the digitally simulated and observed drawdowns. The digital
model simulation of the 1965 summer drawdown (Fig. 23) that
compared most favourably with the observed drawdown was

obtained with the following aquifer boundary conditions:

78




- 79

1. Vertical flux through the confining beds of
4.88 x 10 13 cu. ft/sec/ft2.

2. River bed.hydraulic conductivity of 8 x 10 °

ft/sec.

3. Boundary zone.simulating a horizontal recharge

source.

Generally the simulated drawdown is larger than the
observed drawdown (Fig. 23). There is, however, reasonable
correlation in the central Winnipeg area and along the one
foot drawdown zone. The apparent excessive drawdown in
the west cent&al section of the model netwbrk is similar
to that obtained with the analog model and is probably a
function of observation well density and pumping rate esti-
mation. Alterations in the hydraulic conductivity of the
Red and Assiniboine Rivers' beds by as little as one-half
an order of magnitude has considerable effect on the draw-
down values.

The comparisons of simulated and. observed time draw-
down values (Fig. 27) indicate that the aquifer coefficients
and the estimated pumping rates are quite close to the field
conditions in the vicinity of observation well M-177. The
hydrographs for the areas near observation wells M-55 and
061 indicate that the aquifer coefficients chosen for the
model are too small or that the field pumping rates increase
gradually over the pumping period. If the latter situation

is indeed a significant factor, the final pumping rates
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muét exceed the estimated rates as the observed and simu;
lated drawdown valﬁes correlate quite well at the end of
the pumping period.

The digital model operated undér the stated boundary
conditions produces a simulated drawdown cone that very
closely resembles £hat derived from the analog model tests
(Fig. 26). However, the drawdown values obtained from the
digital model are usually larger, particularly on the
western side of the urban area, than those from the analog.
When the digital model was operéted ﬁnder.the same boundary
conditions as.those set for the anélogAmodel, a mﬁch larger,
deeper drawdown cone was simulated. The reason fér this
discrepapcy is not known at present. However, it is prob-
bly a procedural errcr, in the analog.simulation, inval?ing

the wave foxm generator operation. -




CHAPTER VIII
CONCLUSIONS

The Upper Carbonate aquifer, which acts primarily as a
groundwater transmission zone, contributes an estimated
17 percent of the annual water supply in the metropolitan
Winnipeg area, and will be an increasingly important source
of commercial water. The summer rate of groundwater'pumpagé
for cooling is gradually increasing, however, the present
rates do not appear to be causing more than a seasonal low-
ering of the piezometric surface of the Upper -Carbonate
aquifer. The mantle of glacial drift confining 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 likely mechanisms by.which
pollution can occur. Similarly, the upper shale of the
Winnipeg formation prevents.natural influx of saline water
from the Upper Sandstone aquifer. However, salinity con-
tamination caused by open well bores has been detected in
north central Winnipeg. The injection of large gquantities
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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water basin iequires cognizance of the characteristics of
the basin-wide groundwater system.

The model studies corroborate the interpretation that
the glacial lake élay and till underlying the river channels
form a barrier to aquifer recharge from the sdrface Water
sources. The analog and digital models both provided a rea-
sonable simulation of the drawdown observed during the
summer of 1965. However, the digital ﬁodel boundaries are
more representative of the geohjdrologié conditions and,
therefore, it appears to be.the-superior model. The digital
model, for the single layer case, is more efficient at syn-
thesizing the complex geohydraulic éonditions that are en-
countered in the field. The ease with which the digital
model can be revised to correlate simulated conditions with
observed values make it, in the single layer case, a more
powerful experimental and management tool.

To formulate as accurate a model as practical the geo-
logic and hydrologic parameters should be known as precisely
as is economically feasiblé. The piezometric surface of the
aquifer, which is the most significant parameter, must be
defined in detail. The pumping or recharge rates for each
non-domestic well should be meéered in accordance with Amer-
ican Water Works Association Standards. Also, it is imper-
ative that the dhanges in the piezometric surface caused by
changes in pumping fates be accurately monitored. In order

to meet this requirement at least one observation well
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should be strategically located within each drawdown cone.
Observation wells are required along the boundaries of
sutface water bodies that lie within fhe modelled area.

While it is feasible to model 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 aquifer hydraulic
tests are performed within each segment of the flow system.
These tests should be located such as to test the aquifer
parameters within characteristic segments of the flow net.b
At least one‘precise test should bé carried out within each
segment of the flow system. The. remaining data can be
acquired from commercial Well pumping tests, from simple
pumping tests involving oﬂly a pumping well, or a pumping
‘well andvone observation well, or from water pressure testing
of well bores. Water quality considerations require that
analyses be obtained throughout the flow system, ana particu-
larly in areas where waters from different segments of the
flow system may be mixing, or where deleterious water is
contaminating sections of the aquifer.

The collection of data on the aquifer should be perform-
ed as accurately as field pracEicelallows. Water level meas;
urements should be determined to an accuracy of 0.01 foot.
The barometric efficiency of the well is required in assess-
ing water level changes in the order of 1 foot. The meters

used in monitoring the discharge or recharge of wells should




be calibrated to plus or minus 3 percent of total capacity
and should be recalibrated at least every three years. 1In
general, coﬁplete chemical analyses should be reported aﬁd-
thevcation and anion equivalents should balance to within
less than 2 percent of the total equivalents.

In their present state, thé two models could be util-
ized to evaluate the probable effects of new pumping centers
and to estimate the quantitative capabilities of the Upper
Carbonate aquifer in the metropolitan Winnipeé érea. Estab-
lishing the new piezometric surface that would result from
an increase in groundwater developmeht would be a consider-
able aid in predicting probable changes in groundwater
gquality. Further development of the models will require an
improvement in the observation well network, particularly
in the west central metropolitan area and the metering of

the discharge from all non-domestic wells.
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APPENDIX A

AN ITERATIVE DIGITAL MODEL FOR AQUIFER EVALUATION
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2 An Tterative Digital Model for Aquifer Evaluation

George F. Pinder

PURPOSE

T

. 10—
n o : e
- 12 This brogram similates the response of a confined or unconfined
13 jJaquifer to pumping at a constant rate froonne or more wells. The
14 ground-waﬁer reservolr may be irregular'in shape and non;homogeneous
15— With infiltration from one or more lakes and sfreams. The program is
16 wfitten in FORTRAN IV for the IBM 360 system. (See Appendix for
17 |program listing). | » |
is
19 ’ .
20—
21
22
23
24

