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Démand for ground water and the resulting need to expand our unde: a~dmg ~* ground
\;vﬁﬁ systemns has led to the axtensive use of modsis of saver: - -

Limitations of physical-type and !'nlbg-typ- modelis have res
more powey ful numerical t-dwi-;

- «  entof

L
The Trescott, Pinder and Larson (1976) modet. one v .

finite—dif ference modeis svailsble. has been modified to r e .+ Abera
Arndshi V8 compute. The model has then been used to r- a‘for an
sxtensive pumping tast conductad on an aquifer in aast—~ ‘est. with 3
. pc.nqung ph;s’; exceeding 34,000 minutas irl duration, w - : - sufficient
length to identify boundsry and recharge effects. Smuiser - == cee -un in order to
tast the validity of several different G\:;ﬁCCﬁtuﬂ models Qw* "= = of selacting one
most appropiste for the simulstion of a twenty-year proa. * ' ne 0d including
appropiste rechrge effects
A favorable comparison between real and simulsted drawdown in pumping and
observation welis could not be improved upén to any ;agt extent by the inclusion of
various forms of recharge it wauld\sm that the field test does not supply sl data

The effectiveness of a pc.l‘rpi"\q waell at intercepting recharge. which occurs as
direct precipitation on an adjacent recharge area. is aslso evaiusted using the Trescott et al
(1976) model. The influence of transmissivity, storativity, rate of recharge and purmping
rate have been considered utilizing a hypdthetical ground water basin !SB-;;;, in the form
of pumping, has been added to the ground w:ﬁr system at steady-state and the resuits
analysed Varying ﬂﬁtts such as transmissivity and storativity may ir'asuﬁ in an
increase or decrease in the efficiency with which a pumping waell can intercept ground
water moving through an aquifér system, while varying rate of recharge has littie effect

on such efficiency.
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I. INTRODUCTION ‘
Th-m-sng demand for ground water and the competition for th: resource
Provides an important incentive for expanding our knowledge and under standing of
ground water systems. One area that continues to receive attention by ressarchers is

=

modeiing. where predictive techniques have besn used for aquifer evalustion since the
early 1900's (Thiemn, 1906). : . ‘

There are a v:rufy of d:ff-r-ﬁt I:mds of madnl: mm may be categonzed as
stical. Gln-rdly the conceptusl model is used to

conceptual. physical, :ﬂlag oF I
represent. in a generahized way, our under standing of how various components of a
ground water system actually function The formulation of a caﬁcapm model is usually a -
pﬂlmy step in the development of physical, analog or the more powerful )
hematical models. The physical models are scaled down replicas of real systems A
sand-box model for exampie, may be made up of layers of of sand fh!l!lﬁtlng
aquifers !ngl clay representing confining layers, scaled in proportion to an actual fisld
situstion. Physical models tend to be very limited in their Q;;licﬁlity to practical
problems but are often ;gl'y useful for illustrative purposes. Ansiog models such as the

- resistor ~capacitor network type or the conductive—paper type are based on an analogy °
batween the flavi of ground water and the flow -af slectric current These modals have
been used extensively for a variety of practical pfeblgrﬁs and are pﬂeulrly useful when

© computer facilities are not available. - '

 The mathematical approach involves describing. in mathematical terms, response
of an aquifer system to pumping for example. Governing dif ferential equations can be
solved using a variety of mathematical techniques to provide a description of drawdown
or hydraulic head distributions within a region of interest The snalytical techniques, which
are based on classical mathematical techniques. usually can'be applied only to relatively

simple'field situations because they oftep are based on assumptions such as an infinite
areal axtent for the aquifer. radial flow conditions. snd constant aquifer parameters

The computer—based procedures, which involve a numerical solution of the fliow
equation, represent a powerful sit; of tools for solving practical problems. The numerical
techniques are not subject to the limiting assumptions, which characterize the analytic
models. For example, they can incorporate a variety of complex boundsry conditions, and

£
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permmit aquifer plrmt-rs to vary as a funttion of both space and m in -Eldm:cn itisa
simple matter to consider muitiple discharge or recharge wells. Such flexibility and
gensrality is axwﬁy difficuit or impossibie to :tt:m with eithar anslytic or physical
models. - :

_ Numerical maiﬁcls are sasier to set up than f:sistér—;gégﬂgr models. avoiding
the selection of appropiats resistors and capacitors and the painstaking soidering of
fumerous connections. Advantages of the numerical spproach are evident for
three-dimensional situations, which are m:urly difficult to simulate with an anslog
model of erthar typ- Changes to a mﬂ-ﬂ:ﬂ’mdﬂ oo simpla n comparison to the
:\lh:;g or physical model. ‘Such versatility is partjcularly useful during the model .

. )
catibration phase of the study mvohang matching of simulation resuits to the fisld resuits

The successful application of predictive mﬁ-nc.gl tm@!ﬁa real problems
requires sets of ﬁ-’“tﬂ'! characterizing the system under commideration’ While 8 good
.deal of information is available for the common parameters such as transmissivity and
Stariﬁvgty char acterization af the quantity of rmg: to an aquifer system has been a
longstanding hydrogeological problem. To effectively utilize the g’auld WSter resources
afﬂmft:dtapfmmr-nﬁsaf various withdrawal schemes, it is necessary to-
"have some knowiedge of the rate at which the aquifer system is being recharged as well
a5 the effectiveness of the prﬁcul: withdrawi scheme in intercepting rechsrge.
Recharge from pr-cuputrnan varies both spatially and tmar:ﬂy This variation has ’
made the quantification of recharge difficuit although a vrmﬁ} sttempts have been

made to determine how much recharge occurs in a given area Published rates of

recharge, expressed as a percentage of the local annual precipitation. vary from about 2
percent for a small park—land area near Devon, Alberta (Farvoiden et al.. 1 963) to over
18 percent for a sandy area in Goshen County, Wyoming, US.A (Rapp et al. 1957) Toth
(1968) estimated recharge near Oids. Alberta to be about 9 percent.

to ::gﬁ the Trascott et al.(1976) model to the thars:ty of Alberta Amdt\l computer,
to re=evaluate a detsiled aquifer test conducted ﬁ-m area nesr Kirkpatrick Lake, in east
central Alberta, and to use the model to gan a better understanding of aquifer recharge.
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The specific objectives of this study with regard to flow modeling sre to:
obtain and interpret availablie hydrogeological data from the study ares and
formuiate a conceptual model of the ground water regime,

. use parameters obtasined from conventional interpretative procedures and ganaral

fieid cbl-:vman: to construct and caliorate a numerical model by comparing
computer predicted results to existing field :;iultl .
simulsts various pUMpPINg Strategies with a view to establishing the probsble
long—term response of the system and

wm with tha numerical modal, how various ground water withdrawal schames
and aquifer parameters influance the interception of water moving through an

scquifer systermn when recharge resuits from direct precipitation on adjacent sress

The spproach to meeting this objective is based on a sensitivity analysis of a seriesé
of hypothetical cases.

k4



Il. GEOLOGY -

The purpose of this section is to present a detsiled description of the geoiogy of
the Kirkpatrick Lake area Fig 1). Information presented here has been obtsined from
lithological and geophysical logs available from the oil industry as well as private and
government publications, reports and maps. Upper Cretaceous strata of the Bearpaw and
Egny‘Rivgr Farﬁﬂtiéﬁs comprise the near—surface bedrock. These rocks :i
uncomformably Qvgﬁmﬁ by the Pleistocene glacial deposits. A generalized stratigraphic
column for this ared is presented in Figure 2.

The Bearpaw Formiation is the uppermost bedrock unit in the entire study area it
consists of an interbedded sequence of marine shale and sandstone. Rocks near the top
of the sequence crop out south and east of the study area along Sounding Creek and
Monitor Creek respectively. Test drilling indicates that the Besrpaw Formation is
ﬁprmsimﬁaly 150m thick aithough the total thickness 'is not represented in the study
area because the upper part has been removed by erosion The exposed Bearpaw strata
are typically wuﬂ-*d to a light brown color and are very soft ironstone concretions
are common (Irish, 1967). _

| ﬁmmmmmwmms-ﬁﬂﬂMruﬁ;
2). The upper member is referred to as the Paintagrth Member and the lower member is
referred to as the Young Creek Member (Lines, 1963). The Paintearth Member is
comprised of sandstons which may be argillaceous, bentonitic or giauconitic. The
sandstone zones are typically separated by grey shale. At several locations the boundary
between the two members is a layer of chert pebbies (Lines. 1963).

