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ABSTRACT

A mulii -component analysis of a shallow groundwater flow system in glacial
drift at the Whiteshell Nuclear Research Establishment, Manitoba is described. The
investigation included geologic test drilling, definition of the hydraulic potential
distribution, hydrochemical cm‘clysis, studies of the temperature distribution in the
groundwater zone, radioactive tracer studies of groundwater flow, observations of
secondary permeability characteristics and mathematical modelling of the geohydro-
logic regime.

The stratigraphic section consists of seven glacial deposits which are: a
lacustrine sand and gravel unit, a lacustrine silt unit, a lacustrine clay unit, a clay-
loam till, a basal sandy drift, an undifferentiated sandy till, and a lacustrine sand
unit. The glacial deposits rest on Precambrian metamorphic and intrusive rock.

The groundwater flow system is bounded on the east by o topographic high
formed by the lacustrine sand, on the west by the Wiﬁnipeg River and in the subsurface
by relatively impermeable Precambrian bedrock. Groundwater potential distribution
exhibits four major geohydrologic zones. From east fo west these are: an upland
recharge area consisting of the topographically high lacustrine sand unit, a strong
central discharge area, a strong ceniral recharge area and o lowland discharge area
confined fo the banks of the Winnipeg River. Predominantly lateral flow occurs in
the more permecble basal sandy drift with lateral potential gradienis existing only

locally in the overlying units. Maximum horizontal tracer velocities detected at




three sites are less than 10 feet per year. Groundwater flow through the less permeable
upper clay~loam till and glacio~lacustrine silt and clay units occurs via joints and
sand laminae.

Variations in electrolytic conductivity and distribution of Ca™™, Mg.‘*'"{-,
Na™, and SO4= exhibit distincl increases in the directions of grocundwatier movement.
The increase in major-ion concentrations with distance along the flow path in the
lacustrine sand unit and the basal sandy drift is less pronounced than in the clay-loam
till and the glacio-lacustrine silt and clay units due to @ more active flow sysiem and
limited availability of soluble minercls in the sendy deposits.

Results of the modelling suggest that the location of the boundary between
the ceniral recharge area and the ceniral discharge area is a result of a pronounced
thinning of the basal, highly permecble, sandy drift. Strong recharge gradients in

the central recharge area could not be simulated in the model.
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INTRODUCTION

The objective of this study is to define the groundwater regime in the
Environmental Contrel Area, Whiteshell Nuclear Research Establishment {(WNRE),
Pinawa, Manitoba. Since May, 1968, field and laboratory investigations have
heen conducted to provide hydrogeologic information as a basis for design and
location of radioactive liquid and solid waste disposal facilities in the glacial drift
which underlies the area. Drift thickness ranges from 30 to 75 feet. The drift is
underlain by relatively impermeable Precambrian crystalline rock.

The field study included investigations of the geologic framewerk, sub~
surface permeability distribution, hydraulic potential distribution, temperature
distribution in the groundwater zone, groundwater-flow velocities and major~ion
distribution in the groundwater zone. A two-dimensional, steady-staie medel of the
groundwater flow system was used to refine the field interpretation of subsurface
permeability distribution.

The WNRE is locatad 65 miles east-northeast of Winnipeg on the Winnipeg
River (Fig. 1). The Environmental Control Area (Fig. 2) occupies 4 square miles of
the WNRE site. Radioactive waste is presently being disposed of in only a small

portion of the area (Fig. 2).

application of the results to radioactive waste disposal will be the subject of a future

report.
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Four previous geotechnical studies of the plantsite have been conducied.
Shawinigan Engineering Limited ( 196C) summarized the results of an initial geological
and geophysical investigation of the WNRE site. Charron (1964) conducted a
reconnaissance survey of the radioactive waste disposal capabilities of the ground-
water regime. Zwarich (1968} is continuing studies on ion exchange characteristics
of the glacicl drift in the Environmental Control Area. Lund {1967) investigated
groundwater flow velocities at one location using a tritiated heavy-~water tracer.
Apparent anomalies in the resulis of her study were partially responsible for prompting

the present investigation.
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GEOMORPHIC AND HYDROLOGIC SETTING

The Environmental Control Arsa is located on the western edge of the
Canadian Shield. Sedimentary terrain in the area originated from Wisconsinan
glaciations of the Pleistocene Epoch and associated episodes of Glacial Lake Agassiz
(Elson, 1966, McFherson, 1968; 1970). Deglaciation of the area occurred between
11,700 and 13,000 years BP with subsequent inundations by Glacial Lake Agassiz
prior to 7300 years BP (Elson, 1966).

Relief in the Environmental Control Area varies between 905 feet and
840 feet above mean sea level (Fig. 3). The regional topography (Fig. 2) is a plain
with isolated highs. Aerial photographs of the WINRE site and surrounding area ( Fig.
4 and Appendix A) illustrate the low relief and marshy character of the terrain.
Oblique modified infra-red photographs ( Fig. 5 and Appendix A) show vegetation
pctierns delineating areas of both bog and sand outcrop.

in relation to worldwide climatic conditions, WINRE is within the region
Dfb. (Koppen and Geiger, 1936), characterized by areas near the center of a
continent with temperature extremes greater than the world average for the latitude.
Recorded temperature extremes ai WNRE are =53.5° F, and 108° F. {A. Reimer,
personal communication). Mean daily temperature drops below 32° . during the
first part of November and rises above 32° F. near the end of March with an annual

mean daily temperature of approximately 35° F,
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Precipitation varies greatly with a mean of 20 inches per year, the
greatest portion occurring during the summer months ( Smith and Ehrlich, 1967).
Recorded extremes are a low of 12.5 inches in 1961 and « high of 24.4 inches in 1963

(A. Reimer, personal communication).