25—
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THEORETICAL DEVELOPMENT

The differential equation for nonstéady flow of a
compressible fluid in an elastic non-homogeneous porous medium

can be written (Pinder and Bredehoeft, 1968)

oh ) - 52k, W(z,y,t) (1)

= (7., =) =
axt 1J axj, | t

where T is the transmissivity tensor (LZ/T);
h is the Hydraulic head (L);
5 is the storage coefficient (&imensionless);

t is time-(T)g-

W 1s the volume flux per unit area (L/T).
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If the coordinate axes are alignéd with the principal

directions of the transmissivity tensor the finite-

difference approximation to (1) may be written (see Fig.l)
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z ~1s the index in the <« dimension_;
J is the index in the y dimension,.
k - is the inde>.<. in "tinﬁe:; ) |
’Ks ‘is ‘the hydraulic c'onducti;rity of the stream bottom (L/ T) 3
m., is the thickness of the stream bottom. (L) ; |
v
qwké,j) is the rate of withdrawal or injection at the node_\ xiyvj(xﬁ/rp
At is the time increment (1) ;

. S
.,

Ax, "0y are space increments (L) ;

H, is the hydraulic head in the lakes and streams,
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- In an unconfined aquifer the transmissivity is a function of
time as well as of space. In order to approximate equation (2)
without generafing a non-linear set of finite-difference equations,
the head from the pre@eding time step is:used, and the transmissivity

is given by

T. . =K., .h! . :
Tyd5k 154 t:J:k"Z
~ ,f,.
where g is the hydraulic conductivity (I/T);
Kt is the saturated thickness of the aquifer (L).
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METHOD OF ANALYSIS

A rectangular net or grid as indicated in figure 1 is

superposed on & plan view of the groundwater reservoir.

DELX (1)
%
~ .
N
N . .
E‘ C1-1s4+1 15511 ®ttisTl
N l&l -

Q

‘!_1’3 .‘1’.’ .1-{-1,.’.

e L] : L J

1=1s3%1 1,571 1tls71

Fig. 1. Nodal array for

digital model.
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At each node the transmissivity, storéée coefficient, and initial
head are recorded. The pumping'rate is recorded at each node.where a
weil is located and the hydraulic conductivities of stream or lake-
beds whefe they occur. In the case of an uhconfined aquifef
the transmissivity‘is replaced by'the hyd;éulic conductivity and the
ele;ation of the base of the aquifer is also recorded. A parameter ~
card is prepared providing the dimensions of the grid, the head in

the stream, the thickness of the stream or lake beds, information

concerning the maximum duration of pumping and other constants used

in the computational schemé. All éomputer input and output/is in a

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

-

seconds.
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The objective of the program is to solve equation (2) implicitly

for the desired boundary conditions at each node on the grid after

At‘ seconds of pumping. These values are then used as initial

conditions for the calculation of the head values at time 2At;
this procedure is éohtinued until the reservoir has been pumped the
desired length of time. The size of the time step is increased

exponentially. Numerical values and an alphameric contour map of

the drawdown in the aquifer &€ printed at selected time steps
Fi

(see Fig. 2).

-

Figure 2 -- Alphameric contour map of drawdown at Antigonish

Nova Scotia

In order to determine the precision of the calculations, a mass-
balance may also be computed at this time 1f there is no infiltration

into the system.
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1 ‘ : The iterative alternating-direction implicit procedure

2 is the mathematical technique used to solve the §
3 simultaneous equations where [ is the number of nodes in
4 the matrix., Hydraulic headivalues are calculated for each

5~1 node in the matrix by solving alternately the equations fox

6 rows and columns implicitly. Equation (2) for the
7 calculation of rows is
g n . n
: h. . - h. .
.T' . (1‘-1.':737( 7':J:k)
9 xx(1-%,7) Az . oy
. i oo
10— ‘
n ' N »
h. . - h. .
1 + 7! . o i+1,4,k 7':<7.vk)
op (T+%,3) LY
12 ' .
n-1 _ n-1
13 . 1 i:j"l:k i:jsk.
t i, g5 ¢ PR
14 ' ' J
. hn"l ’ _ n-1
16— + 7! . . ( ‘L‘_,'j-f-l,_k 7'_vj;k)
yy (i, d+s) ’ By
16 - :
.~ k. C oLy
v mg (eiadok T i,gu k-1, Tu(i,g)
- At , Ax . Ay .
1 J
18 : -
n
2H_,. ., — h. . - h. .,
19 . - X ( I‘(‘L,J) 7’.’(7.’k 7’:J)k-1)
s am_,. .
r{i,7)
20—
21 # I(h" = nl )
1,d5K 1,d5K
22 _ .
where I 1is a normalized iteration parameter; ‘.

23 . ‘
n is the index indicating iteration number.
24 o '
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At each time step the row and colum equations are solved
alfernately until the greatest head difference between a row and
column computation at any node is less than a prescribed error |
criteria. When this closure is aghieved the program begins solving
for the head at the'new time <t + AL, The procedure is
continued until the desired périod of analysis has‘been similated or
the aquifer becomes dewatered. When any condition arises which
terminates computation the head matrix and the elapsed simulation
period are punched on cards. These cards can be used as input if
it is necessar&.to extend the period of analysis at a later time.

For a detailed explanation of the tgchnique used for solving

the finite-difference equations see Douglas and Rachford (1956).
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The following section describes the preparation of parasmeter
and data bards, The arrangement of the assembled program deck is

shown in figure 3.

APPLICATION

Figure 3.

Assembled program deck. S , v .

Parameter cards

All values are right justified in the data field as indicated

in Fig. 4.

Figure .

Sample coding form.

-

C Card 1

Column Variable
1-10 TMAX

11 -'20 DIML

21 - 30  DIMA
31 - ko NUMT

k1 - 50 QRE

51 - 60  DELT

Contents
simulation period in hours
number of nodes in a column of the matrix ¥
nunber of nodes in é_row of the matrix ¥
maximum number of time steps ¥

vertical leakage into the aquifer in feet
per second '

initial time increment in seconds
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) Card 2

l1-10
11 - 20

21 - 30

31 - ko

431 - 50

51 - 60

61 - 70
71 - 80

Card 3

l1-10

11 - 20

21 - 30

Card L

l1-10

Card 5

1-5

KTH
FACTOR
LENGTH
ERR

FACS

FACB

FACP

FACT
RIVER

SPACNG

SUM

PUNCH

thickness of stréam or lske beds in feet

‘number of time steps between printouts *

" multiplier for values of hydraulic

conductivity of stream or lake beds
number of iteration parameters % |
error criteria for closure
multiplier for storage coefficient

multiplier for aquifer base bottom
elevation v

muitiplier for hydraulic conductivity
of agquifer

miltiplier for transmissivity
hydraulic head in river in feet

contour interval in feet

elapsed time at beginning of computations
(usually O. unless provided as
punched output)

indicator for punched output; if punched

‘ output is desired at termination of
computations write PUNCH, otherwlise
leave card blank. .

