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ABSTRACT

The hydrogeologic properties of a shallow subsurface radiocactive
waste management site were studied by means of test drilling, équifer
performance testing, hydraulic head and major ion distribution studies,
and radiotracer monitoring, The study area is located at the Whiteshell
Nuclear Research Establishment 65 miles northeast of Winnipeg, Manitoba
and includes a site where radioactive wastes are stored at depths up to
seventeen feet below ground surface, The most hazardous wastes are
isolated in subsurface concrete or steel containers from which leakage
is unlikely, The groundwater zone is regarded as an extra containment
medium in the event of leakage.

Field duties conducted during the investigation indicate that the
general flow system has not varied significantly over the last four
years, The analysis of data obtained during this four-year period
and the installation of additional wells and piezometers in the study
area were used to define the anomalies in the flow system, These flow
gradient anomalies alter the expected direction and/or rate of ground-
water flow, Hydrochemical pattexrms coxrroborate the groundwater flow
rattern indicated by hydraulic head distributions,

Groundwater flow rates and residence iimec were determined for
a portion of the confined sandy aquifer in the study area, Flow rates
were calculated using the observed hydraulic gradients, an average

effective porosity, and hydraulic conductivities obtained through



analysis of aquifer performance pumping tests, Water-level drawdown
Yesponse tests provided general conductivity values, Monitoring of a
radiotracer injected into the aguifer allowed direct measurement of
groundwater flow velocities,

The feasibility of hydrogeologis manipulation of a groundwatey
flow system was proven, Manipulation schemes were suggested which would
involve the pumping of water from or into basal sand deposits in the study
area, This method was used to reverse the hydraulic gradient in a
porticn of the Whitesh+11 Nuclear Research Establishment Waste
Management Axrea, Staggered groundwater migration paths induced by
controlled pumping were suggested, To inciease the flow gradient
and allow earlier withdrawal of ‘he contaminant from the flow system,

pumping water into the basal sand aquifer was also considered,
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INTRODUCTION

Scope and Objectives

The Whiteshell Nuclear Research Establishment (WNRE) located in
southeast Manitoba (Fig, 1) includes one of Canada's two ma jor
radiocactive waste management areas, Hydrogeologic studies of the WNRE
general study area and the Waste Management (VM) Area began in 1968,

Fleld studies continued through to the end of 1972,

This thesis describes the results of field studies conducted at
the WNRE between May, 1970 and September, 1971, The thesis Primarily
deals with the detailed stratigraphy of the present WM Area, Included
are the design and installation of a well network in the WM Area and
the testing of the hydraulic behaviour of that area under pumping
conditions, The study is one of the very few detailed investigations
of small, shallow groundwater environments to be conducted in western
Canada, Analysis of the data was used to detexrmine the conditions by
which the groundwater zone can be manipulated to obtain hydrogeologic
containment if radionuclide contamination were to occur,The study involved
the evaluation of hydraulic head distribution, groundwater chemistry
and temperature data, and tritium tracer data, A major portion of these
data were obtained from instrumentation installed by previous investigators,
The continued collection of field data resulted in a more detailed

interpretation of the groundwater flow system than was Previously possible,



Description of the Study Area

The general study area is a four square mile tract located along
the Winnipeg River about 75 miles northeast of Winnipeg (Fig, 2),

The Waste Management Area lies within the general study area and is
approximately 0,03 square miles in area, Figure 3 is a photograph of
a portion of the study area and the perimeter and installations of
the WM Area, |

Pleistocene glacial and glaciolacustrine deposits comprise
this study area, The deposits overlie the Precambrian erosion surfhce
of the western Canadian Shield, In general the area is one of low
relief and swampy ground, A sandy rise approximately 1500 feet east of
the WM Area produces an elevation difference of approximately 20 feet
relative to the adjacent western lowlands (Fig, 4). The relief varies
between 840 feet above sea level at the Winnipeg River to 906 feet in
the sandy uplands,

Reimer (1970) deseribes the climate of the area as having an
annval mean dsily temperature of approximately 35° F, Temperature
extremes of ~53,5° F and 108°F have been recorded, Beswick (1971) reports
a precipitation mean of 20 inches per year, The greatest amounts of
rrecipitation have been observed during late spring and early

summer,

Existing Waste Management Practices

The Waste Management Area is a 500 by 400 foot site where solid

and containerized liquid wastes having low, intermediate, and high levels



of radiocactivity are vstained, Low, intermediate, and high levels

of activity are descriptions of nuclear wastes depending upon the

volume of material involved and the amount and forms of radionuclides
present, The wastes are deposited and stored in various containers

and trenches in the Pleistocene deposits at depths up to 17 feet below
ground surface, Storage and disposal facilities consist of concrete
bunkers, reinforced concrete standpipes, open trenches which are

covered after filling, and two 100 gallon stainless steel tanks (Fig, 5),

Solid wastes having a low level of radioactivity consist of
cloth and papers irradiated through accidental spills and dry wastes
from the research facilities, Disposals of such packaged and dry
wastes are in unlined trenches excavated in the surficial clay of
the Waste Management Avea (Fig, 6), After filling, the trench is
covered with the previously excavated material, ILiquid wastes
consisting of very low-level activated organic coolants and associated
solvents are stored above ground in mild-steel cans for short pexriods
and then incinerated,

Solid and 1iquid wastes of intermediate~ and high=level
activities are defined as special disposals and are placed in concrete
bunkers or asphalt-lined reinforced concrete standpipes, Special
disposals consist of dry wastes having an intermediate level of
activity, bottled radiocactive liquids, and experimental-loop ion
exchange columns and filters, Figure 7 iz a phutogranh of
the reinforced concrete standpipes, The standpipes vary from
18 to 36 inches in diameter and average 10 feet in depth, The bunkers

are divided by vertical concrete walls,



Host acidic liquid wastes having a high level of activity
result from fuel reprocessing experiments, They are stored at the
Waste Management Arvea in 2-1itre flasks encased in mild and stainless
steel cans swrounded by vermiculite, The vermiculite is a safety feature
providing absorption and an ion exchange capacity of approximately
0,7 milliequivalents per gram (Burns, 1960),