METHODS OF INVESTIGATION

During the initial stoges of the study, a base map prepared by Shawinigan
Engineering Limited ( 1960) was used in conjunction with standard 1:16,000 aerial
photographs to coordinate field studies. The field studies were conducted during

the April-September periods of 1968, 1949 and 1970,

Physical Character of Glacial Drift

The geologic framework in the Environmental Control Area was defined
by 76 test holes drilied by a truck-mounted hydrauiic drill equipped with a six-inch
diameter solid-stem auger flights. Disturbed samples were collected from auger flights,
with sample depths estimated to within + 1 foot. A small portable power drill
( Mobil Augers Limited, Minuteman Model) equipped with three-inch auger flight
was used for two preliminary test holes but its use was discontinued due to the bouldery
character of the glacial till and poor quality of samples. Geologic logs of test holes
with interpretations are listed in Appendix B.

Shelby tube cores 0.25 feet inside diameter and two feet in length were
taken o define in detail the texture of the glocial drift and to investigate the
frequency and character of joints and fractures. Immediately after sumpling the
cores were sealed using plastic sheeting in the tubes. The samples were then stored
af room temperature until inspection could be mada. A fluorescent dye, sodium
fluorescein, was injected inte the glacial drift prior to coring in an attempt to
study the physical character of the joints.

-4 -
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Inspection of cores in which sodium fluorescein was thought to be present was

conducted under ultraviolet light.

Piezometer Design and Installation

To define the hydraulic potential distribution in the glacial drift, 60
observation sites consisting of 210 piezometers and water table cbservation wells
were installed in the glacial drift. Water levels were measured periodically.

Piezometers of the standpipe design (Fig. 6) were constructed of poly~
vinylchloride (PVC) pipe. Piezometers installed in 1968 and 1969 hod an inside
diameter of 0.94 inches and those installed in 1970 had an inside diameter of 0.80
inches., The Botfom two feet of the standpipes were perforated and screened with
fine~mesh stainless stell screen in 1968 and 1962 and with fine~mesh fibreglass matte
in 1970. The intake area was packed with coarse silica sand, Bentonite or very fine
silica sand was then placed above the coarse sand pack as a seal against grout. The
hole was sealed by a grout mixture of sulphate-resistant cement.

Three piezometers using mild steel standpipes were installed in 1969,
These piezometers were not entirely satisfactory because of difficulty preventing
silt and sand from entering the standpipe as well as corrossiveness of the groundwater
to mild stecl. The PVC piezomeiers generally attained equilibrium within a week
after installation (Fig. 7 and Appendix C) and were subsequently flushed and tesfe;!
for response and return to equilibrium. The use of PVC standpipes made the installa-

tions idea! for hydrochemical purposes. Represeniaiive piezometer hydrographs are



shown in Figures 8 - 10. Hydrographs of all other piezometers instalied from 1963
to 1970 are included in Appendix C. Piezometer locations and elevations were
determined by transit and {evel with horizontal control of approximately 10 feet
and vertical control of 0.1 feet.
Hydraulic conductivities of the glacial drift were obtained from piezometer

response tests using the methods of Hvorslev (1951; 1954),

Hydrochemistry and Geothermometry

Groundwater samples were coliected from the screened zone of plezometers
using a narrow-diameter downhole sampler and by vacuum pump. Samples were
isolated from the atmosphere immediately after sampling and stored in polypropylene
bottles until analyses were made.

The results of analyses for Cc++, Mg++, Na+, Cl™7, and SO4= are tabulated
in Appendix D. Concentrations of HCOB_ and CO3~ were calculated by the procedure
discussed by Barnes ( 1964) from titration data and are listed with total dissolved solids
in Appendix D. Field pH measurements were obtained using a null-balance pi
meter (Radiometer Mode!l pHM-4) following the procedure of Barnes (1964). Eleciro-
Iytic conductivities were measured In the water at the intake area of piezometers using
an extended-cable down-hole conductivity cell { Solubridge Modsl B3-338). Field
pH and conductivity resulis are also listed in Appendix D. Groundwater temperatures
were measured af intervals in piezometers with an extended-cable thermistor
(Whiiney Model TC-5A) and are summarized graphically in Appendix E olong with
meteorological summaries for 1968, 1969 and 1970 obtained from the Environmental

Control Section, WNRE,



Heat fransfer from the thermistor and connecting cable into the narrow-
diameter standpipes resulted in difficulties in obtaining repreducible values. Con-
duction of heat from surface down the standpipe and conveciion within the standpipe

are also believed to greatly reduce the reliability of the data.

Tracer Injection Experiments

Groundwater flow velocities were studied by injecting tritiated heavy
water into the gldcial drift at three locations in the study area (Fig. 3). The
injection experiments were initiated in July, 1969 at a site immediately north of
the present Active area. Injections at the other two sites were made in August,
1969. Each injection site comprises one 3.5 inch~diameter injection we!l and up
to 40 sampling tubes concentrated predominantly in the anticipated direction of a
flow. Sampling tubes were constructed and installed in the same manner as piezometers
except that the perforated area was increased to 3 or 5 feet, depending on the sampling
zone desired. The locations of injection wells and sample tubes are shown in Figures
IT-13.

Samples were obtained from sample tubes by vacuum lines set in the
perforated area of fhbe sampling tube. Tritium analyses were conducted using a
liquid scintillation counter supplied by the Environmental Control Branch, WNRE.
Beta activity fluctuations for selected sample tubes are presented in Appendix F.

Prior o injection of fritium, hydraulic connection of all sample tubes to

site No. 1, a trial injection of sodium fluorescein was conducted to test injection

and sampling procedures,
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An injection well was also installed approximately 5 feet east of piezometer
nest No. 20. Only sodium fluorescein was injected at this point, the primary purpose
7 ! f
of the experiment being to take Shelby tubes within the injection zone as a means

of investigating secondary permeability characteristics of the fine~grained deposits.
g g YP g P

Steady-State Mathematical Modelling of the Groundwater Regime

A computer program initially prepared by Morris (1968; 19469) for IBM
Systems 360-65 using the finite-element techniques outlined by Zienkiewicz and
Cheung ( 1966) was used in the analysis of the groundwater flow pattern and subsurface
permeability distribution. The program solves the two~dimensional steady-state flow
equations for groundwater flow in saturated, anisotropic, heterogensous porous media
with an irregular water table and impermeable flow boundaries or their equivalent.
‘The' program was adapted for specific application to the flow regime in the WNRE
area with solutions for the hydraulic potential distribution being plotied by a Calcomp

plotter. Program listings and comments on the program are compiled in Appendix G.