‘ -
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Card 6 .
1-10 WATER indicator of water-table conditions, if
water-table conditions are
. encountered write WATERTABLE:
otherwise leave card blank.
Card 7
1 - 7. CONTR indicator of contoured printout;
if an alphameric contour map of
hydraulic head is desired write
CONTOUR; otherwise leave this
card blank. ‘
l-7 NUM indicator of numerical printout; if the
_ numerical head values are desired
- write NUMERIC, otherwise leave this
card blank. :
Card 9
1-5 CHCK indicator of computational check; if a

mass balance on the system is
desired write CHECK; otherwise
leave card blank.

¥ wvalues are fixed pbint; they must be right justified and not
include a decimal point.

U. S, GOVERNMENT PRINTING OFFICE : 1959 O = 511171
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Data.Cards

Set 1

DistanceAbétween nodes in the protqtype in feet: the distance
between adjacent nodes is recorded as indicated in figure 1. The
values in the X difection; DELX, are recorded first and are folloded,
béginning on a new card,by the values in the Y direction, DELY.

As indicated in figure 1 the values for DELY and DELX must remain

bcbnstant for each row and column respectively. Each value may

;

occupy 10 spaces including the decimal point.

.’

18 U, s. GOVERNME&T PRINTING OFFICE : 1959 O - 511171
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‘Set 2

Initial hydraulic head, STRT: the initial hydraulic head values are

recorded from left to right along the rows beginning with the top row.

| Each row begins on a new card and each vdlue may occupy 10 spaces

including a decimal point (there will be a maximum of eight values
recorded on each card). The hydraulic head vaiues punched at the
termination of the program can be read as initial hydraulic head

values.

R

Set 3

Locations of Wellsg lekes, and étreams, RATE: the locations of wells,

lakes, and  streams are recorded left to right along the rows,

| beginning with the top row. Xach row begins on a new card and each

value may occupy only U spaces including a negative sign and decimal
pdint (no sign is necessary for a positive number). At any node
vwhere a lake or stream occurs the hydraulie conductivity-of the bed
divided by the hydraulié conductivity multiplier is recorded. At
any node whefe a well is located the pumping rate in cfs is recorced

preceded by a negative sign.

19 U. S5, GOVERNMENT PRINTING OFFICE : 1959 O - S1n7l
867+100
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Hydraulic conductivity: PERM of transmissivity T: this data set
consists of the hydraulic conductivity values in the case of a water
table problem or transmissivity values in_a confined aquifer situation.
The values divided by the appropriate multiplier aré recorded left to
right aloné the rows beginning with the top row. Each row begins'on

a new card and each value may occupy up to U4 spaces including the

decimal point.

Aquifer base elevation, BOTTOM: this data set consists of tﬁe
elevation of the base of‘thg aquifer measured froﬁ the same reference
datum as the initial head, divided by an approbriate multiplier.

This data set is omitted if a éonfined—aquifef problem is considered.
The value; are recorded left to right along the rows beginning with

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

up to 4 spaces including the decimal point.

Set.6

Storage coefficient values, S: this data set consists of the storage

coefficient at each node, divided by the appropriate multiplier.
The values are recorded left to right along the rows, beginning with
the ﬁ0p oW, Each row begins on a new card and each value may occupy

up to 4 spaces including the decimal. point.

* Ul ST GOVERNNENT PRINTING OFFICE: 1959 0'= s11171

. 20 867-100




267

10—~
11
12
13
14
16~
16
17
18

19

21
22‘
23
24

25—

PROGRAM FEATURES

Number of nodes:

The dimensions of tﬁe nodal array considered in an a@uifer préblem.
generally depend upon the storage capacity in the computer and
‘available funds. The-largef the nodal arra& the more computer time
is required tq simulate a specified period of ahalysis; This

program permits arrays up to 50 X 50 nodes. ’ './

Drgwdown near the pumping well:

Withdrawal from.a~well’isbassumed tQ occur over the area of
influencerf the well node, Drawdown values within cne ncde of
the well, tﬁerefore, will not aécurately represent field responses.
The use of smaller space increments near the well will improve

the accuracy of the solution.

Advantages of iterative technique:

Certain limitations inherent in the alternating direction
implicit technique are overcome by infroducing a relaxation ‘
factor and iteration. Some of the important advanfages of

an iterabive analysis are:

U, 5, GOVERNMENT PHINTING OFFICE : 1959 O - S1117¢
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i. abrupt changes in transmissivity between nodes is
.permitted,-
ii. vvariable space increments may be used,
iii. any time increment Al may. be used, 4
iv. the elliptic form of the flow equation can be treated
directly (the steady-state problem),
v. the iterative procedure requires less computef Time
when periods extending tens or hundreds of years are

4

simulated. ' ' !

Multiplication Constants

Multiplication constants (FACTOR FACB, FACS, FACP, FACT) are used
to decrease the number of data cards when very small or very’large
numbers must be read.’ For example, if it was necessary to read a
storage coefficient value of .000L the multlpllcatlon factor FACS
could be set equal to 0001 and 1. would be recorded on the data

card; the program would convert the 1. to fOOOl during execution.

Program Diagnostics

Two program diagnostics may be generated if an abeormal_program
termination occurs. The message EXCEEDED PERMITTED NUMBER OF
ITERATIONS is printed when convergence is not achieved-within _
100 iteratione; This situation generally arisee wheﬁ an error in
data input reeults in an impossible physical problem; The message

WELL GOES DRY occurs when the cone of depression in an unconfined

aquifer drops below the impermeable aquifer base.

U. S, GOVERNMENT PKINTING OFFICE : 1959 O - 511171
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The choice of the number of iteration barameters, LENGTH, and the
convergence criteria; ERR, depends upon the physical problem
considered. Three to seven iteration parameters and a value Tor

ERR of -001 " should provide satisfactory results in most problems.

Mass Balance

The CHECK option permits the calculation of s ﬁass balance when
there is no infiltration into the system. The volume 6f water
removed from the aguifer is computed by inbegration over the cone of
depression and by calculating the volume removed from the wells.
These values are compared and the deviation expressed as a percent of
the volume pumped. If infiltration does ocecur the deviation is &
megsure of the volume of water entering the system.