Future containment of strongly acidic irradiated liquors at the
WM Area will be in two 100 gallon stainless steel tanks set at about 15
feet below ground level and eguipped with fluid-level sensors and intske
and outlet piping, The tanks are double-walled and set in concrete,
Figure 8 is a photograph of the above-ground feed and sensor lines and
protective bunker,

The WNRE Health and Safety Division considers the groundwater
flow system only as a secondary line of defense in the containment
of these radiocactive wastes, It is appropriate to regard the hydrogeologic
environment in the WM Area as a containment medium, The type and degree

of the containment is the foeus of this thesis.,



FREVIQUS INVESTIGATIONS

Shawinigan Engineering Limited (1960) supervised the
preliminary geologic assessment of the Whiteshell Nuclear Reseaxch
Establishment (WNRE), Aggregate avallability studies and laboratory
permeablility tests were carried out by Templeton Engineering Company
Iinited (1960), Shelby-tube and split-spoon samples were obtained
and two 13-inch diameter well points were imstalled in the general
study area, The wells are now either abandoned or plugged, Little
of the information gathered at that time was of use in the present
investigation,

Geophysical Engineering and Surveys Limited (1960) conducted
a selsmic profile in the southern portion of the study area, This
work indicated a broken rock/bedvock contact, This has subsequently
been shown to be the overburden/vedrock contact,

Parsons (1963) examined the WNRE reactor building excavation,
Groundwater flow had developed in a fractured area in the southeast
corner of the excavation, A Fflow of 5> to 10 gallons per minute was
observed to move upward from the fracture, Sumps and drainage ditches
were recommended,

Charxon (1964) conducted a brief groundwater study in the
vieinity of the WM Avea, His study consisted only of surface observationg
of the terrain conditions and three shallow testholes bored by a small
portable auger, He did not obtain sufficient data to describe the ma joxr
stratigraphic characteristics of the area or the properties of the
groundwater flow system,



Lund (1967) conducted a shallow radiotracer injection expexriment
at a site adjacent to the WM Area, The results indicated anomalously
high groundwater flow velocities., This to some extent prompted a much
more detailed hydrogeologic study of the area which began in the spring
of 1968, This study was undertaken by faculty and graduate students
of the University of Manitohbas,

Mills and Zwarich (1970) described the cation exchange potentials
in the study area, Soil samples were collected at depths up to 30 feet
from five boreholes in the WH Area,

The Department of Earth Sciences undertook a comprehensive hydro=
geologic investigation of the genemnl study area in 1968, The groundwater
flow system was instrumented with auger-installed piezometers and
water-table wells (Fig, 9). Three radiotracer injection sites were
installed, The results of field studies conducted during 1968 and
1969 were described by Beswick (1971) who collected water-level data
and began the tritium tracer monitoring Programme, Beswick also
conducted a number of piezometer response tests and groundwater
temperature observations,

Chagarlamudi (1971) conducted seismic and surface Tesistivity
profiles along the east/west and north/south roads in the area, The
bedrock depths determined by Chagarlamudi were used in the preparation
of this thesis,

Papers by Cherry, et al, (1970 and 1971) and Chexry (1972) have
described the geochemical processes in the groundwatexr zone and the
properties of the various segments of the groundwater flow system in

the area,



The continuation of field data collection during this study made
possible a comprehensive view of the long-term flow system behaviour,

Up to four years of recorded data were available,



METHODS OF INVESTIGATION

Drilling and Sampling

During the thesis investigation 27 piezometer nests were
installed in the study arxea, They were placed in areas unaccessible
to the equipment used by previous investigators. This brought the
piezometer network to a total of 67 piezometer nests, or approximately
240 individual piezometers and water-table wells (Fig, 9).

The piezometer: were constructed of 0,07 foot inside diameter
polyvinylchloride piping hand-slotted at the bottom three feet, A
fiberglass wrap sexrved as a screen in the intake zone, Construction
details are shown in Figure 10, Most of the piezometers were placed
in boreholes drilled by an auger mounted on a tracked vehicle,

Seven of the piezometerxrs and plezometer nests were installed in
boreholes drilled by a truck-mounted auger, The auger flights were

four to six inches in diameters both solid- and hollow-stem augers

were used, Vashed silica sand was placed about the piezometer intake
area which was thenisolated from overlying units by a concrete

seal placed immediately above the slotted length, During the piezometer
installation disturbed soil samples were collected from the auger
flights; an error of + one foot in the well log intervals is assumed,

Five screened wells were installed in the WM Area in 1971
using a truck-mounted cable tool drill., Both suction and dart-valve
bailer sampling were used as well as split-spoon coring, Detailed
stratigraphic information in the WM Area was obtained,

8



Design and Installation of Wells

Four of the five screened wells installed encircle the WM Area
while one well is set at its centre (Fig, 11)., A 6-inch diameter
water-table well was installed in a borehole adjacent to each
screened well, The screened wells and water-table wells are of a laxrge
enough diameter to receive continuous chart water-level recorders,
However recording well RW-2 is 2-inches in diameter as opposed to
the 4-inch casings of the four remaining wells, The 2-inch piping and
sand point were placed inside the outer 4-inch service casing and
the casing pulled., All wells except R¥-2 were equipped with Johnson
stainless steel well screens telescoped into position inside the
well casing, The well screen slot sizes were selected on the basis of
cumulative weight pexrcentages of sieved formation samples, Figure 12
shows some of the construction aspects of the five wells, Figure 13
is a photograph of the multi-slot screen used in well R¥-5,