STRATIGRAPHY

The stratigraphic secticn in the Environmental Contro! Area, WNRE, con-
sists of seven units overlying Precambrian bedrock. These are: a lacusirine sand and
gravel unit, an interbedded lacustrine silt, a lacustrine clay, a carbonate-rich, clay~
loam till, a basal sandy drift rich in Precambrian-derived pebbles and boulders, «
sandy tili, and a unit of predominantly fine to medium~grained sand. The total
thickness of these units overlying the Precambrian bedrock varies between 30 and 75
feet. The surficial geology is shown in Figure 14 and geologic cross sections are
shown in Figures 15 = 17,

The stratigraphic section in the upland arec is much more variable than
in the western plain. As shown in Figure 15, the northwestern portion of the upland
is underlain by only one stratigraphic unit, a thick deposit of relatively uniform fine
to medium-grained lacustrine sand. The unit includes o few thin interbads of silt and
clayey silt which are probably discontinuous. This deposit extends wesiward beneath
the clay-loam till and is terminated in the northeastern portion of the upland by the
unit which oppears fo be a sandy and in places silty till. Figure 16 shows that the
southern portion of the upland is underlain by a much different stratigraphic sequence,
The thick seciion of sand shown in Figure 15 is not present, and a lacustrine sand and

gravel deposit overlies the lacusirine clay.
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West of tesi hole 43 (Fig. 16) the surficial sand and gravel deposiis pinch
ouf and the section consists of, in descending order, lacusirine clay, clay-loom till,
and a basal unit of fine to coarse~grained sand.

The stratigraphic sequence east of the upland has not been defined by test
drilling. However, based on the topographic setting, the poorly drained character
of the terrain, and the conﬁnﬁity of both the clay~loam till unit and the lacustrine
clay under the upland (Fig. 16) it appears likely that the area is underlain by both
of these unifts.

A north-south geologic cross section {Fig. 17) iliustrates the relatively
uniform character of the siratigraphy in the more central portions of the Environmental

Control Area.

Lacustrine Sand and Gravel Unit

The lacustrine sund and gravel unit consists of up to 15 feet of fine to
coarse-grained sand with minor silt beds and gravel. The deposit is restricted to an
isolated topographic high in the southeastern portion of the area (Fig. 15). Grain-
size characteristics suggest relatively high hydraulic conductivities, probably in the

ranga of 1 x 1079 10 1 x 1072 fps.

Lacustrine Silt Unit

The lacustiine silt unit observed in the Environmentcl Conirol Arca
represents a laje phase shallow~water deposit of Glacial Lake Agessiz { McPherson

1968). This unit consists of massive to laminated very fine sands, sandy silis, silts
y h 4 7

-12 -
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clayey silts and silty clays with a maximum thickness of 15 feet occurring near the
Winnipeg River, and wedges out in the central portion of the area. Where the unit
is less than two feet thick, it is somewhat obscured by the effects of soil formation.

Eosily eroded masses resembling primary bedding structures were recognized
in cores of this unit (Fig. 18). The siructures are generally one to three inches in
length and less than 1/2 inch in thickness. They may represent scours subsequently
fillea with coarser silt. They were not-cbservable unless the cores were washed with
a high pressure stream of water. The lower contact of the silts to the deep~water
clays appears gradational over several feet.

In the poorly drained western part of the Environmenta! Control Area
underlain by the lacustrine silt unit, perched water table conditions frequently exist.
Water-table observaiion wells located adjacent to arecs frequentiy covered by water
i;mdica?e that the water table lies three to five feet below ground level. This ponding
is thought to be due to local interbeds of silty clay near the soil zone which retard

downward percolation of surface water.

Lacustrine Clay Unit

The lacustrine clay unit was deposited during a high-water phase of Glacicl
Lake Agassiz ( McPherson, 1970). The thickness has o maximum of 25 feet near the Winnipeg
River. Carbonate pebbles are present throughout this unit but become more common in the

lower portions. Fragments of till-like material up to 10 inches in diameter (Fig. 19) were

noted in isolated cases. Anguiar buff-coloured calcareous silt clasts are very common
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near the bottom of the unit (Fig. 20). The pebbles, till and silt clasts are probably
due to ice rafting although Welier (1940), Hills (1963) end Elson (1948) have
discussed possible alternate origins for such features.

Lamince of fine to very fine sand are present throughout the unit at angles
up to 90° to the bedding {Fig. 21). These laminae may cut horizontal or shallow
dipping laminae of clay and silty clay or may be conformable te them. A probable
origin of the sand laminae is infilling of slump or dessication cracks formed by
fluctuations in the lake level,

; The lower confact of the clay is marked by a siratified zone up to three
feet thick of pebbly, sandy silt, and silty sandy clay (Fig. 22).

Grain=-size analyses of the glacio~lacustrine clays cenducted by Zwarich
(1968) on five samples collected from drill holes near the present radicactive disposal
area (Fig. 2) indicate a 60:30:10 ratio of clay, silt and sand, respectively. It is
expected that the Iargest portion of the silt and sand occur as laminae within the clay
unit rather than a homogeneous wnit of clay), silt and‘sand.