This program is not designed to simulate all of the complicated
hyﬂrologic problems encountered in the field. It is intended as a

starting point from which more complex models can be developed.

23 U. S, GOVERNMENT PRINTING OFFICE : 1959 O - 511171
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. .  APPENDIX

TC PR”VID“ THE POTENTIAL DISTRIBUTION IN A CONFINED AQUIFER AFTER

A DESIGMATED PERIND OF TIME,
***#4****«4****4r-w*v**««r**************«*«****:***#**************

METHODN
THE ALTERNATING DIQFCT!ON IMPLICIT TECHNIQUE IS USED TO SOLVE
THE LINEAR CQUATIONS.

m

RIPTION OF PARAMETERSO

EEFICIENT IN FINJTE DIFFERENCE EQUATION
CFRICIENT IN FINITE DIFFERENCE EQUQTION
)=
0

oou o

NUAHY VARTABLE DEFINED AS C/W
A(1,JI=ELEVATION OF BOTTOM
=(GEFFIL!&NT IN FINITE DIFFEREMCE FQUATION
=DUMMY VARTABLF RCPRESENTING PARAMETFERS OF EQUATION WHOSE VALUES
‘Qf KNOWN FROM PREVIOUS ITERATION

rsor

n-:-aga;.(:

DAYS=NUMBER NF DAYS SINCE PUMPING STAPTED

DELT= LEMGTH OF INITIAL TIME STEP {(SECONDS) '
S GELA=DISTANCE BETWEEN MODSS 1IN THE PROTOTYPE IN THE X oxnscrlom
(FRET)
DELY=DISTANCE BETWEEN NODES I THE PROTOTYPE IN THE Y D'RECTXON
(FEET)
DIML=NJHGER OF MODES IN CGLUMN OF MATRIYX

DINVA=HIW3 IR 0F MOGES IN ACW OF MATRIX

| CFRR=CLOSURE CRITERIA FOR ITCRATION

FACTOR=MULTIPLICATION FACTOR FOR ADJUSTING STCRAGE COEFFICIENT
FACB=MYLTIPLICATION FACTCR FOK BOTTOM FLEVATION
FLCo=MULTIPLICATION FACTOR FUR  HYDRAULIC COMDUCTIVITY
FACS=MULTIPLICATION FACTOR FOR STORAGE COEFFICIENT
FACT=MULTIPLICATIUN FACTCR FOR TRAMSMISSIVITY.

G=DUKMMY VARTABLE DRFINEDR AS (D-A%G(J-1))/W

CHNS=RKUMDER OF HODRS ﬁIdCE PUMPING STARTED

THK=TTERATICH PARAMETER
KEE2(1,J}=STORAGE MATRIX FOR PHI VALUES
KTH=HhUMBER OF TIME STEPS BETWEEN PRINTOUTS
M=THICKNESS OF STREAM BED. OR LAKE BOTTOM "(FEET)
NLMT=MAXTMUM NUMGCR OF TIME STEPS
PHI(T,J)=HEAD IN AQUIFER AT NODE (1,J) IN FEET
PRNTLT,JY=ARRAY FOR PRINTING QUT HEAD MATRIX IN CONTOUR FORM
QUe= RECHARLGE FLux FROM THO CONFINING LAYER (CURIC FEET PER SFCOV
RATELI, J)=PATE OF PUMPING IN CFS 1F NEGATIVE
HYDRAULIC CONDUCTIVITY 0OF STREAM OR LAKE O90TTOM IF

PGSITIVE
AHO=DUAKY VARTABLE DEFINSD AS S(L,J)/NELT
BIVIR=HEAD IN RIVER
Rn VARTAALE ACCOAUNTING FOR VERTICAL LEAKAGE

HEVARTABLT ACCOUNTING FOR PUMPING _
S(I.J)’STﬂVAGF COEFFICIENT (DIFNSIONLESS) .
STRI(IL, M =INITTAL VALUE CF HYDRAULIC HEAD IN AQUIFER
SUM=NUAATIGON OF PY¥PING IN SECUHMNDS

b R - O N S N NS P U SUS N N U S N SO S S T S S W U U S S N S P

'DCCNI\)\.n-“U)Nidg

43

45
46
47
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OO AN

[z X

S

E U”U 'LE PRECISION PHILKEEP, D,G,TE”P BEsWy Tl,T?.TB,Té.QHD AyByCoDELT

TREARD (5,5%20) TMAX, DIML'D!MN,NUMT'QRE DFLT.M.KTH.FACTOR,LFNGTH,CRR.

N L real TR . L

SYR{J)=LINFAR ARRAY CONTAINING SYMBOLS FOR PRINTING OUY HEAD
UAYP ‘ .

T J)=TRANSMISSIVITY (FECT%2/7SC00ND)

TEMP(I)=TEMPORY LCCATION OF CURRENTLY CALCULATED VALUES OF HEAD

TVMAZ=HMAXTNUY ALLOTTED PERIND OF PUMPING

dA=DUNKY VAPIADLE DEFINED AS B=-A*%8E(J-1)

(AN E RN N R R RN RN IE RN R NN I N N N N N A N N I N I I A A A N S I I Y S NS N P

ORMON PHI,SUMDELX,DELY,DIM LpDLMNyRAT59$WSTﬁT'SPACNG

DT"C\SQON S{50,50), PERM(50,50), BOTTOM{50,50), RATE{(50,50), KEEP(.
L 150,571, GI5n), TEMP(50), BE(S50), RHOP(253), CHK{10), STRT(S50,50)y T~

2(80,30), PHI(SN,58)
LOIMENSICON DELX(S5D), DELY{50)
REAL MINS,H,K )
R.unﬁq KEEP, I1K NUM

IMTEGSR DIML, DIMY

PHJP DAPAM'I'KnyV[R CHKyPNCH, WATERyCONTR NUM,CHCK

L
.