Pumping Tests
Three aquifer performance tests were conducted in 1971 using wells

RW-1l and RW=3, This involved the pumping of either well while water
levels were measured in the adjacent water-table wells, screened wells,
and plezometers of the immediate area, Measurements were continued
after pumping stopped until vecovery of the plezometric level was at
least 85 per-cent complete, By evaluating the rates of drawdown and
recovery in the pumped well and obsexrved wells, the hydraulic
characteristics of the aquifer underlying the WM Area were determined,
The aquifer performence tests provided transmissibility values and

- storage coefficients for the area within drawdown effect,
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RW-1 was pumped at 1 gallon per minute for 21,0 hours with
a maximum distance of hydraulic head interference of approximately
650 feet, RW-3 was pumped at 9 gallons per minute for 10,5 hours
with 2 maximum distance of hydraulic head interference of
approximately 1000 feet, The pumping of RW-3 created the greatest
drawdown effects in the basal aquifer underlying the WM Area,

Prior to each test a centrifugal-jet pump was installed above
ground with the pump intake immediately above the screen, A direct
reading discharge meter was attached to the gate-valve controlled
discharge line (Fig, 14), A trailer-mounted generator supplied
the electrical power., The discharge was checked by the rate metsr
and by simple bucket measurements, Drawdown and recovery in the
observation wells were measured by electric tape and by Stevens
Type F continuous-chaxrt water-level recorders, An electric tape
was used to measure drawdown in the pumping well, Figure 15 shows

the equipment used in the RW-1 pumping test,

Water-level Drawdown Tests of Piezometer Response

A second method used to determine the hydraulic characteristics
of the deposits in the study area was a bail-down responss test for
plezometers which was developed by Hvorslev (1951), Each piezometer
was flushed and bailed prior to the water-level drawdown response tests,
This reduced the effect of possible plugging at the piezometer tip,

Each plezometer was then bailed to a depth sufficient to allow a
succession of recovery measurements, Measurements of the recovery
water levels continued until at least 90 per cent of the original

water level was obsexrved,
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A recovery ratio in terms of hydraulic head in feet was
determined for each piezomster following bail-down, Using the
rate of recovery, the hydraulic conductivity of the formation
immediately surrounding the Piezometer intake area was determined,
Ninety per cent of all the piezometers were tested; thus,
approximately 190 individual response time graphs were drawn

and analyzed,

Monitorigg of Piezometer Network

In order to define the hydraulic gradients of the study area,
water levels were measured in each plezometer beginning in 1968,
The continuance of this data collection has rrovided a longer
record of the behaviour of the groundwater flow-system than was
available to earlier investigators,

Using the water-level data collected in 1970 and 1971, &
better areal coverage of the flow system was possible, This also
allowed a more comprehensive description of the system based on a

longer period of hydraulic head recordings,

Groundwater Chemistry Analyses

Water samples were collected from the intake zone of each
Piezometer using a Polypropylene sampling tube and a vacuum pump,
The samples were isolated from the atmosphere on removal to the
surface and sealed in polypropylene bottles,

Field pH measurements were made using the Radiometexr null-

balance pH meter, model PHM=4, Groundwater samples were collected
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from the piezometer intake zone through a polypropylene sampling tube,
Each sample was transferred directly to a sample bottle immersed in an
ice-water bath, Constant pH buffer solutions were used in the field
for calibration and determinations, Down-hole electrolytic
conductivity was determined using an extended cable Solubridge
conductivity cell and meter, model B3-338, The conductivity probe

was lowered to the pilezometer intake zone; electrolytic conductivity was

neasured in micromhos per cm,

Measurement of Groundwater Temperatures

The groundwater temperature at each piezometer was measured
using a Whitney extended~cable thermistor, model TC=5A, The
temperature cell was lowered to the plezometer intake zone and
allowed to adjust to the down-hole temperature, All Yeadings were

o]
measured with a precision of 0,01 C,

Sampling of Tritium Injection Sites

The three tritium injection sites located in Figure 9 were monitored
for a period of two years, Beswick (1971) discussed the first six months
of Injection site monitoring, No significant movement of the injected
tritium was observed at that time. This thesis describes the results of
the last 1% years of monitoring,

Samples collected from the injection site plezometers were
analyzed for tritium content using a Nuclear Chicago Mark IV liquid
scintillometer, The samples were obtained using down=hole Polypropylene
sampling tubes and standaxd 250 millilitre vacuum flasks, A poxrtable
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vacuum pump was brought to the field during sampling, BEach injection
slte plezometer was equipped with a permanent tube and flask unit,
These units were either totally or partially replaced in 1971

following bailing and flushing of the injection site plezometers.



STRATIGRAPHY

General Study Area
A lacustrine clay, lacustrine silt, clay-loam till, and

beach and nearshore sand and gravel comprise the surficial units
of the study area (Fig, 16), The basal sandy drift and a portion
of the uplands sand and gravel comprise the basal sand aquifer,
The bedrock 1s Precambrian granite,

The lacustrine clays and silts and clay-loam till overlie
the basal sandy drift in the western half and southeastern section of
the study area (Figs. 17 and 18), The upland sands and gravels in
the northeast thin westward grading into the basal sandy drift,

The basal sandy drift consists of medium and poorly soxrted, clean to
silty, fine sands and gravels. Thin clay and silt interbedding has
been observed, The basal drift is equivalent to the Belair Drift
describsd by McPherson (1968),

The basal sand aquifer consists of two stratigraphic units:
the tasal sandy drift west of the uplands high and the beach and
nearshore sands and gravels between plezometer nests P-21 and P=22
(Fig, 17) which grade southward into the basal drift. The sand
aquifer is confined by the less permeable overlying clay-loam till
and impermeable granite bedrock, The thickness of this sandy two-
part aquifer is shown by the isopach map of Figure 19, The determination

L
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of thickness and lithologic variation of the basal aquifer is an
important feature of this thesls work,