Inspection of Shelby tube cores taken necr piezometer nest No. 20 ( Fig.
2) indicate well-defined jointing throughout this unit. The joints may appear as thin
dark lines cutting laminae (Fig. 23) or as planes coated with carbonate and gypsum
precipitates (Fig. 24). Rootlets follow the joint surfaces as deep us 14 feet (Fig. 20),

The results of Hvorslev response tests indicate that the locustrine clay unit
is characterized by hydraulic conductivities in the range of 1 x 107104 1x 1077

fps at depths below ground surface greater than 14.5 feet and by conductivities in
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the range of 1 x 10 Wi1x10 fps at depths less than 14.5 feet below ground

surface. Laboratory tests conducted by Templeton Engineering Company Limited
{1960) on small samples obtained from the lacustrine clay near the plant {scuth
half, section 21) yielded values in the range 1 x 10_30 fo 3x 1077 fps. This suggests
that joints, fractures or other secondary in situ characteristics of the lacustrine clay
unit significantly increase the hydraulic conductivity. A more detailed analysis

of the hydraulic conductivities associated with the lacustrine clay is discussed in a

later section.

Clcyf-loam Tiil Unit

The lacustrine clay unit grades through a stratified zone of pebbly, sandy
silt, and silty sandy clay, a few feet thick into a pebbly, carbonate-rich, clay~loem
till. The deposit ranges from 0 to 30 feet in thickness. Grain-size analyses (Zwarich,
1968) of composite samples show approximately equal proportions of clay, silt and
sand near the upper contact with the sand content increasing to >over 50 per cent near
the lower contact. Pebbles and cobbles are predominantly dolomitic with the remainder
commonly being highly weathered Precambrian material. The lower confact is marked
by a pavement of Precambrian cobbles and boulders. Considerable difficulty pene-
trating this layer was encountered at many locations. This unit correlates with the
Libau Drift mopped and described by McPherson (1968) in the area west of the
Winnipeg River.

Joint planes caated with carbonate precipitates (Fig. 25} were commonly

observad in Shelby tube cores taken near the upper contact of this unit.
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The resulis of Hvorslev response tests indicate that the clay-loam 11 is
. , . e P -4
characterized by hydraulic conductivities in the range of 1x 1077 to 1 x 1077 feet
per sscond (fps). Joints appear to account for a significant secondary permeability
network although only o few irregular joint-fracture fectures were obsarved in the
Shelby tube samples from this unit. A more detailed analysis of the hydraulic

conductivities associated with this unit is presented in a later section.

Basal Sandy Drift Unit

The basal sandy drift unit underlies the clay~loam till unit in the western
third of the study area (Figs. 15 ~ 17). The deposit varies in thickness from 0 to
15 feet. Texturally, it varies from a silty till to unsorted gravel and sand to a well
sorfed fine to coarse-grained sand with few, if any, till-like features. Compositionally
the unit is characterized by angular rock fragmentis of Precambrian Shield lithologies.
Sedimentary rock fragments were observed only in isolated cases. The upper contact
of the basal sandy drift with the clay-loam till is defined by a boulder pavement.

McPherson (1970) states:

The main bosis for distinguishing the Belair Drift is its

occurence on surface as a sandy end moraine or outwash, its

characteristic mineralogy indicating it was primarily derived

from acid igneous rocks, and iis stratigraphic position in the

subsurface being stratigraphically fower than Lake Agassiz

sediments and Libau Drifi.

By this definition, the busal sandy drift unit can be stratigrachically
Y 7 7 gray Y

correlated with the Belair Drift.
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The results of Hvorslev response tests indicate that the basal sandy drift

is characterized by hydraclic conductivities in the range of 1 x 107/ to 1 x 1O~4 fps.
A detailed analysis of the hydraulic conductivities associated with this unif is presented

in a later section.

Undifferentiated Sandy Till

In the eastern portion of the area the lacusirine sands are overlain by «
deposit which is apparently a sandy and in places silty till. Only limited test hole
data is presently availchkle in this areq, making correlation of this unity fo the western

portion of the area impossible.

Lacustrine Sand Unit

The lacustrine sand unit consists of up fo 60 feet of fine to medium-grained
sand in the northeastern portion of the area (Fig. 15). In the lower portions, severc!
interbeds of silt and clay, often containing angular carbonate rock fragments. The
lacustrine sand unit is overlain by the clay-loam till, although its siratigraphic
relationships to the basal sandy drift are not clear.

The results of Hvorslev respense test indicate hydraulic conductivities in

7 - In . - > .
the range of 1 x 107 t0 1 x 10 3 fps, hydravlically similar to the basal sandy drify.

Precambrian Bedrock

Underlying the glacial drift in the WNRE area are granite and granediorite

~d

of Precambrian age {Templeton, 1960). The bedrock contact defined in Figs. 15 ~ 1

has been assumed to occur within a foct or two of the maxi mum denth penetrated at
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each of the fest holes drilled to refusal. This assumption is supported by the resulis
of a geophysical inv estigation of ‘the Environmental Control Area by Pakiriah (197C),
by the relative uniformity of penetration depths within most portions of the area. The
similarity of the steady~-state mathematicul mode! and the field data ciso support this
location for the impermecble lower bounding surface.

Templeion Engineering Company Limited ( 1960Q) concluded on the basis
of four diamond~drili holes in the southern half of section 21 that a deposit of "broken
and weathered granite bedrock rather than glacial till* rests on the solid bedrock
surface. Resuits of the present investigation indicate that this is a misinterpretation
of the deposit here referred to as the basal sandy drift.

Although the overall bedrock surface in the Environmental Control Area
has been defined to be gently rolling, local relief of over 20 feet over a horizontal
distance of 10 feet was observed at tritium injection site No. 2, McPherson ( 1970)
noted local relief on the bedrock surface in drift covered areus near Pinawa, Manitoba
in excess of 100 feet.

The bedrock is assumed to have negligible permeability. Examination of

outcrops near WINRE and the steady-state mathematical modei support this assumption.



FIELD STUDIES OF GROUNDWATER FLOW

The objective of this porfion of the investigation was to define the geo-
“hydrologic regime in the Environmental Control Arec by interrelating siudies of fluid
8 9 b g
potential distribution, hydrochemistry, subsurface temperature variations, groundwater

flow velocities and fracture flow characieristics.