c-i-..oll.o.ocub-.o.o.oo.o.o'toooa0000....00...0'..0.0.'0.0..00..0

DAT L CHK(l)ISHPUNCH/pCHK(2)/8HNATERTAB/:CHK(3)/7HCDNTOUR/{CHK(4)/7
LHNUMERIC/,CHK{S)/ SHCHECKY . Yy

1FACS  FACR, FACP, FACT,,RIVER SPACHG

30

ALEAD (5,410) S : g ,‘;': A. k' R
ACAD :5,50ﬂ1 PNCH, WATEP , CONTR » NUM, CHCK :3‘ ' ' "
PEAD (5,685 (NFLXLJY pJ=1,D1Mu) .
PRAD {5,6R0) (NFLYLI),I=1,01KL) .
00 10 Is1,nIML o A el
AEAN (5,620 (STRT(I4J) 4= I,DIMH) - e SR S
RN ES N o) 1Y Co et
T OEHIT Y =STRT(T,d) S T ey
L 20 (=1, 010ML . - T T
TAFAD {5,930) (RATE(I4d),3=1,D1MW) B
SN 20 g=i, DMy o : : s
an 17 (HATE(I.J)qGT.C)'RATE(I,J)=RATE(I,J)*FACIOR. B
{F (JATER.MELCHRIZY) GO 7O 50 - P .
RG 36 1=3,DIHL P PR O
PEAD (5,530) (PEPM(X,J).J I,DIMW) T s
nnoae =1, NiMy . ST S .
PERL(T,d)=P {1 J)%FACP
nh 4n I=1,01ML ' ‘ L ‘ el e
READ [5,530) (BorrnM(I.J),le.oIMW) o > R
ﬂﬁ OGN =1, DINY - LT R . . L o
40 AOTTOM(I . ) OOTTOM(X.J)*FACB . R
cn Yo 7o ¢ N A
50

N0 60 I=1,DINL
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[gTeRaRaXe)

1

READ (5, 530) (T(!,J’oJ*l!OI"W)

30

140

1

50

00 60 J=1,0DIMu .
T{lydI=T{IJIXFACT

Do an I=3,0[ML v
READ {(5,530) (S(!od)yJ 1,DIMKW)
Ne 80 J=1.NTMY
SUI,0)=501,J)%FACS

0 8000 0N 00000000000 NN000000CRSEL 000C00RNN0CR0E00E00RSDN0CES.

PRINT PAPAMETER VALUES

TWRLITE {64550) DELT,THMAX, NU”T;QRE'DIMLy“IMH,LENGrH ERR,FACTORvFACS,
LFACB,FACP,FACTyRIVFR,M,KTH_

VHRITE (6,690) (DELX(J) 2 J=1,01MW)

WRITE (5,7C0) (DELY(I1)sI=1,DINML) Ty - : ’
THAX=THAX®36NC, ‘
TFO{UATER,EQ.CHK(2)) GO TO 100 - .

WRITE {6,560}

20 90 1=1,D1ML

WRITE (65577) IT9(TUI43)4J=1,0IMW)

WRITE (6,590}

nn 110 I=1,0IML

WRITE (5,57C) 1,(S(1,d)yJ=14DINMW)

WRITE (6,547)

00 120 I=1,DIML . )

WRITE (6457C) T4 {RATE(1,J)yJ=1,DIMW) ’ : .
IF {AATEP.RELCHKI(2))Y GO TO 150 . )
WRITE (6,0630)

DO 132 I=1,0IML

WRTTE (6457C) Iv(PERM(I;J)!J‘-yDIMW’

WRITE (6y640)

on 140 I=1,DIML

WATTE (6,570) 1, (BOTTOM{I,J)sJ=1,D1IMW) -

JNOL=DIMW=-1

.
. .
® 083 000 00R VNGB0 LICOINEDPNIBNGPOPELENCIENNINREDNOC0EECLIEROEOESSIOROSONTSTES
. y h

.

COMPUTE ITERATION PARAMETERS
COMPUTE HMIN
HMIN=2,
XVAL=3,1415%%2/(2, %D MW%%2)
YVAL=3,1415%%2/ (2. %D ML%x2) o
BN 162 1=2,01#L -
DO 160 J=2,D1%4 :
IF (T{I,J).50.0.) GO TN 160 o .
XPART=XVALX(L/ (L4DELX(J)%%2/DELY (T )#%2)) :
YPART=YVALX({ L /{1+DELY(1)222/D0LX{S)I%%2))
HUIN=AMINL(HM TN, XPART, YPART) . [
CUNTINMUE i
ALOHASEXP (ALCGLI/HYINY Z{LENGTH=11))

>>>>')I>)>I>>>>>J>>I>>I>J>}>>.‘>>)>>>>>>I>>‘>J>1>>>>I>l>>>>>]>>1>>>>>>;

115
116

117

118
11

129
121
122
123
124
125
126
127

128
129
139
131
132
133

134

136
137
138
129
140
141
142
143
144
145
146
147
148
149
150
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Y

OO

CRHOP(L) =HMIN

170

180

DO 170 NTIME=2,LENGTH.
RHOP(NTIME)=RHOP (NTIME~1 ) *ALPHA

PARAM=RHOP (1) .

WEITE (6455C) (RHOP(JYJ=1, LENGTH) .
KT=0 -

TEST=2
$ 2000000005008 00000800008000000000000000800060000000080000000000088 008

If TEST EQUALS 1 CONTINUE ITERATION, IF TEST EQUALS 0 GO TO NEXT
TIME STEP v -
IF (TEST.EQ.1) GO TO 250

JFINAL=G .

IF (KT.OT.NUMT.OR.SUM.GT.TMAX) IFINAL=1

- MTH=C

[F (HOD(KT KTH) e NELNJORLKTLEQ.O.ANDLIFINALLNELY) GO TO ?10

4 WRITE (64580) KTyDELTs SUMIMINS ,HRS,DAYS,KOUNT

23¢
240C

250

IF (CONTR.EQ.CHHK{3)}) CALL PRNTA
IF (NUMLEQ.CHK(4)) CALL PRNTIL
6 {CHCKLEQ.CHKIS)) CALL CHECK
IF {IFINAL.MELY) GO TO 210

~IF {(PNCHJNELCHK(1)) STOP

D0 200 1I=1,01vL
WRITE (T7,520) (PHI(I,4)d= 1 DIMW)
WMRITE (7,5610) SUM
SToP
COMTINUE
KT=KT+1
KQUNT=2
DO 220 I=1,DIML
0O 220 J=1,NIMW
KEEP({I,J)Y=PHTI(],J) :
IF (WATLR, R-.CHK(Z)) GO TO 240
Do 230 I=1,DIML .
DO 230 U=1,D01MW '
T, d ) =PERMITLIIX(PHI{T,J)= BOTTOM(I,J))
I (T{I,3Y.6E.0.) GO TO 230
URITE (A,66C)
GO TO 1o
CONTINYE
NELT=DFELT+DELT
SUM=SUM+DELT
NS=SUM/3600,
HIMS=HRS#*H0L
DAYS=HRS/ 24,
GO T Qe 270 : i )
IF (XOUNT.LT.100)Y GO TO 260 : '
WRITE 16,670)
GO TN 19C

-~

[N

> >I>>>>!>>>I>>>I>2>>]>I>>J>>.>>>>J>1>>>>>>>>>>>4‘>>>>>>>>>>>>>

151
152
153
154

155

156

157
158
159
160

176

173



T 260

A0 Anoo

OOOO0N

DGO

COOM

27¢

200

200

300

320

336

KOUNT=KOUNT+] ' v
I (MOD(KOUNT,LENGTH)) 270,270,280
CRTH=C

NTH=NTH+1

PARAN=RHOP (NTH)

TEST=",

00 307 J=1,0IMN

TOMPLII=PHI(1,4)

DO 400 1=2,D1M0

D0 360 J=2,IN01

v . .