According to Williams and Dyer (1930) a definite and tracesble sand member
exists about midway in the Bearpaw Formation. This very fine to maedium—graned sand,
referred to as the Bulwark sandstone, is varisbie in thickness generally ranging from 5m
to 7m. The exact extent of the Bulwark sandstone is unknown, ;tﬂiéuéjhf similar
sandstone at roughly equivalent elevations is known to exist about 13km< éauﬂﬁ (Williams
and Dyer, 1930), '

: Subsequent to the work by Willisms and Dyer, water well drillers began to report
 that the Buiwark sandstone could produce sither white or brown water which suggest

that it was not a single sandstone but was st least two distinct units. More recent work
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Figure 2. Generalized stratigraphic column for
the Kirkpatrick Lake area (Adapted from
Clissold, 1972; Shaw and Harding,
1965; Lines, 1963) ,



by Curry (1968) and Clissoid (1972) has demonstrated the existence of at ieast 3 distinct
sandstone units in the study area (Fig. 3). As a result’ the usefuiness of "Buiwark” as a
stratigraphic unit is questionable. Clissold (1972) referreq to the upper. middie. and lower |
sandstone units of the Paintearth member in the study area as zone |. zone Il and zone Iil
respectively to avoid futher confusing use of the term Buiwark

The Young Creek member of the Bearpaw Formation is predominantly grey shale
or silty shale with some argiliaceous or bentonitic sandstone (Lines, 1963). Bentonitic
beds ranging from a few centimetres to as much as 9m n thn(;kness have been reported
In this member (Given and Wall, 197 1). The base of the Burpaw Formation is defined by
a layer of chert pebbles (Lines, 1963) and appsrently rests uncomformably on
carbonaceous shale of the underlying Belly River Formation

The Belly River Formation in general consists of an interbedded non—marine
sequence of pale grey sandstone and buff-colored sandy shale (irish, 19_67). The
'mtorfinéorod chaﬁct.r of the predominantly non—marine Belly River Formation and the
underlying marine Lea Park Formation results in as many as ten members, which are
srbitrarily piaced in the Belly River (Shaw and Herding. 1954). Thus, the Beily River
Formation in esst-central Alberta and particularly in the study area appesrs to represent a
mixed marine—continental origin. The continental or deltaic deposits forming the
predominantly sandstone members such as the Brosseau, the Victoria and the Ribstone
Creek appear to have been derived from the west or southwaest and thin to the east and
northeast (Shaw and Harding. 1954). Tongues of predominantly marine shale such as the
Shmdro; the Vanesti and the Grizzly Bear members present in the study ares generally
thin to the west Minor coal seams or coal stringers are present where the Belly River
Formation bscomes more continental in nature.

The distinct sandstone and shale members of the Belly River Formation, which are
present in the study aru;-'o shown in Fiwo 2 Individual members have been described
by various authors such as Alian, (1918) and Shaw and Harding (1954) as follows:
Brossuu mcmbcr - fine-grained, grey ca'caroous sandstone with some sandy browmsh

shale particularly to the esst S
Shandro monbor dark grey shale comanng caicareous snd arenaceous concretions.
Victoria member - fine to medium-grained grey sandgtone and brownish—grey,
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carbonaceous, silty shals with local thincoal seams.

| Vanesti member - grey shale, silty lf\ili E!,iyi; shale and fine s-ﬁdstnﬁ-

qs’mﬁ; Creek member - soft grey sandstone with some carbonaceous shale snd coal
Grizzly Baar member - dark blue—grey shale with some ironstone and sandstone
Oldman member - pale grey sandstone and buff-colored sandy shale (irish, 1967).

G " The Otdman member, which has formational status in southern Alberta, represents
tha northeastward pinch-out of a typical Belly River facies and as a result ressmbiss the
undivided Belly River Formation (Shaw and H:‘;llﬁg, \1 954).

information on the Belly River Formation in the study area must come from
drillhole information because the unit does not crop out Lithologic logs from existing
drillholes and an electric log from an 6il company test hole about 15km to the north and
on sﬁ*lkl with tha badrock of the study area indicate that the Belly River Formation is
approximataly 100m thick in the area !

Surficial deposits in the general area may be classified as residual deposits,
unsorted glacisl deposits, reworked glacial deposits or transported deposits of alluvial,
lacustrine or coliuvial origin (Wyatt et al. 1938). Very littie of the unconsolidsted material
m the study area is residusi with most deposits bang glacial in origin and subsequently

elevated festure north—east of the study area and much of the alluvial gravel, sand, siit
and clay forming part of the flats around Kirkpatrick Lake has been derived from this
taﬁaﬁrq:hié:ﬂy elevated feature. The Viking moraine is composed of unstratified clay
with few pebbles or boulders that often comprise s terminal moraine on the prairies of
Atberts

The surficial deposits in the study area are mapped as ground moraine, aliuvial
dﬁp@ﬁf&. asolian deposits or lacustrine deposits as shown in Figure 4. The grau;lé
moraine is generally thin with a surface characterized by scsttered pebbies and boulders
of Precambrian origin. Occasional patches of g‘mﬂym occur. The sftuvisl
deposits tend to be well-sorted with some sand and gravel lenses. Some boulders may
be present Both the aeolian and lacustrine deposits are fairly well-sorted with few
bouiders. Bedding may be present in erther type of deposit ‘
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The sequencs of surficial deposits range in thickness from 0 to 12m (Clissold,
1972). Howevaer. a water well driller's log from 16-21-34-9-W4 reports 40m of
pregiacial in origin, exists in the, eastern portion of the study srea '
The fence diagram shown in Figure 5 presents in detsil the spatial rubcn:hps
among the various stratigraphic units. The study area itself i‘— characterized by the
presence of s broad bedrock high The bedrock low 1o the east may limit the lateral
| axtent of some of the sandstone units particularly the uppermost sandstona..
¢ Bedrock units n the study area strike northwest— southeast and dip st 3 low angie
to the northeast This interpretation is based on drill hole data compiled by Clissold (1972)
for the bese of the uppermost sandstone aquifer n the study arsa The dip direction is
opposite to that normally expected in this part of the Alberta Synciine Elliott, 1960) and
may represent a localized flexure on one limb of the broad syncline. This structure could

lirmit the areal extent of the squifers.



1,

" Pigureé S,

@

NI

S

S

STERRRRRL
DR L

oy

Yy

R

P

»

[l

)

1
I'\
i

A

e

L
(LI

12
Surficial Deposits
Shale

Sandstone
(Zone | aquifer)

L]

Kirkpatrick Lake

- 10

'

- 20  Depth (m)
- 30

- 40

[ e ]

Horizontal Scole (Km)

Fence diagram constructed from drillhole
data (For lines of section see Fig. 6)



13

Hi. HYDROGEOLOGY
in this section, the potential ground water yieid and chermstry for various -
goologicmits‘mthosmdyrurodescribodmmhivcbomobmdfromw:t-r
well drillers’ reports on file at the Groundwater Division of the Alberta Research Council,
from ground water resource svaluation reports prepared by consuitants n support of
ground water licence applications as well as from complaint investigstion reports written
by members of the Groundwater Division of the Alberta Resesrch Council.

According to Clissold ( i972) all test holes drilled in the study area sncounterasd
aquifers which, individually, or collectivety produced ground wp‘tor n sufficient quantities
to meet domestic requirements. Yieids from wells completed in coarse—graned surficial
deposits such as outwash sand and gravel range up to 1.0x 10-'m’/s atthough yieids of.
6.0x10-'m’/s have been.reported (Kunkie. 1962). Tho higher yields likely represent short
term pumping capibilities. In general, ground water yields from surficisl deposits are
poorer than average where the dobosits are thinner and are better than average where
they sre thicker.  ~ - - -

The chemical quality of the ground water from surficial deposits aquifers is
generailly cMﬂpoawMto_w dissoived solids, hardness and suiphste content
exceeding Canadian &iﬁking water quality guidelines (Nationsl Heaith and Welfare, 1979).
Total dissoived solids may range up to 2400 mg/| with hardness md suiphates ranging up
to 600 and 1400 mg/!I respectively. The higher total dissolved solid content occurs
where surficial deposits are thinnest (Borneuf, 1978).