Geologic cross sections A-A® and B-B' (Fig, 17 and 18) are based
on drill logs obtained during installation of piezometers and wells

between 1968 and 1971, The logs are described in Appendix A,

Bedrock Suxface

Bedrock in the study area is a relatively impermeable Precambrian
granite, In the general aiea outcrops along the Winnipeg River and
exposures along access roads to the WNRE site show no open fractures,
Templeton Engineering Company Limited (1960) described the bedrock
which outcrops northeast of the area as a "dense, pink granite with
occassional mafic zones”, Parsons (1963) reported that a small portion,
approximately 16 square feet, of the total bedrock surface exposed at
the WNRE reactor building excavation appeared to be fractured (Fig. 20).
The remaining exposed bedrock, approximately 10,000 square feet, was
s80lid and relatively smooth,

The bedrock surface contours of Figure 21 were prepared from
the geologic logs described earlier and the selsmic and resistivity
profiles of Geophysical Engineering and Surveys Limited (1960) and

Chagarlamudi (1970),

Waste Management Area

Split-spoon cored samples of the stratigraphy in the WM Area

were collected during cable-tool drilling in 1971,

"k
o
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Figure 22, a generalized three-dimensional stratigraphic cross section,
was constructed from the geologic logs of these drillholes, Some
stratigraphic information was obtained from the borehole sampling carried
out during earlier piezometer installations in and neax the WM Aréa.
Figure 23 shows the lithologles and facies indicated by these test-
drilling programmes., Appendix A lists the geologic logs of the laxge
diameter screened wells installed in 1971,

Surficial units in the immediate vieinity of the WM Area consist
of 8 to 10 feet of dark grey lacustrine clay and another 10 feet of
clayey silt-till, Complexly interbedded and texturally varied sands
and gravels comprise the basal sandy drift which underlies this silt=till,
The average thickness of the basal sandy aquifer is 20 feet, Figure 24

is a photograph of a typical cored section from the basal sandy drift,

a
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GROUNDWATER FLOW SYSTEM

Hydraulic Head Distribution

Water-level data recorded from the WNRE piezometer network between
1968 and 1972 allowed a long-term re-evaluation of vertical ¥echarge and
discharge gradients and lateral flow movements, This re-evaluation of
head distribution supports the interpretation of Beswick (1971) for the
portion of the system instrumented during his investigation, A general
stability of the flow system is indicated,

Figure 25 shows the water levels recorded in the basal sandy
aquifer and the uplands sand and gravel, Figure 26 shows the configuration
of the water table, The zones of recharge, dischaxrge, and transition
were delimited (Fig, 27) after comparing the basal sand and water table
head distributions,

Recharging flow gradients occur where the water levels in the
basal sand aquifer are lower than that of the water table, Groundwater
moves downward towards the basal sandy aquifer under the influence
of this hydraulic gradient, Groundwater moves upwaxrd where the water
level or hydraulic head in the basal sands is greater than that of the
water table, Discharging vertical gradients occur where groundwatel
moves in this upward direction, Transition zones exist where the
hydraulic heads of both the water table and besal sandy aquifer are equal,

Figure 25 shows lateral east to west groundwater flow in the basal
sand aquifer, A slight northeast to southwest lateral movement from

the northeentral portion of the study area Jjoins this flow neaxr the WM Area,

17
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Though the principal lateral flow;is to the Winnipeg Rivexr, a portion
is directed northward by the hydraulic head “low" immediately adjacent
to the western transition zone, A major portion of the groundwater
‘‘‘‘ flow which moves laterally beneath the WM Avea is dirvected away from
and parallel to the Winnipeg River by this “low", Groundwater residence
time in the area of anomalous head distribution is significantly increased,
The head distribution in the basal sandy aquifer is influenced
by stratigraphic variation, Geologlc cross section B - Bf (Fig, 18)
_______ shows that the basal sandy drift thins beneath the less permeable overlying
ti11, Hydraulic head in the basal drift becomes higher than that of the

water table, The head decreases as groundwater moves beneath the central

discharge area into the western transition zone, The head in the basal sandy

drift is then lower than the water table; a recharging hydraulic
gradient is established, Iateral groundwater flow continues to a final
discharge éone at the Winnipeg River.

Groundwater movement in the basal sandy aquifer along geologic
cross section A - A®' (Fig, 17) coincides with the hydraulic gradients
generated by the uplands water-table aquifer grading into the thinner,
more poorly sorted basal sandy drift, The change to a thinner, confined
aquifer having poorer hydraulic characteristics ereates.a discharging -
head in the basal dxift. Highexr heads bccur in this portion of the
central discharge area because energy losses along groundwater flowgliﬁes
from the uplands recharge area are less, As compared to geologlic cross
section B - B', the losses are less because the sandy deposits along A - A®

are thicker and extend to the uplands recharge zone,
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The northeast to southwest lateral flow that occurs in the central
discharge area is a result of the hydraulic head differences in the basal
sandy aquifer as observed along cross sections A - A' and B = B*, The
groundwater “low" near the western transition zone is an additional
complicating factor which ultimately reverses this trend. |

Hajor ion distribution as well as pH values and total dissolved
solids (TDS) concentrations indicate anomalous flow conditions in the
area of the groundwater "low", This will be discussed in the following

section,

Distribution of Major Ions

Major ion distribution and electrolytic conductivitles were
correlated to the geologic cross sections. The water quality variation
duplicated the cross sectional flow patterns (Figs, 28 and 29), Definite
indications of vertical and lateral flow are apparent in the increasing
hydrochemical concentrations. The increases are in the direction of
groundwater movement, HMajor hydrochemical ancmalies in the area
correspond to hydraulic head anomalies, The anomalous groundwater "low"
near the western transition zone was indicated,

The groundwatey flow system was also interpreted through
contouring the TDS concentrations and pH of the water table (Figs. 30 and 31),
Figure 32 shows the contoured pH values of the basal sandy aquifer,