L N R R N N N N N N YN R NNy N R R R R R T Y
DETERMINE WHETHER NODE IS GUTSIDE AQUIFER BOUNDARY

IF (T{1,4)) 310+26C,210

RHO=S({I,J)/DELT

CALCULATE AVERAGE VALUES OF T BETWEEN ADJACENT NODES

NODE CONFIGURATIONC  Tl=LETT, T2=RIGHT, T3=UPPER, T4=LOWER

TI={(2 4T (14 J=2)*TCI,J1 /(T 3)*DELX(J=1)+T( 14 J=1)%DELX(JI}I) /DELX
1(J)

T2=((2.*f(I,J+1)*T(I{J))/(T(I,J)*DELX(J+1)+T(IvJ+1)*DELX(J)))/DELX
ligl((2.*T(I—1,J)*T(f,J))/(T(I,J)*DELY(I—1)+T(I—!.J)*DELV(I)))/DELY
I;Zi((z.*T(Hl,J)*T(t,J))/(T(!,J)*DELY(XHHT(1+hJ)*DELY(i).))/DELY
1§;i=PARAM*(T1+T2+T3;T4)

K=D,0

8 0050000208808 00080000 0000000000000 00000000s000000008R0ncG0sOGREGSIEOOSIRRIEAS

CHECK WHETHER NONE IS ALOMG A STREAM OR ON A LAKE
IF (PATE(1.J)) 330,330,320 '
K=RATE(I,J)

® 000050000000 00000000000000000000080080808 4400000000000 00000000080080

CALCULKTE VALUES FOR PARAMETERS Ay,B8,C, AND BE .
B==T1-T2=RHO-K/ (2, %M) = IMK : : .
A=Tiv 7 ) i

C=T7T2

WeR-AX3E(J=-1)

BE(d)=C/w

IR b b O o N T B - U N S S P Sy Sy iy S S S Sy

201
202
2C3
204
205
206
2607
2C¢3
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
225
227
228
229
230
231
232
233
234
235
236
237
238
2329
247
241

242

243
244
245
246
247
248
249
250
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e NaNel

S noo

..-nQ-.-0....oo.o-......Qo-...oo..0...0.‘0.Q.Qo.c‘l.o.o...."onl..

.. C £CK NODE FOR POSSIBLC WELL LOCATION
=QRE

Pd C.?

[F (RATE(I,J)) 240,350,350
340 fPu= ==RATC{I+JY/Z7{DELX{II=DELY(TY)
350 O==T3HPHI(I=1,J)+(T4+T3=] K)*DH1(19J) T4*PH!(!+I,J)-RHO*KEEP(XvJ"

LIK/M)H{(RIVER-KEFP(1,J)/2.)+RU-RR

ClII={D=A%xG(J=-1))/d
360‘C”NT1NUE

.o.soocnoc....ooc-ocao-ono..ooo‘.o..oo.oco-uo.-..o.n.o.....-..ol..

CALCULATE HEAD VALU:S FOR RGWS OF MATRIX AND PLACE THEM IN
TEMPORAPY LOCATIGON TEMP
NUZ=DIMy=-2
DO 39N KNOQ4=1,N03
NO4&=D1YW-KNO4
PHILI-1,NO4)=TEMDIND4)
IF {T(I,MN04)) 380,270,380
372 - TEMPINOA)=PHI(1,N04)
GO TO 29n

7380 TEMPINNLY=GIND4)-DBE (NDA)=TEMP(NQ4+1)

QOO0

OO0 OO

290 CONTINUE,
409 CONTINUE

**#*************#***##*#*$********************#********#********#*

FOLLCY SIMILIAR PROCEDURE FOR COLUMNS OF MATRIX AS THAT CONSIDERED
. FOR ROAS .
DO 410 I=1,DIML :
410 TEMP(I)=PHTI{],1) : ‘
M(Jl DXV"", 7
00 510 J=2,DIMW
DY 470 1=2,IN0OL
IF (T(1,J})1 420,470,420

N .

‘.o.-;-aoa.n-.og-.vn.oooonl.o.occu‘...‘0‘.0.0-‘0»..00-.._oo...t.oo.

420 RHO=S{I,J)/CELT
) -

'..l‘..l.‘l...li‘..dl..l'll....'.......'."l.".l\.l‘l.......l.‘..‘

. CALCULATE AVERAGE VALUSS OF T BETWESEN ADJACENT NODES
v TI=(42. *T(IoJ—l)*T(I'J)‘/(T(IyJ)*DELX(J L)+T(1,4d- 1)*DELX(J)))/DELX
1t

T2={(2.%T(1 .J+1)*T(I,J))/(T(I JIYEDELXCI+L)+T( L, e 1) %DELX(J) ) ) /DELX

1(3)
T3=((2. %7 (1~ 1:J)*T(Iod))/(T(IoJ)*DELY(X-1)+*(I l»J)*DFLY(I)))/DELY

>>>>>>>>>>>b>>>>>>>>>>>>>$>>>>>>>>>>>>>>>>>>>>>>>>?

Il

251
252
253
254
255
256 °
257
258
259

260

261 .
262 ot
263

265
266
267
268
269
270
271
272

274

275
276
277
278
279
280
281
282
283
284
285
286
287
288
299
200
291
292
293
294
295
296
297
298
299
360




OOON

[aXeNeNe]

OO0

\

430

449

459

460

470

OO0

480
490

500
510

Hn
Tam{(2.%T(I+1,J)%T (!'J!)/(T(I9J)*DELY([+1)+T(I419J‘*DELY(I)))/DELY

viten)

IMK= PAQA“*(T‘+T2+T3+T4)
K=0,0

‘C_DAA.‘..C'.QlOO.'0‘..0'0.!.......OCOI....0'..00.........O....QIO.