The Bearpaw and Belly River Formations contain the main bedrock aquifers in the
study area Extensive sandstone units up to 20m thick are present in both formations At
some locations esst of the study area. sandstone in the Belly River represents the only
reliable bedrock source of ground water. However. the depth of the Beily River
" Formation and the sppagent lack of permasble strata in at least the upper part make it of '
mh{:imificanco as an aquifer in tho study area (Clissoid, 1972). Typically, Belly River
aquifers are found at depths greater than 140m ’

Information on the g'ound water potential of the three sandstone members of the
Bearpaw Formation has been available for many years as the result of ground water
nvestigstions for domestic supplies. The most extensive investigation of the ground



water potential of these three sandstone aquifers has been conducted by Clissoid (1972)
The purposs of, that work was to locate a long—term supply of water for secondary
pcu'olq.;m recoVery. The three aquifers are known to be of limited atersl extent but are
more or less continuous across the entire study area However. the upper snd lower units
are subdivided by shale units.

The study by Clissoid (1972) covered an srea of approximately 200 km?
immedistely to the east of Kirkpatrick Lake. The work verified the existence of the three
Bearpaw aquifers at depths of less than 125m. As previously mentioned, Clissold (1972)
propoud informal names for each of the units with zone | representing the upper
sandstone in the area. zbne Il representing the middie sandstone and zone Il representing
‘the lower sandstone. Clissoid's (1972) terminoiogy has been adopted in this work to
identify the various sandstone units in the Bearpaw Formation

Zon_o | was most- intensely nvestigsted by Clissoid (1972) because early in that
program there were indications that only zone | could yield th: quantity of water required
for injection purposes. The top of the Zone | sendstone is intersected at depths ranging
from 10 to 34m it has a maximum thickness of 20m. The sandstone strikes NNW-SSE
and dips at dpout 1m per Skm to the northeast Cross-—sections constru:*t-d in aast-wast
and nerthwest-southeast directions show that zone | subcrops beneath the surficial
deposits under Kirkpatrick Lake and thins to the northeast and south (see Figures 2 and 6).

The chemical quality of the ground water from the bedrock varies both iateraily
and vertically. Aithough no analyses of ground water within the study area are availsble
from the Belly River Formation, two such analyses are availsble for well-water further
south and east One analysis is for ground water obtsined from the Birch Lake member
and one is for ground water obtained from the Ribstone Creek member. Anslyses
indicste ground water has reistively high CI- ion concontrati;on. mgh alkalinity and a total
dissolved solids content of about 2000 mg/I.

The Mal Qquality of the ground water from zones | II. and Il is shown in Table
1 along with representative compositions for two aquifers in the Belly River Formation in
genersi bictbonato, total alkalinity and chioride contents increase with depth, while
suiphate ion concentrations decrease. it appears that zone |i ground water is better in
quality than that from either shaliower or deeper aquifers.
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TABLE 1.

-

Ground water chemistry from various
aquifers in the study area

(Cl;ssalé 1972; Kunkle, 1962).

Constituent' BP?® BP! BP!' BP! BP BP* BR' BR*

TDS 1656 3062 1424 1632 948 1228 1990 2026

IL? 204 326 216 220 134 32

Na & K 522 890 389 520 459 !

Ca 19 30 19 5 5

Co, nil 33 29 43 33

HCO, 370 227 162 200 556

TA® 303 242 182 .235 515 396 400

s0, 850 1650 690 890 8 160 5 nil

Cl 6 52 10 14 212 224 915 959

TH® 60 Sé6 68 17 21 15

Fe : 0.55 1.5

(r

‘pH 8.0 8.4 8.8 9.0 8.6 8.4

£
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ts’
BP?
BP?
BP*
BR*
BR*
IL’
TA*
TH!

concentrations .in mg/1

Bearpawv Formation,
Bearpav Formation,
Bearpav Formation,
Belly River Formation, Birch Lake Member

Belly River Formation,
Ignition loss
Total alkalinity
Total hardness

—y—

Zone I aqulfef
Zone II aquifer
Zone III aquifer
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IV. EXISTING AQUIFER TEST DATA

Existing aquifer test data for the Kirkpatrick Lake area consist of resuits for
short—-term tests by water wall drillers, which sre carried out in conjunction with
domestic well construction, snd more extensive tests by Currie (1968), LeBreton (1969)
and Clissold (1971 and 1972) reiated to evalustion of ground water resources for
industrial purposes. The most significant testing in the study area was conducted by
Clissoid (1972) in an attermpt to locate and evaluste ground water supplies for secondary
petroleum recovery operations. A total of twenty—nine constant-rate aquifer tests of 60
to 1499 minutes pumping duration were conducted on zonas |. Il and il prior to a
long-term constant-rate aquifer test of 34,510 minutes duration in zone |

Fiftesn of the 29 constant-rate aquifer tests evalusted the water production
capibilitias of zone |, 7 evaluatad zone I, 5 svalusted zone lil and 2 svalusted the potential
of the Bally River Formation or combinad zone lil and Baelly River acuifers. The 15 aquifer
tests on zone | were distributed throughout the area being studied in order to determine
the extent of zone | and to obtan information which wouid allow the seiection of the
most appropriste site for the production well and subsequent l@ﬁg-.tirrn pumping tast
Twenty—six of these tests included water level measurements during recovery. One
step—drawdown pumping test was aiso conducted using a well completad in zone |. This
test was designed to determine the most appropriate pumping rate for the zone | aquifer.
The resuits indicated that a properly constructed well could be pumped at rates as high
as 1.06x10-'m¥/s for a short time at least with drawdown being within scceptabie limits
(Clissold, 1972).

Graphical analysis of the pumping phase data and, where possible, the recovery
phase data using the Jacob Method (Cooper and Jacob, 1946) are included u: Clissoid's
(1972) report (See Tables 2 and 3 for a summary of the relevant data). Transmissivity
vaiues for zone |, the most extensively tested and promising aquifer rangad from
26x10-% to 4.7x 10 m¥/s for the pumping phase of the test and from 3.8x10-¢ to
3.4x10-* m¥/s for the racovery phase. A map showing aerial distribution of transmissivity
based on interpretation for the aarly part of the drawdown data andthe early part of the
recovery data is shown in Fig:n"?. This map indicates that the transmissivity inCraases in
a north—easterly direction from Kirkpatrick Lake (Clissold, 1972). A water well driller's s
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log of a domostnc well in 16-21-34-9-4 indicates that the zone | aquifer is thin st that
location and yields poorly when bail tested The transmissivity is thus assumed to
decresse further to the northeast based on the qualitatively iow value at that well
Because no observation wells were used with any af the short term pumping tests on
wells completed in zone | no storstivity values are available

The static water levels in the wells were measured. ususily after the test holes
stood undisturbed over might, snd a map of non¥pur\pirtg water leveis has been prepared
{See Table 2 and 3. Figure 8). This map shows 3 trend of decrsasing water level northeast
from Kirkpatrick Lake. This flow pattern may be an indication of recharge from the lake
to the zone | aquifer, which subcrops beneath the lake.

During the long-term pumping test water leveis in 11 of the observation wells in
addition to the pumped weli declined in response to the pumping (Chissoid. 1972). Of
these 11 wells, 10 were compieted in the zone | aquifer and the remaining one was
completed in the zone Il aquifer Although this well was compieted in zone |l it was st a
site where a dual yet separate zone | and zone Il aquifer compjetion was sttempted in the
same well. The fact that the water leveis were very close to the same elevation in zone |
as measured in the outside casing and in zone || as Mmeasured in the inside casing suggests
communication between the two aquifers, porhq:s.n leskage siong the casing This
contention is further supported by water ievel data from other sites. When separste,
closely spaced wells were compieted in zone | and zone |l the water elevations were
different and tended to decrease with increaging depth (Clissold. 1972). it therefore
seems reasonable to assume that the water ;cvol deciine in the well compieted n zoﬁo ]
is the result of a poor casing seal and is hot a response to pumping the zone | aquifer.

Barometric pressure was monitored during the pumping t.ost and small water level
changes in observation wells were corrected for the influence of -atmospheric pressure
variations during the test (See Table 4) '

Two additional observation welis appeared to respond to long-term pumping
aithough no consistent direct relationship was appsrent The water level in the well
completed in the aquitard above zone | siowly rose prior to the test and continued to do
30 during the entire test The rate of water ievel rise varied and it was not until the
pumping phase of the test was conciuded that the water level began to level off and
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 Figure 8. Nonpumping water levels in zone I

(Adapted from Clissold, 1972)
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TABLE 4. Obsérvation wells in which water
levels declined during pumping

Well number Status r' Drawdown?
3A-71 p’ 0 18.24
3B-71 O 6.1 15.01
3C-71 o) 6.1 5.82
11-71 0 533.5 3.73

12-718* (o) 952.7 3.26
12-71D* o) 952.7 0.23
9A-71 o] 1646.3 1.86
6 -71 o) 3475.6 0.22*
8 -1 0 3521.3 0.61
- ™ (o} 4039.6 0.20°
10-71 o) 4436.0 0.17°
7 -71 0] 5579.3 0.12°
r' = Distance from pumping well (m)
Drawdown?® = Drawdown (m)
P* = Pumping well
O¢ = Observation well
12-718* = Shallow well
12-71d¢ = Deep well
. TP’ = Thulien farm well
0.22* = Drawdown corrected for atmospheric pressure

changes
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finally began to dectine.