Zones of vertical discharging and recharging hydraulic gradients and
the two transition zones are reflected by the hydrochemical contours,
Northeast to southwest lateral flow in the central discharge zone is

also indicated by the pH and TDS contours,
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Highexr TDS concentrations in the water table of the central discharge
zone compared to the adjacent recharge zones indicate upward movement,
of groundwater from the basal sandy drift through the glacial and glacio-
lacustrine deposits, Dissolufion of additional anions and cations
acéompanied by ion exchange occurs as groundwater moves vertically through
the overlying loamy clay- and silt-tills and lacustrine clay, Evapo-
transpiration produces a final concentrating effect, The end result is
a high TDS concentration in the water table,

A major portion ofachemical dissolution and precipitation sequence
that originates in the uplands recharge zone and terminates at the
Winnipeg River was studied., Appendix B describes a theoretical chemical
evolution sequence starting in the uplands rechairge area along cross
section B - B® and ending at. the water table of the central discharge
zone, An indication of the masking potential of chemicai precipitates upon

ion exchange surfaces in the clays of the WM Area was obtained,

Groundwater Temperature Distiribution

Groundwater temperatures in the study area varied from 5°C to 7°¢,
The maximum water-table temperaturg observed was 7°C in the uplands sand
and gravel, The maximum temperature in the basal sandy drift was 5,8°C,
Figures 33 and 34 are the contoured temperatizre distributions, Hydro-
thermal gradients wére correlated ﬁith the groundwater flow pattern,
Temperature variations in the water-table zone indicate the central
discharging gradients and the western transition zone and groundwater

"low". The northeast to southwest lateral flow in the basal sandy drift
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appears to have some effect on the water-table temperature, Anomalous
temperature distribution in the basal sandy dxift occur in zones which

also have anomalous hydraulic head distribution,

Distribution of Natural Deuterium

The deuterium content of water samples collected from the
plezometers along cross section A - A' was determined and the results
related to the geologic cross section, As shown in Figure 35, 140,.5
ppm deuterium is the apparent maximum concentration in the uplands
recharge zone, The deuterium concentrations appeaxr to increase
westward along the flow system to a maximum of 146,0 ppm in the
lacustrine silt of the lowlands recharge area, Some correlation of
increase in deuterium contentwith groundwater flow direction appears
possible though natural deuterium concentrations are normally

independent of the flow gradients,

Groundwater Flow Rates

The groundwater flow rate in the basal sandy drift was calculated

using the Darcy equation in the modified form as described by Todd (1959)
17 V= (k) (ah/ax) (1/6)

where V is the average velocity of the groundwater flow,
k is the average hydraulic conductivity of the

stratigraphic unit,

ﬁ%-is the hydraulic gradient across the seepage area,

6 i1s the average effective porosity,
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In earlier investigations (Cherry, et al,, 1970) the above
equation was used to estimate hydraulic conductivities by calculating
average flow velocity "V" from the mean annual precipitation and the
percentage of precipitation contributing to a particular rechaxge
segment, Employing this mass-balance concept, the modified Darcy
equation was used to determine the most probable hydraulic conductivity
in the basal sandy drift of the WM Area, Using precipitation data
obtained from Reimer (1970) and observed hydraulic gradients in the
basal sandy aquifer, this was calculated to be 1 x 1075 to 1 x 10%
feet per second, This indicated a general flow rate of 10 feet per
year, As recharge rates, recharge segment areas, and discharge effects
on flow volume are approximsted, the mass-balance method of calculating
rate of groundwater flow may be subject to considerable inaccuracies,

In thls study the hydraulic conductivities of the basal sandy
drift were calculated from screened-well pumping tests and bail-down
response testing of plezometers, The effective hydraulic conductivity
of the basal drift in the WM Avea was calculated to be 5 x 10~5 feet
per second, This is further discussed in a later section,

A hydraulic gradient of 2,2 x 10”2 between piezometers P-3 and
P-9 (Fig, 9) near the WM Avea and a hydraulic conductivity of 5 x 1079
feet per second were used in Equation 1, The horizontal hydraulic
conductlivity was determined from aquifer pexformance testing
of the basal sandy drift in the WM Area, An average effective porosity
of 0,33 was suggested by Bakhtiaxi (1971) for bulk sandy deposits of
glacial origin, The flow rate in the besal drift aguifer was calculated
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to be 9 feet per year between piezometers P-3 and P-9, An increase in
the hydraulic gradient by as little as 0,001 would increase this flow
rate by approximately 70 per cent, Using an average effective hydraulic
gradient of 3 x 10_3, the flow rate across the WM Area is calculated to
be approximately 15 feet per year. This is a more realistic, general
value of groundwater flow rate in the axea.

The tritium injection site monitoring programme provided an
estimate of groundwater flow rate in the basal sandy drift at injection
site I. Results gathered over the last year of study indicate flow rates
in the range of 15 to 30 feet per year, The use of tritiated water as
the injected radiotracer is acceptable; the observed rate of tritium
movement is equivalent to the rate of groundwater flow (Theis, 1963),
Figure 36 shows the extent and direction of the tritium movement,

A progressive increase in the tritium concentration at the intake
zone of various piezometers in the injection site was observed, All
increases were determined over a two-year tritium monitoring programme
though the last one and one half years were the most significant,
Increased tritium activities are given in relative units; i.e,, one
unit is equivalent to a 100 per cent increase over original activity levels,

Figures 37 and 38 show the groundwater flow directions indicated by
tritium concentration increases at the numbers II and III injection sites,
These sites are described by Beswick (1971). At the most northern of the
two sites, sampling piezometers were set in the basal sandy drift,