Groundwater Fiow Pattern

A piezometer network of 210 piezometers and water-table observation.
vells was utilized to establish the hydraulic potential distribution (Figs. 26 - 28)
and ‘rhe magnitude of transient head variations generated within the system by water-
table fluctuations. Representative piezometer hydrographs { Figs. & - 10) illustrate
the response to seasonal precipitation and indicate short term reversals in hydraulic
poteniial gradients in the central discharge area due to water~table fiuctuations.
A corresponding increase in recharge head is observed in the central recharge area.
These tronsient effects would nct be expected to affect the flow pattern as the con-
dition is short-term and rapidly returns to the original gradient direction.

Data used for preparation of flow diagrams (Figs. 26 - 28) were taken
from piezometer hydrographs ( Figs. 8 = 10 and Appendix C) as an average value for
1962 and 1970, Values for 1968 were discarded due to abnormally high rainfalls

which resulted in highly fluctuating values (Appendix C}.

-19 ~
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The flow pattern interpretations (Figs. 26 - 28) were made according to
the methods of van Everdingen { 1963) to account for a 10:1 vertical excégerqﬁon
and Freeze (1969) io approximate refractions of equipotential lines at permeability
field boundaries defined by test drilling. The potential distribution indicates two
areas of recharge referred to as the upland and the central recharge areas and two
areas of discharge referred to as the central and lowland discharge areas (Fig. 29).
The upland recharée area occurs within the outcrop area of the lacustrine sand and
gravel. The lowland discharge area is confined to the banks of the Winnipeg River.
Vertical discharge gradients in the ceniral discharge arec have a maximum of 0.3 fi/ft
with @ head avove the average water-table level of up to 12 feet and vertical re~
charge gradients in the central recharge area have a maximum of 0.2 ft/ft. Horizenicl
potential gradients are resiricted to the bascl sandy drift and the lacustrine sand with
a local horizontal gradient existing in a ncrrow zone along the boundary betwesn the
central discharge and central recharge areas.

A flow pattern interpretation (Fig. 28) along a north-south cross section
along the western boundary of Section 28 indicates recharge to the basal sandy drift
except near the northern edge of the study area. The sandy drift unit pinches out
and small diséharge gradients are present.

The hydraulic potential disiribution suggests two scales of flow regimes
in the Environmental Contfrol Area. The smallest scale ‘local’ flow systems consists
of recharge in the upland recharge area and discharge in the central discharge area,

and recharge in the ceniral discharge area dischoring into the Winnipeg River (Fig. 29).

i v
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The: larger scale 'regional’ flow system consists of recharge in the upland
recharge area and discharge into the Winnipeg River with lateral ground-water flow
continuing under the central discharge area. This co-existence of flow systems has
been described by Meyboom (1962) and T8th (1966}, as well as others.

The seasonal stability of recharge~discharge boundaries was studied in
detail by installing a line of piezometers at closely spaced intervals across the central
discharge~central recharge area boundary in section 28 (Fig. 29). During the period
of study from summer, 1968 to fall, 1970, this boundary was not observed to vary
signi:ﬁconﬂ\/. On the basis of these data, it has been assumed that the recharge~
discharge boundaries are stable with respect to seasonal fluctuations of precipitation,

evapotransipiration, and freezing.

Hydrochemistry

The major-ion chemistry of groundwater in a shallow flow system results
from numerous geochemical processes. The results of studies by such investigators
as Meyboom {1962}, Téth (1966), Parsons {1967), Rozkowski { 1967), Charron
(1969), van Everdingen (1970), and Cherry, et al (1971), suggesi thai the most
important geochemical influences are: {a) generciion of gases in the soii zones
of recharge areas, (b) solution of porous media minerals, (c) precipitation of
mineral phases within the pore network, (d) ion exchange between the pore soluiion
and clay minera!; in the porous medium, and (e) oxidation-rediction recctions.
These processes are interdependeni ond are affected by minsral associations in the

porous media, the relative order of geologic units along the groundwater flow path
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rate of groundwater flow and the length of the greundwater flow path. Using these

guidelines, the major-ion distributions and elecirolytiz conductivity in the ground-~

N

refining the flow system interpretation based on the hydraulic potentiol distribution,
Hydrochemical cross sections (Figs. 30 and 31) were prepared for ca't,
M9++7 NG+, cl-, HCO3_, CO2_ and 504= and electrical conduciiviiy and exhibit
hydrochemical patierns which correlate very closely with the flow pattern interpreta-
tions obtained from hydraulic head data (Figs. 26 - 28). In recharge areas the
condu:cﬁvify increases downwards fo a maximum of 600 millimhosém. In the central
dischérge area conductivity increases from a minimum of 10 millimhos/cm near the
Precambrian bedrock to greater than 680 millimhos/cm near the water table. A
complex hydrochemical pattern is developed in a zone along the boundary of the
central recharge and central discharge boundary ( Figs., 30 - 32). This is probably
due to a sluggish flow regime with long groundwater residence times resulting from
low hydraulic potentidal gradients coupled with low pérmeqbilii‘y material, as well
as short-term reversals of groundwater potential disiributicn west of this zone.
Groundwater in the lacustrine sand deposit and the basal sandy drift up to
the central recharge~central discharge area boundary has very low concentraiions of
dissolved solids. Samples taken from shailow piezometers in the upland recharge
area indicate that essentially ali the dissolved solids are picked up in or near the
soil zone. The subsequent lack of major variations in the dissolved mineral load in

these deposits is due to the low remaining H2C03 agressivity as well as the lock of
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relatively soluble salts in the predominantly quartzo-feldspathic sand. The more
permeable deposits would also tend to allow a more active flow regime with resulting
shorfer residence time and therefore fresher water.

West of the central disc'narge—centrgl recharge area boundary in the basal
sandy drift, conductivity increases over several hundred yards tc a maximum of 450
raillimhos/zm. This rapid increase results from downward influx of highly mineralized
water from the upper units, possibly enhanced by increased availahility of fine-
graingd soluble materials in the drift unit.