The water level in well 3-7 1, compisted in zone U, rose during the first few
minutes of the test then began to siowly decline reaching the pretest level after 600
mm;merMOfwmnﬂiwﬁmdfmm;fﬂ
centimetres of the pretest level The water level decreased about 5 centimetres within

20 minutes of the terminstion of the pumping and then began to rise siowty.

The anslyses of the drawdown dsta from the long—term aquifer test consisted of
time~drawdown piots snd evalustions for sach well and distance—drawdown for 8 well
pairs after a pu'rpmg duration of 30.000 rrunutes. A summary of the transmissivity and
storativity values caiculated by Clissold (1972) from the time—-drawdown data is
presented in Table 5.

The time—drawdown curves indicated that the hydraulic characteristics of zone |
Wtovtyuafu\cﬁonoftiﬂlﬁﬂd!fafuﬂﬂi;!dinTgliiSiﬂtiﬁ from the
early part of the drawdown curve in each case and thus represent the hydraulic
characteristics in the immediate vicinity of the test well. Figure 9 is a map showing the
serial distribution of transmissivity as determined frf sarly part of the dsta from thw
long—-term aquifer test The trend of increasing transhissivity towards the northeast from
Kirkpatrick Lake is not as apparent as it was in the plot of ransmissivity vaiLes taken
from the short-term pumping tests on the individual wells (Figure 7). The dif ferences are
to be expected as the pumping tests on individusl wells give a local transmissivity
representative of the aquifer in the area immadistely adjacent to the tast well while, the
long—term pumping test on the centrally located well and the subssquent drawdown
analyses with individual observation wells result in an average transrmussivity of the
aquifsr between the pumping and cbservation wells.

Storativity values deterrmnad from the aarly part t:f the time=drawdown curves
of the observation wells range from a low of 1.4x 10 to a high of 1.6x 10, about one
order of magnitude. The areal di;u;ibultien of storativity is shown in Figure 10. Storstivity,
in general, increases with increasing distance from the pumping well. This mcrease of
mewofmmwummm:mﬁmmm
simulations suggest this was not the case.



TABLE 5. Summary of transmissivity and
B storativity values obtained from -
semilog and log-log analysis of i S~
time-dravdown data. P
Well No. Status r' T? T? S*
3A-71 P’ 0 16.76
3B-71 o’ 6.1 19.00
3C-71 0 6.1 17.28 15.54 1.4
11-71 0o 533.5 46.64 1.6  /\
12-718°* o) 952.7 27.64 1.4 -
12-71D* (o] 952.7 639.17
9A-T71 o) 1648.3 36.27 2.8
6-71 o 3475.6 63.91 16
8-71 o} 3521.3 14.69 3.7
10-71 o) 4436.0 14.69 8.4
TF’ o) 4039.6 95.01 2.4
7-7 o) 5579.3 69.91 13
r' = Distance from pumping well (m)
T* = Transmissivity obtained from
semilog plot (x10-*‘m*/s)
T® = Transmissivity obtained from
: log-lo? plot (x10- *‘m*/s)
S¢* = Storativity (x10-*)
12-718* = Shallow well
12-714¢ = Deep well - .
TF’ = Thulien's farm well , ' .
P* = Pumping well
O' = Observation well

>
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V. THEORETICAL DEVELOPMENT AND IMPLEMENTATION
The purpose of this saction is to describe the basic theory of modeling
)3 and to expisin the features of the Trescott et al (1976) model, including
options avasilsbie to the user The following partial dif ferential equation describes general
ground water flow in a two-dimensional agquifer system
3h. ah

3 (mondhy 4 2 (3R 3h L uiz oyt

where T= components of the transmissivity tensor in the coordinate directions Lt '

-

h=hydraulic head L)
S=storstivity (dimensioniess)
W(ﬁx.y,ti)tvelmﬁ:ie flux of recharge or withdraw! per unit surface area of
tha aquifer (Lt-Y)
Equation (1) has been simplified by assurring that the coordinate axes x and y are
coincident with the principal components of the transmissivity t-mar Tex and TW _
Although (1) may be solved by snalytically, these simplified solutions are applicable
only to idealized situstions with, far sxampla, uniform squifer parameters. constant
pumping rates from a small number of wlu;mmbmvemmm
solstions using 8 computer provide the only means of desling with more complex
situstions. which more accurately refiect the actual hydraulic setting.
To use a finite difference method to soive the partial dif ferential -qu:ﬁan the
dar blocks It is

assumed that the properties of the aquifer are uniform within each of the resuiting
blocks The continuous derivatives in equation (1) are replaced with finite differance
spproximations at the nodes centering on each of the blocks. With N blocks the result is
N equations with'N unknowns, which are the hydraulic head values defined in the center
ot sach block.

For all the swmuistions presanted here, thi Trescott, Pinder, and Larson (1976)
model is utilized It is the most versatile model for evalusting two-dimensional aquifer
problems. The model can consider a heterogenecus and anisotropic aquifer with regular
or rreguiar boundsries. The aquifer can be confined, unconfined or a combination of
both. The model allows for muitiple discharge and/or recharge waells, iv’q:@ﬁ*h;p:ntlgh
and laskage from confining beds in which storage effects may be approximated



Model simulstion requires the collection of field data in order to define the region
and deveiop the parametars characterizing the :gjfir systam. It is necessary to have
sufficient dsta to provide a good understanding of the bamﬂ*y conditions with regard
to both type and iocation and the character of confinement for the aquifer. Generally, the
entire suite of geclogic and hydrologic data is required to interpret these festures of the
systam. The magnitude and di of transmissivity and. storativity values is best
determined from aquifer tests, which should be distributed throughout the area of

‘mtgr:!st The aquifer tests in addition to Vi;fyﬁg the aquifer type. shouid also provide
uﬁmﬂns of possible leakage from any confining beds It will be possible to develop 2
Eéﬂéiﬁm“ﬁﬁdd of the aquifer systern at this stage. which prasents a unifying picture
of the parameters of the actual field system With the additon of a grid.the system can
Once the data set runs successfully, its validity can be partially verified by means
of a history match, that is. 2 comparison of model predichons with actusl field
observations of a pumping test Shouid the match not be as good as expected or desired
it may be improved by varying one or more of the paramaters such as transmissivity or

calibrated working model it is possible to make predictions of future aquifer behaviour in
response to various aquifer stresses. * ;
The specific steps in the simulstion process are as follows j
1. Prepare a map of the aquifer complets, with location and type of all
boundaries. Although the actual boundaries of the aquifer system may lie
bayond those of the project area. they should, if possible. be included in the

model. Where | boundaries sre very distant it may be necessary to

specify imaginpfy boundaries. ,

2. Locate sll pumping and/or recharge walls on the map bf the aquifer. Also
iocate any streams or lakes which may be recharging the aquifer.

3 Prepare a biock-centered grid with any wells located a3 close to their actual
pésitic;ns as possible. They should also be as close to a node as possible. The

Jj-1 -1
1.5 to avoid convergence problems. The grid should be orented such that



there are a mirmum number of nodes located outside the aquifer boundaries

-4 MTNSVMNMWﬂmfwmmp&otMﬂ
onwg'idSyqudonﬁnmpofmmh\r.Form
snisotropic aquifer the grid should be orientsd paraliel to the principsl
direction of the transmissivity tensor.

5 Initisl hesd conditions must be selectsd prior to model simulation Often the
changes in head resulting from a simuistion are adequste and the computed
h@v“tomtmmhabhwmmdddounotmdtosmi
from steady-state conditions in which flow is occurring The modei does
howaever have the capability of treating more complex problems of head
distribution.