Injection site III immediately to the south is comprised of piezometers

set in the clay-loam till, Both sites are located in the hydraulic
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head "low", At site II a northwesterly groundwater flow is indicated,
At site III no definite flow direction is apparent, The anomalous flow
directions correspond to the anomalous hydraulic head distribution of

the groundwater "low",



HYDRAULIC PROPERTIES OF THE STRATIGRAPHIC UNITS

Hvorslev Response Tests

Horizontal hydraulic conductivities of the stratigraphic units
in the study area were calculated using the water-level drawdown method
described by Hvorslev (1951). A semi-logarithmic graph of hydraulic
head ratio, the comparison of remaining drawdown at some point in
recovery to original drawdown, versus time after recovery began was
prepared for each piezometer tested, A valid head ratio was determined
from this straight-line graph, Time corresponding to the valid head
ratio was determined, Head ratio and time were used in Hvorslev's variable

head formula shown in Equation 2,

2] Ky =L/;2 « In (mL/D+ /1 + m2L2/D2J%_)_;7 1n (H/H927 Z_B—"L“(tz- tl_Lf/T

where X, is horizontal hydraulic conductivity,
m is a transformation ratio equivalent to one,
d, Dy, and L are shape factors related to plezometer diameter and
length of intake area, and
H/Ho, is the ratio of remaining drawdown to original drawdown at time
2=t which is the time after recovery begins or an interval of recovery,
In indicates the natural logarithim of a quantity,
These factors are described in Figure 39 and Appendix C,
A semi-logarithmic plot (Fig, 40) indicates any deviation from

normal piezometric response as departures from the slope of the straight

25
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line joining successive response test coordinates, Slope deviation may
be caused by well-screen plugging, initial high permeability response
in an artificially sand-packed well ox riezometer, etc, Potential
sources of slope deviation are described in Figure 41,

The standard Hvorslev equation for determining hydraulic conductivity
uses the basic time lag which corresponds to a head ratio of 0,37 (Fig, 40),
This equation was replaced by the variable head formula (Equation 2)
because of the latter®s independence of the time lag factor. Using
Equation 2 an initial steep slope in a semi~logarithmic graph can be
neglected if original drawdown is large enough to compensate for the
abnormal portion of the graph,

Determination of hydraulic conductivity was simplified by using
an Olivetti-Underwood Programma 101 for which a three-part programme was
developed, Conductivity values were statistically analyzed using a pro-
cedure. Jeveloped for the Programma 101 by Williams (1968), Hydraulic
conductivities were entered in logarithmic form; thus, means and
standaxd deviations were not weighted unevenly due to very high or
very low orders of magnitude,

Figures 42 and 43 show the results of the Hvorslev tests, Mean

horizontal hydraulic conductivities are listed below,

HYDROSTRATIGRAPHIC MEAN HYDRAULIG GONDUCTIVITY
UNIT ft/sec cm/sec
Lacustrine Silt 2,04 x 10~° 6.22 x 10~7
Lacustrine Clay 2,09 x 10~ 6.37 x 10°°
Clay-loam Till 1,05 x 1078 3,20 x 1077
Basal Sandy Drift 1,38 x 107 4,21 x 1076
6

Lacustrine Sand 1,91 x 10~ 5.82 x 1077
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Means and standaxrd deviatidns of the hydraulic conductivities
ave expressed in thelr logarithmic equivalents (Figs. 42 and 43),
For example, the mean hydraulic conductivity in feet per second for
the tasal sandy drift is 7,86 or the logarithim 3,14 - 10, In whole
numbers this value becomes 1,38 X 10"7 feet per second, The standaxrd
deviation is 5,13 x 1077,

Graphs in Figure 44 show the ranges of hydraulic cbnductivity in
the sandy deposits and clay~loam till, Low values of conductivity
are dominant in the till., The few high values are probably due to
secondary permeability features such as fractures,’ Maximum hydzaulic’

éonductivities in the sandyﬁdeposits vaxy fmnm10’7 to 10-5

feet pex
second, Cedergren (1967) suggests a horizontal hydraulic conductivity
of 1077 feet per second for deposits texturally equivalent to the
basal sandy drift of the WM Area. A hydvaulic conductivity of 1077
feet per second is the general order of magnitude in terms of most

probable conductivities suggested by the mass~-balance and modified Darcy

equations discussed earlier and the aquifer'pumping tests described below,

Aquifer Pumping Tests

Recording well RW-3 was pumped for 10,5 hours on August 24, 1971,
Figure 45 shows the extent and configuration of the drawdown cone, The
well was pumped at a controlied rate of 9 gallon per minute with a
maximum fluctuation of 2 gallon per minute., Initial avallable drawdown

was 21 feet, Specific caﬁécity of the well at a time of one hour was

approximately 1,1 gallon per minute per foot of drawdown, Figure 46 shows
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the drawdown and recovery data from RW-3 plotted in the standard semi-
logarithmic manner described by Jacob (1950), The Jacob straight-line
analysis is valid as long as the assumptions of constant aquifer
thickness and non-leakiness are adhered to, The drawdown and recovery
for a period of one log cycle were determined from the stralght-line
graph, This produced the drawdown/recovery rateAS®, A transmissibility
of 250 gallon per day per foot was calculated using the method shown
in Figuve 46 (Johnson, 1966),

Similaxr graphs of drawdown versus time were prepared for observation
wells RW-1, RW-2, RW-4, and piezometers P-17(32) and P-5(28) set at 32
and 28 foot depths respectively (Figs, 47 through 51), Local trans-
missibllities were determined from the graphs, The values apply to the
areal extent of the drawdown cone produced, Transmissibilities calculated
from these data are between 500 and 900 gallon per day per foot, Using

an effective aquifer thickness of 20 feet and the relation
37 T = Kb

whele T is transmissibility in gallon per day pexr foot,
K is horizontal hydraulic conductivity in feet
per second, and
b is aquifer thickness in feet,
the hydraulic conductivity was calculated to be 8 x 10_5 feet per second
for a transmissibility of 900 gallon per day per foot, A transmissibility

of 500 gallon per day per foot is equivalent to a hydraulic conductivity
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of 5 x 1072 feet per second using an aquifer thickness of 20 feet,

This is slightly greater than the maximum Hvorslev hydraulic conductivity
of 3 x 10“5 feet per second calculated for the sand deposits in the

study area, |

Some high transmissibilitles are expected in the clean,vcoarse
sand and gravel lenses of the WM Area, As the basal sandy drift is
neither homogeneous nor isotropic, no constant value of transmissibility
or storage coefficient is possible., The heterogeneity of the hasz} sandy
drift assures varied transmissibilities and storage coefficients,

However a transmissibility of 500 gallon per day per foot is a realistic,
general value for the basal drift of the WM Area, The storage coefficients
calculated from the drawdown data (Figs. 47 through 51) range from 10““ to
1073 and ave typical of sandy confined aquifers (Walton, 1970).