CHECK WHETHER NODE 1S ALONG A STREAM OR ON A LAKE
IF (RATELT, )1 440,440,430
JK=RATE(I,J)

...Il..a..l.l....‘.ll......Il.l..ll‘.l......l.,.I..l....'l"......l

rA’CULA'E VALUES FCR PARAMETERS AsBsCyAND BE ' A
A=

C= T4

D==T4=T3=RHO~K/ (2. %M}~ INMK

I=B=AXBE{I=1)

3(Iy=C/v

"..'Al-ll‘Oiiﬁll'..l.Cl...ll.l.....0....I.'OIQ......I...Q‘....Q..

CHECKX NNpE FOR PosstLE WELL LOCATION
pR=pn QR E )
RW=%.0 .

IF (RATE(I,J)) 450,460,460
PU==RATE(I,J)/(DELX(JIXDELY(T))
DE=TI*PHT L] J=1 3+ (T1+T2=IMK)%PHI (1,4}~ TZ*PHI(!,J+1’ ~RHOXKEEP(1,4)—

LN/ 5 LRIVFR=KEEP (T, J1 /2. ) +RW=RR
GLI)=(D=A%G(T-1))/u
CONT INUE

.
Ol‘..oclllcol0.-‘-.lo-.l..0.00...00.-..0.000.¢0l..l...l....'!"...

CALCULATE HEAD VALUES FCR CCLUMNS OF MATRIX AND PLACE IN TEMPORARY
LOCATION TEMP

NO3=D] 4L -2

DC 300 KND4=1,ND3

NQ4=D1 ML -KNDG

DHINOA, 0=1)=TEMO(NDAS)

IF (T{NA%,3)) 490,480,490

Tﬁvo(NW4)—PH1(Mca.J)

GG Y0 s

*SMP(‘"I)—C(JO&)-%F(VOA)*TEND(NDG+1) : v
IF (DABSITEMP(NO4)=PHI(NCS,+J)).GT.ERR) TEST=1,

CONT INUC

CQNT INye

G0 TO 180

> > >I>>I>I>>]>>'>)>>J>h->l=>l>>->J>>'>:>I'>Z>>>Dl>x>D'>3>>'>I>>->i>>->!>:>D-> >> 3 i

301
302
303
304
3C5
3co
307
308
300
310
311
312 .
313
214
315
316
317
318
319
320
321
322
23
324
325
326
327
328
229
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331
332
323
334
33s
336
337
338
339
340
341
342
342
344
345
344
347
348
349
35¢
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52N FORMAT (F16.2,3110,2F10.,2/F10.2,110,F10.2,110,4F10.2/3F10,2}

530 FNAMAT (20F4.0) :

540 FOYMAT (1HY 4A142YTHRATE MATPIX) T

SN FOPMAT (1HL, €N%,16HINOUT PAPAMETERS//40K LENGTH CF INITIAL TIME ST
LFO IN SECONNS=,E10.3//46H MAXIMUM PERMITTED PERICH DF PUMPING IN H
20U2S=,E10.3/ /40 MAXIHUM PERMITTED NUMBFR OF TIME STEPS=,14//K0CH F
2LUX NUE TN VERTICAL LEAKAGF FROM A CONFINING LAYER IN CFS=,E10.3/7/
437H NUMBER GE NODES IN CCLUMN OF MATRIX=,14//34H NUMBER OF NODES .
54 RN, OF MATRIX=,14//32H MUMBER OF ITERATION PARAMETERS=, l4//28H €
HRALY CPITFRIA FNY CLOSURE=,510.3//53H MULTIPLIER FOR HYDRAULIC COM
TLUULTIYITY Gf STRCAM BFRD=,E10.3/7/36H MULTIPLIER FOR STORAGE COEFrIC
ALENT=,200.037/73200 MULTIPLIER FOR BOTTOM SLEVATION=,E10.3//39H MULT!
9PLIER FOR HYDRAULIC CONDUCTIVITY=4E10.3//31H MULTIPLIER FOR TRANSM
TISSIVITY=,E10.3//715H HEAD IN RIVER=,E10,2//251 THICKNESS OF STREAM
$ 850=,E10.3//40H NUMBER CF TIME STEPS BETWEEN PRINTOUTS=,14)

L0 FORNMAT (1H1,64X,23HTRANSMISSISILITY MATRIX)

7O FORMAT LIYN,15,(1M ,14E9,1)) :

B0 FCOMAT (1H1,55X, LTHTIME STEP NUMBER=,I110/50%,29HSIZE OF TIME STEP
LIn SECONDS=,E1C.2/47%,48HDURATION OF PUMPING AT THIS PRINTOUT IN S
2550M05=,210.3/86x,aHHINUTEs=,Elo.3/8cx.6HH0URS=.EIO.3/36X,SHDAYS=.

C3EINL3/SBX,ITHITRRATION NUMBCR=,110)

GO0 FORMAT (1H1954X¢2GHSTORAGE CCEFFICIENT MATRIX)

AN AN

A0 TORNAT (AS/ABZATIAT/ZAS)

HIN FGRMAT (F10.3)

62 FOAMAT (8F1C.4) Coe .

AEYFLEAAT (1H1, 52X, 29HHVORAULIC CONDUCTIVITY MATRIX)

LAN TLRMAT (1H1,46X,4CHELRVATION OF IMPERMEAGBLE BASE OF AQUIFER)

£50 FURMAT (1H1,56%,20HI TERATION PARAMETERS///(1H ,10E12.3))

460 FORKAT (100, 13HUFLL GOSS DRY) :

AT FURMAT (1K), 390CXCEEDED PERMITTED NUMBER OF ITERATIONS) -

L8N EOPUAT (AFLIN,N)

690 FOMALT (141,40X,40H0K1ID SPACING IN PROTOTYPE IN X DIRECTION///(1HO
1012¥10,2))

TON FNREAT (LR, 40X, 4PHGRID SPACING IN PROTOTYPE IN Y DIRECTION/Z/{1HO
L.12010,91)

L
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35
352
353
a54
355
356
357
358
359
360
36l
362
363
364
365
366
367
368
369

EYAl
ar2
373
374
375
276
377
378
279
28¢
281
382
383
384
385
386
387
388
389
390~