6. Prepare a data set of the initial hydrogeological par ameters fobouudfortho
computer model.

7l. Typo\mommmdrmthcprowm

Specifically, the Trescott et al (1976) mode! uses a block—centered, varisble size

g'idwchuth-thFig.n11r\dmﬁon(1)cmboixprnudutrnq>proximﬁon

®
1_‘5 [(ruﬁ)‘.j“-(mﬁ){.j_b]‘ ta, [(r,,%.;)m.j-(r,,%)i-u]

- s':"':‘i("i.j,i A ka1 Y ¥k ‘ _ 2
where x = space increment in x direction for column j &) -

¥y = spate increment in y direction for row i L)

i = index in the y direction

j-i'\doxhtrnxdi'ocﬁon

k = time ndex
s Wix,y.t) the source term is computed in the mode! s

Qs 4 ) 3
- - ! . . . . -
1rFs k . “J’ Ayi qr. ﬁ:)jsld 9 tba,k + q‘t &1:1“1 T
wher
* %L,d,K) = wel discharge Ly . , *

. Tre (2,7, k] = recharge flux per unit area (LT



31

€ Dxj—>|
iel o L o
Rows i [ ] e Ay
i=t @ ° @
j-! j 1]
Columns
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for node (i,j) From Trescott et al., 1976
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A confining layer, stream=bed or lske~bed from which leakage is taking place and

the effect of storage as being considered is spproximated by an equation modified after

= flux per unit area from a confining layer (Lt}

= gvapotranspiration flux per unit srea Lt?)

Bredehoeft and Pinder (1970). The equation is as follows

X', .
1,0

/ ik ® Pige R ST e E
— el \a .
' - 2 o L,d
; <3mzi=js‘ .

——— xl

o {j;? . i‘j; A N
1+2 T exp |[ 4 v Gy g0 = Mg 4
. - 1 , 2 j = 7 i

Am 50 B "

i,Jd

= hydraulic head in the aquifer at the start of the pumping period L)

h, .
N Vi’-!i]; o
o = hydraulic head on the other side of the confining bed L)
. Fadso .
XK', . = hydraulic conductivity of the confining bed Lt)
, mis = thickness of the confining bed (L)

- "8 [,7] = specific storage in the confining layer L")
(&', /™ 58 B, ) = dimensioniess time
t = elapsed time of the pumping period (Y
in this model, evaporation is considersd as a linear function of depth below the

surface of the land by using the following ac

et ¢,5,k

where Qe e maximum ‘evapotranspiration rate (Lt
ET, = depth below the surface at which evapotranspiration ceases (L)
G. .= elevation of the land surface (L)%

tyd

w



Three methods of numerical solution are availsble for the Trescoft et al (1976)
3 =

model. These e

1 Lin-i successive overrelaxation (LSOR)
© 2 Alternating—direction implicit (AD) and
3. Strongly implicit procedure (SIP) which are in order of incressing complexity
with the more compilex numerical solution generally allowing for more rapid
convergence and the solving of more complex problems.
s All thres methods make use of matrix sokutions to solve the aigebraic equations which
Trescott et al (1976) concluded that _SF is the more powerful of the three
interative techniques for most applications. It is particularly useful because it converges
quickly and does not require the parameter maniputation that the AD| and L‘Séﬁ N
techniques do to obtain optimum performance of rate of convergence and sccuracy. SIP
does have a trade—off for its apparent benefits in that it requires more arrays and hence
more computer storage.
The model used in this study has been adapted for the Amdahi 470V/8 computer
source code and fixed-dimension arrays require 100K bytes of memory assuming sl
solve routings are compiled with the FDRTEANG Level 21 compiler. This can be reduced

requirements are (100 + X/256) K bytes where X is the dimension of vector Y in the |
Y dimension = (15 + Na) Nx x Ny

W- N-=tatﬂﬁmaftriv:r-?sﬁfnrﬁapﬁaﬂsnauﬂrﬁﬂm’?::hs

Nx = number of columns

Ny = number of rows

Examination of drill hole lithologs and the time—-drawdown pumping test data from
the test holes completed in the zone | aquifer indicate that in the study srea the aquifer is
confined The extent of the aquifer has been determined from the drill—hole data and by

{

7



TABLE 6. Number of arrays (Na in equﬁtibn (6)) required for
various model options. : »

MODEL' OPTION o ) NUMBER OF ARRAYS
watef table FY ' - 3
Conversion (also requires arrays for water table option) 1
Leakage : : 3
Evapotranspiration 1
SIP 4
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deposits in the vicinity of Kirkpatrick Lak in the western part of the study area
drillng to the north indicates that the aquifer
y &rea n that direction Drill hole 8-7 1 and the

iInformation obtaned from oil Eaﬂ:ﬁﬁv
axtends well bayond the limits of the
Thulien wetl (10-12-34-9-4) intersect t zone | squifer so it can be assumed that it
extends beyond the sastern limit of the study &3 ph how far exactly is not known
ﬁhsﬁZmltgﬁdp@ymmﬁmw@fhwwn16=21 -34-9-4 and st
12-14-33-9-4, mﬂmmcﬁhﬂé&mzmlmmmhmmﬂm
ﬂ:mnﬁnla;ﬂm-smm-yrgpr:wﬁhlmafhmfr in these
ﬁmﬁiﬂmﬁyﬁ’ummﬁxmwﬂlmﬁﬂMytnm
serial extent of the zone | aquifer within the study area is shown mn Figure 6 For

atons, the western, southern and northeastern boundaries are

purposas of the tim
considered to be no flow boundaries. The northern and sastern boundaries are imaginary
no flow boundaries as the actual boundaries may occur well bayond the linvts of the
study i'u However, in most cases these two imaginary boundaries are sufficiently .
dnstrvt from the pumping waell to prevent them from nfluencing the model simulstion. The
grid system geveioped for the area to ba modeied is shown in Figure 12. The node
mmmkgtMmhwmwafﬂwﬂ: gracuslity increasing sway from
the weil yet not exceeding a spacing factor of 1.5 (See Fig 12) for adjacent nodes as
suggestad in the model documentation The larger spacing away from the wells reduces
the number of nadu required and yet does not seriously affect the accuracy nor limit
the proposed use of the sml'haﬁ resuits |
Trmm\nty values ditxmd at the various test holes from the early
' Wﬁ*mdgwn data are plotted on a map of the aquifer, contoured (See Fig. 7} and used
to prepare a grid of transmissivity values for the simulation. Early time—drawdown data
are used as initial grid values because the transmissivity values assigned to the grid must
not reflect the influence of any significant recharge or barrier boundaries, or the
boundaries would have a secondary influence when added explicitly to the model during
Simulations. The transmissivity values, upon which the mods! simulstions were ultimately
based range sbout two orders of magnitude, from 0.02x 10} to 2.3x 10-'mi/s (See Figure
13). in general, the value of transmissivity increases towards the north and the northeast,

away from Kirkpatrick Lake.
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Thovdtnsuudmmpnprlﬁono-faﬂcfﬂgfiﬁvﬁyﬁn?ig 10) could only
be determined at locations where pumping tests were conducted with observation wells.
The storativity grid used in the model was prepared using only the storativity values
determined from esrly resuits of the iong—term pumping test The values ultimstely used
in mode! simuistions winch vary approximately one order of magnitude. from 8x 10~ to
80x 10, are shown in Figure 14. Storativity, in general, is lower in the vicinity of the
production well and to the southeast it tands tO increase to the southwest, the northwe
and the northeast | ‘

The transmissivity and storativity vaives on Figure 13 represent those vaiues

which were established through trisl and error variation n an attermpt to obtan the
parameters which would result in the best correspondence between computar predicted
drawdown and actusl drawdown The values ultimately used for model simulsti

less than one order of.magnitude from those derrived from the analyses of fieid data A
comparison of Figures 7 and 13. and Figures 10 and 14 ndicate that in general;
storativity values had to be decreased and transmissivity values had to be increased in
order to obtain the best match between fieid and model data.
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VI. MODEL SIMULATION AND RESULTS

A. Kirkpatrick Lake Study Area

This section describes first, the comparison of snalytically and digitaity derived
sokutions. second the various modeis. which are ssch potentisily representative of the
hydrogeological conditions in the study area. and third the application of the model to the
investigation of the efficiency with which a well can intercept water moving through an
aquifer. . |

Before any sttempts were made to utilize the simuiation mode!. tests were carried
out to ensure that it had been modified to operate on the University of Alberta Amdahi