At the end of pumping recording well RW-3, the drawdown cone shown
in Figure 45 negated or reversed the vertical hydraulic gradient in only
a portion of the WM Area, To reverse the vexrtical gradient in the entire
WM Area by pumping RW-3, a minimum drawdown of 3.5 feet at observation
well RW-1 was necessary, This would have required an additional 22 hours
of continuous pumping at 9 gallons per minute,

Figures 52 through 56 are arithmetic graphs of drawdown versus
time for the observation wells RW-1, RW-2, RW-4, and RW-5 and the pumped
well RW-3, Lowering of the hydraulic head distribution in the basal
sandy drift aquifer is shown, The behaviour of water-table levels is
also shown, Observation well RW-4 and the adjacent water-table well

RWI-4 (Fig, 55) appear to be hydraulically connected, This is a very
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unexpected result in light of the lack of water-table response elsewhere
in the WM Avea, Hydraulic connection may be the result of an adjacent
abandoned borehole 1eft by earlier investigators or fractures and desic-
cation cracks in the overlylng units.

Well RW-1 ﬁas pumped on August 26, 1971 following the recovery of
the drawdown caused by pumping RW-3, Well RW-1 which had a static level.
at ground surface and an avallable drawdown of 24 feet was initially
pumped at & rate of 2 gallons per minute, After 108 minutes the pump
broke suction and the test ended, Figure 57 shows the extent and
‘configuration of the drawdown coné. |

Following the recovery of RW-1, it was again pumped but at a
veduced rate of 1 gallon per minute. The test continued for 21 houréj‘_.
Figure 58 shows the semi-logarithﬁic graph of drawdown versus time,

During the latter part of the test, the slope of drawdown versus time
decreased, Theié (1940) suggests such decreases are attributable to
Fecharge from lateral groundwater flow or from vertical leakage.
Observations of water-table levels and water levels in the overlying
111 during the RW-1 pumping tests did not conclusively indicate vertical
leakage, Long-term pumping tests by Grisak in 1972 (personal communication)
indicate that vertical leakage becomes significant as pumping continues,

| The transmissibility determined from the pump well dvawdown

(Fig. 58) is approximately 40 gallon per day per foot, This low value

may be a result of insufficient well development, A mean storage

coefficlent of 7 x 10-4

was calculated using the Jacob graphs prepared
for observation piezometers P-5(28), P-57(41), and I-5(29) as shown in
Figures 59 through 61, The mean transmissibility calculated from these
 graphs was approximately 200 gallons per day per foot, a more realistic

value considering transmissibilities indicated by the RW=-3 pumping test,
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After pumping RW-1 for 21 hours, the drawdown cone had encompassed
the WM Avea (Fig, 62), The rate of expansion had decreased considerably
as the areal extent of the drawdown cone was sufficient to supply the
low pumping rate of 1 gallon per minute, Drawdown values recorded for
the basal sandy drift were relatively low compared to the drawdown of
the RW-3 test, This was a result of the poorer aquifer charactefistics
at well RW-1, The specific capacity of RW-1 was only 0,1 gallon pex
minute per foot of drawdown at a time of one hour after pumping began,

Figures 52 through 56 show the effects that pumping of well RW-1
has on the drawdown of the basal sandy drift hydraulic head and on the
behaviour of the water table, No hydraulic connection between the basal
drift and the overlying till and clay was observed,

Wells RW-2, RW-4, and RW-5 were not used for long-term aquifer
performance testing during the study, Wells RW-2 and RW-4 do not have
a sufficient well yield, RW-5 was not developed at the time of study,

The following table summarizes aquifer characteristics calculated

from test data obtained by the pumping of wells RW-1 and R¥-3,

PIEZOMETER OR WELL PUMP;NG TEST OE*RW-i PUMP;NG TEST OE*RW-B

OBSERVED T s T S
Recording Well RW-1 38 - %0 1.3 x 10°F
Recording Well RW-2 - ——- 450 0,8 x 107%
Recording Well RW-3 - ——— 250 -
Recording Well Ru-b - ——— 630 2.4 x 10°%
Piezometer P~17(32) - - 920 1,0 x 10~3
Piezometer P-5(28) 200 6,3 x 1073 360 6.6 x 107%
Piezometer P-57(l41) 280 1.7 x 107% — ———
Piezometer I-5(29) 220 b1 x 1o°4 ——— ———

*Tramsmissibility in gallon per day per foot *#Storage Coefficient
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Discussion

Hvorslev response testing placed each stratigraphic unit in a range
of horizontal hydraulic conductivities. A conductivity of approximately
3 x 10'5 feet per second was the maximum value determined by this method
for the sand deposits in the area, This is equivalent to a transmissibility
of 340 gallons per day per foot which is in the range of transmissibilities
calculated from data obtained by the pumpingofwells RW-1 and RW-3,

The aquifer pumping tests allowed the calculation of approximate
transmissibilities and storage coefficients of the basal sandy drift in
the immediate vicinity of the WM Area, The transmissibility in the
vicinity of RW-1 is approximately 200 gallons per day per foot, This
is equivalent to a horigzontal conductivity of 1.3 x 10“'5 feet per second,

Higher transmissibilities were indicated by the pumping test of
well RW-3, Unexpectedly high values were observed in the direction of
piezometer P-17(32), Hydraulic conductivities as great as 8 x 10~5
feet per second were indicated, Though transmissibility and storage
coefficient calculated using drawdown data from a particular observation
well depend on the aguifer characteristics of the entire drawdown cone
area, the characteristics between the pump well and the observation well
are particularly important, This suggests that a high conductivity zone
may exist between piezometer P-17(32) and the pump well RW-3, Storage
coefficients of 1 x 10‘4 to 5 x 10-3 were calculated and are in an

acceptable range for sandy confined aquifers.