[ . h*****#******ﬂ************#*********************#*******#*********

SUSROUTINE PRNTA
c *****#ﬂ‘*******4#****##*******’*******#**********fP***********$**#
C THIS SUBRJUTINE PRINTS NUT THE HEAD MATRIX AS AVPHABCTIC CONYOQURS

covwﬁw PHI 4 SU%, DELX,DELY DIML,DIMW,RATE,S,STRT,SPACNG
, INTEGER DIML,DIMy
[ . R&AL K
DIMANSION RATE(S57+50), SYM(39), PRNT{6C), PHI(50,50), STRT{50,50),
1 BLANK(ENY, S(5C,57) -
DIMENSION DELY(SN), DELX(50)
DOURLE PRECISION PHI
HRITE (6,50)
DATA SYA/IHY,1H2,1H3, 1HA, IHS, 1H6, 1HTy 1HE , 1HG , 1HA, 1 HB , LHC , 1HD , 1HE, 1
: IHF s LHG, 1rAd, 1T THY y THKp LHL; THM» THN» LHO 3 LHP  1HO y THR p 1HS o 1HT  1HU, THY
T ‘ zllﬂw;lnx,LHY,le,*Ho,iH s LM%, THG/ , BLANK ZAN%LH /7 .
’ 10=(65=D]W) /2 )
DO &N fR=1,DIML
DG 3r go=1,DIMu
K=STRT (IR, JC)=PHILIB,JB)
K=K/SPACNG

B4 ) s o s e )
T PWNI~OODESOW DN

[
-~
-
‘.

e
O o

20

- , 18 (X.LT.0) GO TO 1c 21
L ‘ K=A%0D (K20, ) 22
T , IF ({KelT.1le) PRNT(IB)=SYM{36)
s 10 IF (K LT.0) PRNT{JR)=SYM(39) 24
TF (PHLLIN,J#) L EQ.STRT(IB,JB)) PRNT{JB)=SYM{37T) 25 .
: N=K , 26
- LW CIF {RLLT.1) GO TO 20 - 27
, ‘ w PANT(J3) =SYMIN) 28

- . 20 IF {RATE(IK,UB).GTeN.) PRNT(JIB)=SYM(27)
ey : I {RATE(IB,JD)LLTLN,) PRNT(JB)=SYMI{32)

. 37 CONTInNE 21 y
: 40 -WRITE (6,600 (BLANK{I) 1=1,IND),(PRNT(JB),JB=1,DIMM) 32
, WRITE (6,77} SPACNG : 23
: RETURN 34,
- : . . 35
C *********#**#**#************************#************************# 36 .
< ‘ ' ' : 37
¢ 38, .
: c 39

50 FORMAT (1F0.50X,32HALPHABET!C CONTOURS FOR ORAWDOWN,////}

60 FONMAT {1 L65A2)

73 FORMAT (10HNLEGENDX#X/1BHOCONTCUR INTERVAL=,F10.3/32HOLOCATION OF
LRECHARGE BOUNDARY=R/16HCWELL LCCATION=W/21HOCONE OF IMPRESSION=G)

END

hTY
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C *fmm**#************#*******************#*****#.**t!#*********tt****** C 1
‘ SUBRCUTINE PRNTL c 2
’ C *v}:k**’“***:’t****"‘r****#************#**#***#t*******x‘ ***************** C 3 .
C THIS SURROUTINE PRINTS OQUT THE HEAD MATRIX. IN NUMERICAL FORM c 4
C lll....‘olOl‘I.‘I-.'........‘D.l.ol.Ql.l.“."'l.l'l..‘....."ll." C 5
VCOMHON PHT ,SUM, DFLX s DELY,,DIML,DIMW,RATE,S,STRT,SPACHG . " C o
DINMENSICON RATE(50,50C), DON(e&C), PHI{50,5C}, S(50,50), STRT(5C,50) ¢ 7
DIMENSICN LELY(S50), DELX{50) - ¢ 8
IMTEGER DIML, DMWY C 9
. DOURLE PRECISION PHI c 10
WRITE (6,30) c 11
DO 20 [=1,DI4L c 12
. G0 10 Jg=1,DInW cC 13
L10 NON(JI)I=STRY(I,J)-PHI(I,d) C 14 .
B o 20 WMRITE (6440) 1,(DDON{KY,K=1,0IMW) cC 15
RETURN € 16 ]
c C 17
: C t*** *********#*********#**#***x«#*******#************************* C 18
1 I : C 19
T c co20.
C ’ c 21
* 30 FORMAT (1H1,58X,16HDRAWDOWN IN FEFT//) c 22
: 40 FORMAT (LHOS IS, (1H L,11E11.3)) c 23 y
i R END C 24=
W ! -
N = .
1
. L .
i A
4
’ )

s
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***ﬁ#*******#*************#*******#*******#******#*******#********
SUSROUTINE CHECK _
***#*<<#3**#*&**a********ﬂ****#*******************#*****************
CTHIS SUBRQUTINE COMPUTES THE ERRCR IN THE so'urzom ON A MASS
DALANCE BASIS

xxx ARNING = USE THIS SUBROUTINE ONLY WHEN THERE IS NO INFILTQATIO
INTD THE SYSTREM#x%
S COMION PHT ySUM, DELX»DELY s DIML,DIMAY,RATE,Sy STRT,SPACNG

INTEGER DIML.D‘hw_

DIMENSI(N RATE(S50,50)y S(50,50), PHI(S50,50), STRT(S50,50!}
DIMENSION DELY(S50), DELX(50)

NOUSLE PRECISION PHT

TCTL=0,0

puMp=N, 0

DO 10 IC=2,DIML

DO 10 UC=2,0IMW
S TCTL=TOTL+S{IC, JCIEDELX{JCIEDELY(ICI*{(STRY{IC,JC)~-PHI( IC'JC))

1€ {QATELIC, 0)eLTe0e0) PUMP=PUNP~ RATE{IC,JC)*SUM v

EF=PUMP-TQTL

PEQCNT=(DZFF/PUMP)*1OC.

WRPITE {6,20) TOTLLPUMP,DIFF,PERCNT

SETURN )

st o s e 3 0 42 40 e e ol o o e 3 e e e e et A ot of oot ofe e e i o e e e el ok ok e e e o e o e ook ok oK

2’\

FORMAT (63HCQUANTITY PUMPED ACCORDING TO CONE OF DEPRESSION IN CuB
11C FEET=,520.10//594 QUANTITY PUMPED ACCCRDING TO WELtL DISCHARGE I
2N CUBIC FEET=,E20,10//51H ESTIMATE FROM PUMPING LESS ESTIMATE FROM
3 DRAWODUN=,E20,10//42H DIFFERENCE AS A PERCENT OF VOLUME PUMPED=.E
42\).1(3)

END
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