; In the lacustrine clay and clay-loam till units in the central recharge
area,; downward seepage is accompanied by increases in Na¥, Ca't™, Mg++, cl
and SO4=.' In the central discharge area, upward seepage is accompanied by
similar increases. This is atiributed to the availability of soluble sulphate and
chloride salts in the fine grained units.

The hydrochemical patterns { Figs. 30 and 32) indicate that precipitation
infiltrates in the lacustrine sand and moves dowrward and laterally with dissc lved
solids remaining below 50 mg/l. A portion of the water in the central discharge
area is forced upwards into the overlying upper tiil and lacusirine deposits with total
dissolved solids reaching 200 mg/1 near the water table.

Water infilirating in the central recharge area ropidly picks up a maximum
‘of 6000 mg/| dissolved solids as it descends fo the basal sandy drift unit where it
is somewhat diluted by the fresher westward lateral flow from the upland recharge

area. The combined flows iravel over the Precambrian surfoce to discharge in and

near the Winnipeg River.
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' Field pH data have been obtained ( Appendix D} and will be incorporated
Ll F' N 1t l- - M - 11 , 'fh l’\ } d!" . - 1 N i - * “i‘
in G future repori cealing more intensively with the hydrogsochemical regime in the

WNRE area.

Groundwater Temperature Distribution

Groundwater temperature variations with depth and time were studied during
the séring and summer of 1969. Typical variations ( Fig. 32 and Appendix E) indicate
that s‘easonal temperature variations affect the groundwater temperature through the
full section of glacial drift at WNRE.

| There is an apparent correlation of the range of temperatures and discharge~
rechairge zones. From graphical results (Appendix E) of 13 piezometer nests in discharge
creqs‘and 8 nests in recharge zones it was found that the mean of groundwater tempera~
tures were 1.1 C®and 1.6 C° respactively for the first week of July, 1969. At this

time the approximate mean groundwater temperature was 5.2° C. Temperature daota

from water~table observation wells was not included in this test.

Tracer Velocity Studies

.

To obtain real values of horizontal groundwater flow velocity, tritiated
heavy water wos injected info the flow system ai three selected locations ( Figs.
y 3 g
I1 - 13} in the Environmental Control Area. Injection site 1 (Fig. 11) was installed
/ g
in the basal sandy drift in the central discharge area. During the injection process
the tracer was observed to arrive at sample points 13 and 15 located approximately

8 feet from the injection point. Arrivals of the fracer af other sample points located
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8 1o 48 feet from the point of injection were not observed during thé period July,
1969 to August, 1970 although fluctuations in tritium concentration were noted in
the active somple points. The movement of the tfritium is confirmed by the gradual
decrease In iritium concentration (Appendix F) at the injection point. Hydroul}c
connection of all sample tubes to the injection point was confirmed prior to injection
of the tracer by pressure testing.

The tracer is known to have been successfully injected inio the ground-
water flow regime in the basal sandy drift. The data show that the lateral rates of
groundwater movement have not been sufficient to move the tracer completely away
from the area of injection. Hydraulic potential data require that the tracer front
move wesiward and it is very unlikely that the tracer front could move undetected
between the sample tubes to the west. Since sample tubes are present from 8 to 15
feet west of the injection site, it can be safely assumed that west~lateral ground=~
water velocities are considerably less than 10 feet per year at this location.

Injection site 2 (Fig. 12) was installed in the basal sandy drift in the
central recharge area. Arrivals of the fracer during injection was observed in
sample tubes 26 - 43, 1 and 4. Arrivals of the tracer ot other sample tubes Jocated
8 to 58 feet from the point of injection were not observed during the period August
1969 to Augusi, 1970, although decreases in tritium concenirations were observed
in the aciive sample tubes and the injection well. The procedures and results were
very similar to those observed at injeciion site 1. This indicates a maximum

horizontal flow velocity of less than 10 feet/yzar.
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Injection site 3 {Fig. 13) was installed adjacent fo injection site 2 in the
central recharge area and brackefed the contact of the lacustrine clay and the clay-
loam till units. Arrival of the tracer was observed in sample tube 6 during injection.
Arrivals of iritium at sample tubes 8 and 48 feet from the injection point were not
observed during the period August, 1969 to August, 1970. However, very low
trifium levels did occur sporadically in various sample tubes, probably due to
contamination during sampling. Similarly to injection sites 1 and 2, this indicates
moximum westward horizontal flow velocities of less than 10 feet/year.

- The experiment was designed to defect horizontal flow velocities and
wcg not capable of detecting vertical flow. The sampling and injection methods
resulted in a large mass of tritiated water (Figs. 11 = 13) which, if moving hori-
zontally, would necessarily pass through at least one sample point.

The possibility of hydraulic fracturing due to the pressure injection method
would increase the flow velocity because of increased permeability and would not
have caused an anomalously low value for the flow rate. Movement of the trocer
was confirmed by fluctuating tritium levels in active hales (Appendix F).

A previous tracer study in 1967 by B. Lund (1967) gave a herizoniai flow
velocity of 430 feet per year. The study was conducted from surface fo a depth of
20 feet in the cenire of section 28 (Fig. 3) in an area of extremely low lateral
hydraulic potentiai gradients. The velocity determined by here is now thought to
be due to flow in the unsaturated zone as a result of o groundwater 'mound® built
by the injection of fritiated heavy woter rather than flow through the saturated

zone.,




Tracer Investigations of Secondary Permeability Characteristics
d Y

Joints in the lacustrine clay and clay-loam-till units were observed in
- Sheiby tube cores and disturbed samples. In an attempt to define the effects of the
icints on permeability in the fine-grained deposits, a fluorescent dys, sodium
- fluorescein was injected into these units and then Shelby tube cores were taken of
the injected material.

Examination of cores under ultraviolet radiation showed no visible dye on
-~ joint surfaces or in the bulk of the material. The most permecble joints are coated
wiﬂ; carbonate accumulations and the coating may mask the presence of the dye.
Intergranular flow of groundwater in the clay unit and L;pper carbonate till unit is
probably negligible with respect to flow through joints. Photographs of fractures
(Figs. 19 = 25 and Appendix A) support this view.