. computer. The tast data used to verify the model are shown in Figure 15. Boundaries for

the domain are assumed t0 be impermeabile. and trangmissivity and storativity vaiues are
constart for the non—leaky. artesian, test aquifer. The boundaries are located sufficiently
far from the pumping well that the aquifer can be assumed to be infinite for the time of
simulation. The model verification is carried out by conpti;wg results of the simulated
drawdown at two observation points with the drawdown caicuisted from the analytic
solution for the same problem Easrly—time divergence between analytically derived
drawdown vaiues and values determined by computer simulation is greaster than lato-timo.
divergence. This early~time divoréonco 18 congistent with resuits obtained by others
during similar simulations. Prickett and Longquist (197 1) suggest that this error results
from discretizing time for successive time steps during simulation. Thus, caiculsted
drawdowns sre somewhast distorted during sarly parts of the pumping phase. Accuracy
can be improved if necessary by decreasing the size of the time increment How.:mr, n
practice it is convenient to place less emphasis on resuits fromnwt!nfirstfcw'm
steps. The close correspondence of the caiculsted drawdown from the two methods
indicate that the rnodol is operating satisfactorily. (See Table 7, Figures 16 and 17).
Attempts to select field conditions on which to base simulations suggest, initially
st least, that "fiv. dif ferent but equally possible arrangements may be appropriste. As a3
result, five sets of conditions are simulated during modeling in an attempt to evaluate the
possible responses of the system to pumping and provide s basis f'or [ ] tmtmg the

most likely long-term behavior of the system The five scenarios for recRarge can be
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TABLE 7. Comparison of® analytically calculated
drawvdown with computed drawdown
t' u? W(u)? r* Calculated Computed
drawdown (m) dtaudavn(-)
0-56 140°* in 176.8 1.18 1 UG
41 56 4.61 1.46 .40
2,57 29 5.29 1.68 .70
4.57 17 5.80 1.85 .80
o 7.42 1 6.24 1.98 2;00
11.69 6.7 6.73 2.14 2.20
18.10 4.3 7.17 2.28 2.30
27.70 2.8 7.60 2742 2 AD
0.55 239 0.03 2312.2 Q 31 0 DD
1.41 95 0.24 Q o8 0.10
2.67 50 0.56 0.17 0.20
4.57 29 0.93 0.30 0.30
7.42 18 1.31 0.42 0.40
1.69 " 1.74 0.55 0.50
18.10 7.4 2.10 0.67 0.70
27.70 4.8 2.51 0.80 0.80
t' = Time since pumping began (min.)
u? = Argument
W(u)* = Theis well function
r* = Distance from pump1ng vell (m)
140* = x10-*
239¢ = x10-*
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summarized follows: A\
Mc;dd 1 - Withdrawal of ground water from a system where recharge is negligible.
Mode! 2 - Withdrawal of ground water from a system where induced ;-en-rg- from a
lake is approximsted by a constant boundary.
Mode!l 3 - Withdrawal of woqsd'wator from a system with leskage from the overlying ’
- confining shale unit
Modd4-ww\&mwg'a;\dmﬁanacymwm&nlmﬁ.:ﬂ
leakage from the overlying confining shale unit !
Modei 5 - Withdrawal of ground water from a system where recharge from the lake is
controiied by the hy&.udic conductivity of the sediments of the lake bottom
The five model systems differ from each other only in the type of recharge
conditions. Recharge to the aquifer can be modeied either using boundsry conditi
providing flux or leakage through confining units. 7
Mode! 1 represents a case where no recharge is assumed to occur. The south,
west and northeast boundaries are considered to be impermeabie and hence hydraulic
barriers. Those to the north and east are located sufficiently far from the pumping waell

to effectively remove their influence during simulation

Model 2 rop':osonts a case where recharge from Kirkpatrick Lake is assumed to
occur. The main difference between model 1 and model 2 is that in mode! 2 the lake is
considered to be penetrating the aquifer where it subcrops and is thus in direct hydraulic
connection with the aquifer. During simulation the lake. which is the western boundary, is
represented as a constant head boundary and may rochargi the aquifer alohg a 5 km
front, once the cone of depression reaches the boundary. The southern and northeastern
boundaries are considered to be impermaable. and the northern and sastern boundaries
sre located sufficiontiy far to effectively remove their influence during the simulation

Mode! 3 represents a case where recharge in the form of leakage is assumed to

occur. The difference between modole and model 1 is the leakage from the confining

shale unit which occurs in model 3. The confining shale unit has been assigned a vertical
hydraulic conductivity of 10-}! m/s which could be typical for a bentonitic and silty shale
’ (KruseMnan and DeRidder, 1970) such as occur in the study area. Model 3 and model 1

have identical boundary conditions.
. . 1>



Madil-ﬁ represents a case where recharge from the iake, which is representad
23 2 constant head as well as from an overlying confining shale unit, is assumed to oceur.
The boundary conditions for model 4 are similar to mdil 2. Additional recharge is now
possible as leskage from the overlying confining shale. Model 4 is essentially a
' of modeis 1, 2 and 3

Model 5 represents a case where leskage can occur as induced infiltration from
Kirkpatrick Lake with actual quantities controlied by the hydraulic character of th- Hﬂ
bed sedment The aquifer in which the pumping wall is compieted subcrops bnﬁu'm the
lake and. for the model 5 simulation is considered to be in hydraulic connection with the
lake Field mvestigation i@dienas that the mucky, organic rich lake bottom sediment is
predorminantly silt and t:!iy. inttially. because of lack of actual field data, the lake Bottom
sediment is assigned a thickness of one metre and a hydraulic conductivity of 1x10-" m/s !
for simulation purposes. The southern and northeastern boundaries are considered to be
impermaeabie and therefore hydraulic barriers. Those to the north and sast are locsted
sufficiently far to effectively remove their influsnce during simulstion

The calibration of the model is intended to demonstrate which set of hydraulic
r;rm:uml boundary conditions satisfactorily represents the actual hydrogeologic
conditions which occur in the fisid The five sets of model systems are designed to
represent a spectrum of possible situstions that should include the actual conditions.
Because of the good quality of data availsble for the area, it is felt that most of the

mr:mnty in representing the systems rests with the r-d'urgi conditions.

The computed drawdowns for each of the five models are compared (See Table

" 8) to the actusi drawdown values obtained from a 24 day pumnping test, conducted at a
rate of 1.06x10-'m'/s, during which the water levels of 11 observation wells, compieted
in the same aquifer as the pumping well, were monitored (C!ismlﬁii 1972 Figure 18
presents. in graphical form, the variation between observed and model 1 computed
drawdown values. Except for one obvious point, corresponding to observation wall
3C-71 located about 6 m. from the pumping well, the match between simulated
drawdown vaiues and observed drawdown values is sitisfactory for each of models 1 to
5. These results represent the best match after attempts made to improve the match |
between observed and computed values by trial and error varying of transmissivity,



TABLE 8. Summary of actual drawdown and drawvdown
computed by models 1 to S for the
pumping and observation wells after 24
days of pumping

’HellAﬁs. DD Computed drawdown (m)
- 2 3 4 5

3A-71 18.23
38-71 15.01
3¢-71 5.71
11=71 3.73
S12-7 3.23
9-71 1.80
6=71 0.13
8571 0.48

™": 0.07
10-71 0.10
7-71 . 0.04
§-71 " 0.00
e-71 0.00
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storstivity and leakage wrthin reasonable hrrits.

1.5m (8%) for a simuiation in which recharge is negligible (model 1). In simulations which
have some recharge imodels 2.3,4 and 5), the simuisted drawdown at the pumping well
exceeds actusl drawdown by about 0.6m (3%). The actual drawdown at the closest
observation well (38~-7 1) axceeds the computad drawdown by about 0.1m, or less than
1% Simuisted drawdown for observation wel 3C-71 is consistently much higher than
the actual drawdown for all five cases. and as a result some probiem with the original

fisid data is suspected Actual drawdown values for observation wells 1 1-71, 12-71,

general trend of the computed drawdown vakues is similer to that of the actual
drawdown for observation wells 10-71, 7-71 and Thulien's farm well located
approximately five kilometres from the pumping weil. The results do however, deviate up
to 0.1m from the actual values, an error approaching 50%. Aﬁﬁfﬁﬁ, to improve the |
match were msuccossfuL No rﬁadnl seems 10 represent the actual hydrogeologic
conditions any better than the others and as a result does not yield computed drawdown
values which fit the observed values any better, at least not after a period of 24 days of
pumping

Original field data (Clissold, 1972) are no longer available to review in an attempt
to explain the snomalous drawdown value for observation well 3C-71. it may be
significant that when the observation@ivells were installed, well 3C-71 was the only one
with which a preliminary short-term pumping test was not conducted Although the
reason for the lack of a test test could not be confirmaed. it is possible that some
difficuities were encountered during the Gonstruction and development of the welil. One
possible explanation for the apparent anomalous behavior of observation well 3C-71
could be reisted to the fact that it has been compieted at a location where the bedrock is
the shallowest observed in any of the test holes drilled. The shallow bedrock could have
been fractured by the over~riding glacial ice of the Wisconsin ice advance resufting in an
area where recharge from the surface occurs very readily. Very rapid recharge to the
well through a fracture network could result in less drawdown in ‘the observation well
than the simulstion predicts.