Further study on the problem of quantitative detfermination of fracture flow
is being considered. This aspect is very important to radicactive waste disposal as
ion exchange capacities of a geologic medium will be drastically reduced if waste

solutions do rot have access to intergranular pore spaces.

Hvorslev Response Tests

Of the 210 piezometers installed in the area of investigation, 170 were
subjected to response tests based on the principles and methods described by Hvorslev
(1951; 1954). The ratios of vertical versus horizontal permeabilities were assumed
unity forioH the hydrostratigraphic units. Data summarized by Davis and DeWiest

(1966) and Bakhtiart (1970 suggest that this assumption is normally acceptable
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within 50 per cent for sandy unconsolidated deposits not containing fine-grained
interbeds or oriented piaty mineral orientations. The Kv/Kh ratios for the fine
grained deposits were assumed to ke unity due to the relatively orthogenal orienta-
tion of joints and laminae prominent in these deposits, although the actual value
of Kv/Kh was not determined.

Hydraulic conductivities obtained from water-level response tests can be
affected by: (1) water-intake geometry, (2) textural variations within the intake
zone, (3) disturbances of the formation during piezometer installation (4) nature
and-efficiency of the grout seal above the intake zone, (5) gas accumulations in
the intake zone, (6) any artificial restriction or enhancement of the hydraulic
conductivity of the formation or intake zone resulting from piezometer installation,
Because of these and other factors involved in water~level response tests, the
resulting hydraulic conductivities are likely not reliable to more than one order of
magnitude.

Figures 33 and 34 summarize the permeabilities calculated from the water—~
level response tests. Data which appear to have been significantly affected by one
or more of the above factors have been omitted. The exclusion of results was usuaily
bqséd on obvious evidence of sedimentation or clogging or poor graphical correlations
of water-level recovery with time.

All of the 7 piezomsters in the lacusirine sand uvnit from which reliable
water-level response data were obtained yielded hydroulic conductivities in the

4

range 1 x 1077 40 1x 107 ps. QfF the 34 plezomeiers in the basal sandy drift from




- 20 -

which reliable data were obiained, 22 yielded values in the range 1 x 107 to

-5 . e as . -
1x 107", The remainder of the conductivities are in the range 1 x 10 " to

5x 10_.}0.

Auger samples from these units have been compared visually to glacial
sands from southwestern Manitoba. The visual textural correlations support the

5

conclusion that conductivities in the range 1 x 1077 to 1x 107 are characteristic
of most zones within the two units.

Of the 36 piezometers in the clay-loam till from which reliable water-
level response data were cbtained, 20 yielded hydraulic conductivities in the range
of 1:x 10—9 o 1% 1077 pfs. Of the remainder; 9 are in the range 1 x 1077 to
9x 107 and 9 in the range 1 x 1077 to 1 x 10710 fps. There is litiie doubt that
iointé, in the clay-loam till account for most, if not all, of the hydraulic conductivities
larger than about 1 x 1078 fps and that the wide range of the data reflects hetero-
geneous characteristics in the permeability system. Variability in the character
and frequency of joinis in till at numerous locations in western Canada has been
obse;ved by A. Vonhof (personal communicaticn, ]§70).

Hydraulic conductivities in the lacustrine clay unit vary within the

104 1x 1070 fps. Fig. 35 indicates that 10 of

relatively wide range of 1 x 10
the 31 piezometers located in this unit of depths between 5 and 14.5 feet below
ground surface yield hydraulic conductivities greater than 1 x 1077 fos. OfF the
i4 piezometers in this unit at depths below 14.5 feet, ,only one yielded o hydraulic
conduciivity grecter than 1 x 107/ fps. The hydraulic conductivity data suggest

“that the lower portion of the lacustrine clay and the clay-loam till have rather

similar hydraulic properties.
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A

. The significantly higher frequency of larger hydraulic conductivities nearer
the. ground surface con be cécounfed for by the increased occurrence of joints,
des§ication cracks, and channels cuased by plant roots and burrow ing animals.

~ The ssasonal water-table fluctuations in the area underlain by the lacusivine clay

is between 2 and 7 feet below ground surface. Decline of the water table below

7 feet probably occurs during years of exceptionally low precipitation. The clay
fraction of sediments in the Lake Agassiz basin generally contain ebundant mont-
morillonite ( l0shnir, 1970) which characteristically undergees major volume changes
on wetting and drying. The zone of water-table fluctuaiion is subject to numerous
cycles of wetting and drying and is therefore commonly a zone in which dessication

cracks and joinis develop.



}STEADY—STATE MATHEMATICAL MODEL OF THE FLOW REGIME

The steady-siate mathematical model { Morris, 1949) was used io: (a) refine
the interpretation of the groundwater flow pattern, (b) test and refine the field
interpretation of the subsurface permeability distribution, (c) test the sensitivity
of the flow regime to water~table fluctuations, (d) test the assumption of an imper~
meable bedrock contact and (e) deternine if this mathematical medel was useful
in predicting flow patterns as a method of initial stage planning of hydrogeologic
models.

The boundary conditions defining the limits of the model ( Fig. 35) are:

(@) the bedrock surface is a lower bounding impermeable surface, {b) the lateral
bounding surfaces are vertical and coincide with the topographic high of the lacus-
trine sand to the east ond the Winnipeg River to the west, {c) the water table is
constant ond acts as o free-surface and (d) steady-state conditions exist.

The models tested include isotropic and anisotropic homogeneaus, isotropic
and anisotropic 2~layer and isctropic and anisotropic 2~layer with variations in
permeability within the basal sandy drift and the lacustrine sand and gravel. Most
combinaiions of permeability ratios from one to 10,000 were modelled. In all cases
‘the lacustrine silt unit, lacusirine clay and clay-loam 1ill were considered to have
unit vertical permeability.