Figure 19 shows a“'corrp'riwn of observed and computed drawdown using
mode! 1 after 4, 8. 12, 16. 20 and 24 days for the pumping well and observation wells.
lteshould be noted that the Correspondence between observed and computed drawdown
after pumping of the production well for periods of 4, 8, 12, 16 and 20 days is about
the same as that for the full pumping period of 24 days. Similar results, sithough not
included here. are achieved using modeis 2. 3, 4 and 5.

The resuits of the simulstion trisis show thet sach of models 1 10 5 can equally -
well simulste the hydrogeoiogic responss of the aquifer system at least q,; to a tima of
24 days. 1t appears that the aquifer test was not of sufficient durstion, whan combined
with the sufficiently iow recharge rate, to establish whether Kirkpatrick Lake will interact
with the aquifer system over the longer term Yet, 8 24 day pumping test would be
considered by most hydrogeoiogists to be a relatively long-term to.st Thesas resuits call
sttention to the general probiem of bemg unable, with a singie test, to evsiuste pertinent
boundary effects

In order to evaiuate the long—term response of the aquifer to pumping at a rate
of 1.06x10-2m¥/s, sach of the five modeis was used as the basis for a 10 yesr
simulation. Table S is a summary of the decline of water level in the pumping well with
time for sach model Using modei 1 of the system (no recharge), caiculated drawdown
exceeds the available head of 21.4m in the pumping well in just one year of pumping and
reached a total decling of 42.68m in ten years. With model 2 there is a reduced rate of
totsl water level decline, although drawdown alsb exceeds that available in just one ysar
with a total decline of 26.23m after ten years. Model 3 exceeded availsble drawdown in
one year. uitimately declining to a level of 38.83m, not significantly different from results
of model 1. With model 4, drawdown in the pumping well exceeds available drawdown in
ore year but resuited in the least total drawdown of any of the modeis used, 25.75m at
the end of 10 years simulstion With model 5, drawdown exceeds that availsbie in one
yesr and gives rise to the second lowest total drawdown after a '10 year simulation,
27.1m. Modei 5 is selected for a longer—term simuistion n order to determine the tme
required for steady state conditions to deveiop. Steady—state conditions are attsined by

27.1m resulting in 8 water level which was 5.7m below the upper limit of the aquifer.
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TABLE 9.

4 .

Predicted drawdovn' at the pumping
vell over a period of 10 years

ti

0.20
0.51
0.96
1.65
2.68
4.22
6.53

10.00

19.5
21,1
22.5
24.2
26.5
30.0
35.1
42.7

19.4
21.1
22.3
23.3
24.3
25.2
25.8
26.2

19.5
21.0
22.4
24.0
26.2
29,2
33.3
38.8

19.5
21,0
22.2
23,2
24.2
24.9
25.5
25.7

dravdown' =
t* =

n metres for each of

five simulations

In
Time since pumping began (years)
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It is unfortunste thet the calibration technique did not verify that one of ‘the five
modeis considered during simulstion would be more approprists than the others for use
m predicting the effects of continued ground water withdrawal and hence be suitable as
2 ground water resource management teol Model 5 was selectsd for the 20 year
simulistion as this model. qualitatively at least, is possibly the most sppropriste for the
following reasons. Firstly. the static water leveis in test holes compieted n the zone |
aquifer decined away from Kirkpstrick Lake towards the north—east suggesting that
recharge fram the iake s a distinct possibility. Secondly. the study area is cheractsrized
by saine soiis indicating considerable evapotranspiraton and if the Thornthwaite mathod
is used, the area s characterized by having I'Mt deficit of soil moisture (LeBreton, 1969)
and. theoretically st least. little or no recharge Hence. model 5. with leakage from
Kirkpatrick Lake the only source of recharge tob zone | squifer could reasonsbly be
selected for long—term simulstions of the effects of ground water withdrawal in the
study area The 20 year time period has been chosen for the extended simuiation as this
was the expected durstion of the pumping of ground water for injection purposes. Lang
term production of ground water at tho\rato proposed will, based on modei predictions,

result in the dectine of thotnilblohudw where dewatering of the aquifer
| will take place At this time it is likely that the rate of decline of the water level will
accelerste as the effective trammis:i\\rity decreases. This decline may be slowed or
haited once the cone of depression has increased enough in size to begin accepting
recharge from Kirkpatrick Lake. However. by this time the cone of depression will be
large enough to interfers with the water supplies of domestic users in the area. The
severity of interference can only be evalusted when the available heads for the wells
being intefered with are known. Thus, it seems likely that long-term production of
ground water st the proposed rate of 1.06x 10-'m3/s is. to say the ieast, impractical.

e

B. Theorstical Analysis of Recharge

Long—term ground watorrmgomcm strategies require some understanding of P
the effects vanéus aquifer parameters have on the efficiency with which a well (or wells) |
can intercept recharge. The remamder of the simuistions in this section are designed to
evaiuate how effective a pumping well can be in appropristing recharge in an active



ground water flow system The basic approach ﬁvalvu a sensitivity snalysis of the
responsa of a model of n large flow system to pumping With recharge explicity defined,
it 1s possible to rum it. with mass balance calculstions. to the source of water

which forms the basis for this group of simulations. The grid system is comprised of
twenty rows and twenty—five columns with a uniform distance between nodes of 1000
m The five zones shown on Figure 20 represent five sreas with differing rates of
rechsrge. The actual magnitude of the recharge can be varied as desired for u;cmvg
smuistions. Zone | 1s part of the basin where no recharge is assumed to oceur. Zan,ié
has a r-ch:g- rate which i1s double that of zone 2 Zone 4 and Zone 5 have recharge
rates which are tiree and four times respectively thet of zone 2.

The hypothetical basin has no-flow boundaries to the north and west
representative of a ground water divide and constant-head boundaries to the south and
sast. representative of a stream st those locations. Recharge in the form of direct
precipitation is applied to the zones shown in Fuquri 20. As expected for steady stafe
conditions. the hydraulic gradient declines away from the no-flow boundary in the zone
of greatest recharge towards the constant-head boundary represanting the stream
Stressing an aquifer in the basin by inserting a pumping well should result in the
formation of a cone of ﬂ-pr-;:mﬂ which may intercept ground water moving through
the agquifer possibly resulting in steady state head distribution Comparison of the amount
of watar withdrawn from the system by the pumping well during the simulation with the
amount of recharge introduced to the systemn as the result of direct precipitation, once
steady state has been reached. should give an indication of how effective a well can be in
the interception of recharge for that particular set of hydraulic conditions. -The more
effective the pumping well is, the greater will be the percentage of water derived from
recharge.

All computer simulations involve the Trascott et al. (1976) model. For this type of
system as an initisl condition Thus, computed drawdowns are superimposed on the

in the naturs! flow

natural flow system The first step in this simulation procedure is to compute initial
hydraulic head distribution by satting storativity to zero, omitting any stress, such as
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Figure 20. Hypothetical ground water basin
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pPuUMPING. on the aquifer and allowing the simulation to proceed to steady state. Onca the
pre—pumping head distribution is obtained, it can be used as the initial head in the

The hydraulic parameters required for the transient simulations include recharge
rate. storstivity, transmissivity and pumping rate. The set of preliminary valuss, selected
srbitrarily for the first simulstion. are designed 10 be representstive of actusl peoiogical
systems. Transmissivity is 1.14x 10-'m?/s, storstivity is 1.0x 104, and recharge has been
“setsta max¥mum (that is, zone 5 on Figure 20) of 4 Ox 199“1*11/;,, eCuIvValent 1o ten percent
of an assumed annusl precipitation of 50 cm. Pm’rnn are allowed to vary from
8.33x10-*m’/s to 133.0x 10-*m¥/s. Simuiations using the initial hydraulic parameters
resuited in steady state conditions in a few days or a very few weeks at the most. aven

initisl hydraulic parameters are varied in trial and error procedurs in an attempt to choose
those which would increase the time to reach stasdy state. Uttimately saven sets of
hydraulic parameters are selected for simulations. Each of the seven simulstions is run
using five different pumping rates in an attempt to determine if pumping rate affects the
effectiveness of the well st intercepting recharge for a given set of hydraulic
parameters. . .
Tables 10, 11 and 12 present a summary of the simulation resuits, describing
percent of recharge intercepted by a hypothetical pumping well for five different
pumping rates and seven different sets of hydraulic parameters.

» for simulations one to

Storativity values are increased one order of magnit
two with other hydraulic parameters identical The result is an increase in the length-of
time required for the simulstion to reach steady state (See Table 13) The resuits are
consistent for each of the five dif ferent pumping rates used for these simuistions.

Simuiations three and four are snother pair of cases that vary only in tha vaiue of
storativity. Again, the simuistions with the higher storativity value require a longer period
of time to attain steady state (See Table 131 The influence of storativity on the
effectiveness of the well at intercepting recharge is probably expiained by the shape of
the cone of depression Decreased storsativity results in a cone of depression which

inCreases in both radius and height The resulting increase in area over which water
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TABLE 11. Summary of computed percentage of
pumped vater wvhich is intercepted recharge
for various pumping rates and hydraulic
parameters. -

Test 4 Test §
PR* PR? PE‘X PR* PR’ PR* PR’ PR* PR!

0o 0 0 0 0 0 0 0 0
0 0 0 0 0 o0 0 0 0
0 o0 2 0o 0. 0. o0 2 2
6 0 , 2 0o o0 6 3 6 5
6 3 5 & 13 12 12 13 13
12 9 9 9 25 24 24 24 24
18 15 18 17 38 35 36 37 37
29 27 30 29 50 53 52 S0 51
41 42 42 42 63 65 64 66 €5
59 55 57 57 75 77 76 18 77
71 70 69 68 88 88 88 87 87
82 82 81 81 100 94 94 94 94
88 88 90 90 100 97 97 98
9¢ 94 96 96 100 100 99
100 98 98 98 1100

Pumping Rates
- 8.33x10"*m*/s

PR' =
PR? = 16.66x10 *‘m?*/s
PR = 33.32x10" ‘m?/s
. PR* = 66.66x10"*m*/s
v PR* = 133.32x10"*m*/s



TABLE 12. Summary of computed percentage
. of pumped water which is intercepted
recharge for various pumping rates and
hydraulic parameters.

Time Test 6 Test 7 :
(dggs) PR' PR? PR? PR* PR?® PR' PR* PR? PR* PR®
_ _ F _ — _ - —

1.24 0 0 0 0 0 0 0 0 0 0
3,09 0 0 0 0 0 0 0 0 0 0
5.97 0 0 0 0 0 0 0 0 0 0
10.0 0 0 0 2 1 0 0 0 0 0
16.3 0 6. 3 5 4 0 0 0 . 2 1
V25,7 0 12 9 9 9 0 6 0 3 2
39.8 13 18 15 18 17 0 6 6 6 5
60.8 25 29 27 30 29 13 12 15 12 11
92.5 38 41 42 42 42 13 26 21 24 21

140 50 59 55 57 56 25 35 33 34 13

211 63 71 70 69 68 50 47 46 46 47

318 75 82 82 B1 B1. 63 59 61 60 60

479 88 88 88 90 90 75 71 73 73 72

719 99 94 94 96 96 88 82 82 B84 B4
1080 100 100 97 99 99 88 94 91 91 91
1620 100 99 99 99 94 97 97 96
2430 100 100 100 100 99 99 99
3650 100 100 99

g

Pumping Rates

PR' = 8.33x10" *m?/s
PR? =« 16.66x10 *m*/s
‘PR? = 33.32x10"*m?/s
PR* = 66.66x10"‘m*/s
PR* » 133.32x10 *m?*/s



TABLE 13. Summary
vell to

pumping

of computed time for a hypothetical
reach steady state for various
rates and hydraulic parameters.

Number of years to reach steady

State

5* 08.33*

16.66* 33,.32°66.66*

133.32¢

1.14 -
1.14
1.14
1.14
2.28
1.14

0.57

U e L M

10
10

0.03
0.25
0.25
2.96
0.87
2.96
6.66

LSRN N
j—
L= ]
(]
-

0.04
0.38
0.38
2.96
1.31
2.96

10.00

0.07

0.58
0.58
4.44
1.97
4.44
10.00

0.07
0.58
0.58
6.66
1.97
6.66

NR*

¢

T' =

R?! =

,! =
08.33¢ =
NR® =

Vo gl e e w

Transmissivity (x10-°’m?*/s)

Recharge rate (percent) in zone
Storativity .
Pumping rate (x10-‘m?/s)
Steady state not reached

e e e i el
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moving through an aquifer system can be intercepted makes it possible for the well to !
imercept recharge more effectively.

The quantity of recharge was siso examined as a varisble influencing the behavior
of the aquifer. In simuistions two and three. rates of recharge in zone 5 are ten percent ;
and four percent of the annual rate respectively, with identical values of transmissivity ?éﬁ
and storativity. Although initisl head distributions are dif ferent for each of the two
simuistions, there is no difference in the langth of time required to resch stesdy state
conditions for a specific pumping rate. Similar results are obtained for cases four and six
where recharge rates in zone 5 are four percent and two percent respectively (See Table
13). It appears that varying ;ﬂu rate of recharge, while maintaining other parameters
unchanged. does not effect the efficiency with which a pumping well can intercept water
| moving through an aquifer system: it is likely that thée is a lower limit below which the
recharge rate cannct be reduced for this resuit to hoid

Simuiations four and five are based on identical rates of recharge and storativity
but transmissivities are 1.14x 10-'mi/s and 2.28x 10-'m!/s respectively. The simulati

. with the higher transmissivity attained steady state more quickly than the
lower transmissivity for each of the five pumping rates. Similar results are obtained with
cases six and seven which again differ only in Emi“ivi‘ty, (1.14x 10-'mi/s and
0.57x10-'m¥/s respectively). Consistent with previous results, the simulation with the

is haived is a decrease in the efficiency with which a well can intercept recharge.

Results from simulations suggest that the efficiency of a pumping well to
intercept recharge is not relsted to pumping }ns when hydraulic psrameters remain
Wdrﬁﬁmﬁg;rni’l and 22 present the results of a mass balance
from two of the seven simuistions, and indicate that generally, the efficiency of the
pumping well at intercepting recharge does not vary more than five percent for pumping
rates renging over 1500% (8.33x 10-‘m!/s and 133.33x 10-*m"/s). However, for a specitic
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pumping rats, varying hydraulic parametsrs results in variation in the langth of time for
mmxmiontorudwnmymgm(ﬁﬁﬁrlzalﬁncxmﬁaﬁmmis
that if only the rate of recherge is varied (Tests 2 and 3, 4 and 6), there in no difference
nhMofmrwwfwﬁmtcrmmmm

ﬂummmofwauﬁﬁfw-mrmm&mﬁﬂfm
with which a pumping well intercepts recharge varies according to the nature of the
hydraulic psrameters. Some varistion of the parameters results in increased efficiency,
some in decreased efficiency, and one parameter. the rate of recharge, at least appesrs
to have iittle effect on the efficiency of the pumping well to intercept water fiowing
through an aquifer system.
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Vil. CONCLUSIONS

1. It has been possible to adapt the Trescott et al (1976) finite difference model for
" aquifer simulation in two dimensions to the University of Alberta Amdshi computar and to
use the model to re—evalusts a detsiled aquifer tast in the Kirkpatrick Lake study srea
locatad in east central Alberta
ETHmﬁlméﬂwu;igrmdmmhMHm-ﬂg;ymmgunédﬁm

3 of hydraulic psrameters.
» Although the pumping test utilizing 11 cbservation wells was of a tme duration that

etfectively ditferentiste between five different arrange

locally at least would be considered very long. it did not adequstely sssess the boundary
conditions nor the recharge conditions. It is apparent that for a particular class of
problem, especisity where the impact of pumping extends over a large region, long
pumping tests on a single well combined with a large number of observation wells will
not necessarily yield the best results or give valid information on which to base model
development, whether analytical or numerical. it would be more beneficial to strategical

locste a number of pumping wells each requiring st least one observation well in order to
better svaluate aquifer and recharge parameters as well as to identify and locate

is only possible 10 use the calibrated mode! qualitatively for any long—term simulationa
With the static water elevations in the tast holes compieted in the zone | aquifer

aquifer appearing to subcrop beneath the lake, the simuistion incorporating leakage from
hlikimiyprav-tabihmﬂwgﬁﬁﬂmmﬂinﬁ:ﬁtéﬁﬂﬁﬁrw
osed rats of pumping A 20-yesr simulstion resulted in a

4 Assuming recharge occurring as direct precipitstion exceeds some basic minimum,
verying the rate of recharge does not gffect the efficiency with which a pumping wefl
can intercept ground water moving through an aquifer system. Decreasing storativity

mng well can intercept recharge when other-parameters are unchanged
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