By using a water~table configuration determined from the observation well

network (Fig. 26) a mode! was developed which very closely approximated the

-3] -
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conditions observed in the field. This mode! (Fig. 35) was developed using unit
perrheab”ify for the clay-loam till, clay and silt deposits and a permeabiiity of
1,000 for the sandy drift and lacusirine sand deposits. This model does not, however,
simulate the magnitude of recharge gradients existing in the central recharge area,
although all other features are very similar.

Studies currently in progress are attempting to determine whether improved
correlations beiween the model and the flow system can be obtained. The modelling
technique is also being used in an analysis of cross section B-B' (Fig. 27). The
results described above indicate that (@) although from a small-scale viewpoint
each hydrostratigraphic unit is heterogeneous in texture and permeacbility, it is
oni)';/ the large scale permeability conirasts between the units which are the dominant
internal factor in the development of the fiow pattern, (b) the initial assumption
that the bedrock is relatively impermeable is acceptable and (¢) the location of
the bedrock contact as indicated by the drilling data is reasonable. Although many
different conductivities have been assigned to the basal sandy drifi and the lacusicine
- sand, the results objained from the model using a uniform conductivity continue to

be the closest representation of the head distribution,
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SUMMARY OF CONCLUSIONS

The stratigraphic section found in the WNRE Environmental Control Area
conferms generally to the Pleistocene stratigraphic succession defined by McPherson
(1968, 1970).

The glacial drift sequence includes a lacustrine sand and gravel deposit,
a lq’re-phgsg deposit of G lacial Lake Agassiz silts, a deep-water deposit of clay
cndA silty clay, a clay-loam till, a basal sandy drift rich in Precambrian-derived
pebbles und boulders, an undifferenﬂcfed sandy till, and a uniform lacustrine sand.
The glacial drift is underlain by relatively impermeable Precambrian granite and
granodiorite.

The groundwater flow pattern is characterized by a westward flow to the
Winnipeg River with four zones of recharge and discharge. From east o west
these are: an upland recharge area consisting of an outcrop of the lacustrine sand
and gravel which act, as o groundwater divide, a ceniral discharge area, a central
recharge area and a lowland discharge area confined to the banks of the Winnipeg
River which is the groundwater di‘;lide to the west. Tracer studies at three locations
suggest maximum groundwater flow velocities to be less than 10 feet per year.

Ca™t, Mg++ Na', SC .~ and electrolytic conductivity increased in the

! ! 4
directions of apparent groundwater movement and correlated with flow directions
interpreted from the hydraulic potential distribution. Values increased laterally

in the more permeobls basal units from the upland rechorge area in the east to the

Winnipeg River. Values in the till and lacusirine uniis increuse upwards in the
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‘ceniral discharge area and downward in the recharge areas. A more complex
hydrochemical pattern has developed along a zone between the central discharge
and central recharge area boundary due fo stagnant flow conditions. The excellent
correlations of hydrochemistry and groundwater flow pattern are due to the relatively
active flow regime in the Environmental Control Area, lack of solubility constraint

for most major ions, and highly contrasting hydrochemical facies in each geologic

unit. Hydrochemistry confirmed flow pattern interpretations which would otherwise

have required censiderably more detailed instrumentation.
Laboratory studies of cores taken from the lacustrine and upper till units
indicate that groundwater flow is occurring mainly clong joint surfaces and sand
lcménce . This is supported by the accumulation of carbonate precipitates on jcint
surfaces and oxidized zones. Attempts to quantitatively describe joint-fracture
flow by means of fluorescent dye tracing was not successful,
A steady-state mathematical model of the groundwater

>

poundary conditions defined by test drilling and the hydraulic potential distribution

suggests a permeability ratio between the lacusirine clays and clay-loam #ill deposiis

and the basal sandy drift and iacusirine sand and gravel urits of 1:1000. The modeli
supports the conclusion jhat the water~table conditions ond the discharge-recharge

boundaries are relatively siable. The use of this model with preliminary hydro-

stratigraphic data may allow a mere ecenomical approach to simple hydrogeologic

investigations.,
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. The complemsntary use of several hydrogeologic techniques has allowed

a relatively detailed interpretation of the shallow groundwater flow system in glacial
dariff at WNRE. Some of the more general conclusions resulting from the investigation
are summarized as follows:

1) A comprehensive understanding of the stratigraphic framework is a
prerequisite to the design of a piezometer network and the interpretaiicn of the
resulting potential distribution.

2) Hydrochemical patterns are a result of flow patterns and stratigraphy
and,may be used in some cases to aid in groundwater flow interpretations.

3) Influence of joints and small sand laminae increase hydraulic conduc-
tivities of otherwise low-permeable materials,

4) A finite-element steady-state model of groundwater flow may refine

interpretations of field data and reduce the cost of detailed field study.
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Fig. 4 Looking west towards Winnipeg River over portion of
Environmental Control Area.

Fig. S Modified infra~red photograph of the upland area of
recharge. '
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: Fig. 18  Soft pockets of easily eroded silt in the upper unit - possibly
primary bedding structure. Sample taken from a depth of
5 feet.




Fig. 19  lce rafted till fragment in lacustrine clay unit. This photo
taken at bottom of a 9 foot cut.

Fig. 20 Angular calcareous silt fragments'embedded in lower part of
the clay unit - also note precipitates and rootlets on joint
surfaces. This sample taken from a depth of 14 feet.



Fig. 20  Steeply dipping laminae of very fine sand in clay unit -
carbonate precipitates give @ whitish tone to the laminge.
Bedding is essentially horizontal,

Fig. 22  Stratified transition zone between. lacustrine clay unit and
the clay~loam till.



Fig. 23  Joints cutting laminae in clay unit. Joints have been
accentuated artificially for illustrative purposes.

Fig. 24 Carbonate and gypsum precipitates on vertical fracture in
lacustrine clay unit.



Fig. 25 Carbonate precipitates on joint surface in clay-loam till
' unit. Sample taken from a depth of 20 feet.
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