HYDROGEOLOGIC PROCESSES IN THE WASTE MANAGEMENT AREA

Flow Conditions

As the WM Area is located in the discharge zone, natural dissolved
groundwater constituents in the till and clay must be carried upward to
the water table, This process is confirmed by the hydrochemical patterns
discussed earlier, It can therefore be concluded that if radionuclides
were to enter the groundwater in the disposal zone, they also would be
carried upward, Contaminated liquid, if not significantly more dense
than the natural groundwater, would be transported upwards to the water
table and the root zone,

Movement of contaminated liquids could possibly occur along
the outside of a standpipe or bunker where the annulus between the
exterior of the containing installation and the soil is improperly sealed,
Backfilling with sandy material or large blocks of till ox clay would
have the effect of a high permeablility channel directing liquid
contaminants to the water table and root zone, A high rate of radio-
nuclide transport must be considered possible,

Owing to the lack of detailed information on methods of
backfilling containment facilities in the WM Area, a calculated yate of
groundwater flow along the exterior surface of the standpipes ox
bunkers may be an order of magnitude in error at best, Assuming the
excavated clay or till was replaced around the exterior of the

containing unit and lightly compacted; a vertical hydraulic conductivity
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equivalent to or greater than that of themsal sandy aquifer might
apply. The material would be disturbed and all low permeability
field characteristics would be destroyed,

If contaminated liquids were to leak slowly into the discharging
flow system of the WM Area, they would move upward through till and/or
clay providing the contaminated liquid was not significantly more dense
than the groundwater, If the clay-loam till and lacustrine clay are
considered a continuous unit, the vertical hydraulic conductivity
should be no greater than 5 x 10'8 feet per second, If considerably
larger vertical hydraulic conductivities were to occur as a continuum
in these units, more water would be transported upward to the water table
in the central discharge zone than is available to the system from
precipitation in the uplands recharge area, An average effective
porosity of 0,05 is acceptable, The average distance from the base of
the clay-loam ti11l to the water-table zone is 20 feet, There is an
average hydraulic head difference of 3 feet, The maximum rate of flow
as determined from the modified Darcy equation is 5 feet per year,

If a 1liquid contaminant has a density significantly greater than
the groundwater, it could flow against the discharging gradient and
enter the basal sandy drift aquifer, A westward flow towards the
anomalous "low" near the western transition zone would occur, The
maximun rate of groundwater flow in the basal sandy drift was calculated
using Bquation 1 and a hydraulic conductivity of 8 x 10"5 feet per second,
A flow rate of approximately 25 feet per year was indicated using an
effective porosity of 0,33 and a hydraulic gradient of 0,003, the

horizontal gradient between the WM Area and the western transition zone,
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If a contaminated liquid were to move laterally in the basal sandy
aquifer at a flow rate of 25 feet per year, it would reach the hydraulic
head "low" in approximately 150 years, At this time the already diluted
contaminant would be further mixed, The effect of the "low" would be
to alter the flow rate and flow direction of contaminated groundwatexr
moving laterally westward from the WM Area, The groundwater would be
directed northward and parallel to the Winnipeg River by the lateral flow
in the basal drift of the anomalous area, Groundwater residence time in

the basal sandy drift would be significantly increased,

Possibilities for Ion Exchange

Ion exchange in the deposits underlying the WM Area may
cause cation retardation if the direction of contaminant movement is
toward the water table or the Winnipeg River, Exchange of one ion for
another on the clays and silts could remove the long-lived radionuclides
Sr90 and Csl37 from the groundwater flow,

Back and Hanshaw (1965) indicate that Sr and Cs have a relatively
large affinity for being adsorbed, However the number of exchange sites
on the clay particles are limited, If similar concentrations of exchangeable
cations are present in water, a tendency for selective preference of the

exchangeable ions occurs, Back.and Hanshaw suggest that

B > st D> catt N gt

ost > ret > kP> mtN pt

where-:> indicates "a greater exchange affinity than",

and
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If the water contains large quantities of competitor ions, the
ability of a given ion to occupy exchange sites on the clay or silt
partlicles can be reduced, The capacity of a porous medium to adsorb
Sr and Cs can be appreciably reduced if the pore water contains Nat,
Ca++, and/or Mg#+ in concentrations much greatexr than the Sr or Cs.
Natural strontium is also a competitor with radiostrontium,

In the central discharge area, the groundwater contains relatively
high concentrations of the competitor ions, The concentrations of Ca++,
Mg++, and Na+ in groundwater moving upward to the WM Area water table
through the clay-loam till and clay are approximately 300 ppm, 200 ppm,
and 70 ppm respectively, This could appreciably reduce the cation
exchange capacity of the clayey deposits with respect to Sr and Cs,

Mills and Zwarich (1970) investigated the exchange potential
of the clays and till, Disturbed samples were collected from five
boreholes near the WM Area, The samples were disaggregated in the
laboratory; all field structure was destroyed, The tests were conducted
under controlled, laboratory conditions, Thelr results indicate greater
ion exchange potential in the lacustiine clay as opposed to the clay-
loam till, The affinity for Cs was significant while that for Sr was
relatively low,

However the precipitation of carbonates and sulfates along the
Jjoints and desiccation cracks of the surficial clay and till units may
block the ion exchange surfaces, This would significantly decrease the
expected ion exchange capacities, Beswick (1971) and the Templeton
Engineering Company Limited (1960) report calcite and gypsun coatings
on numerous Jjoints and fractures in the upper 10 feet of surficial

deposits in the WM Area,
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Ton exchange in the basal sandy drift was considered in view of
the clays and silts that ave present, Though the clay to sand ratio of
the basal drift is much lower than that of the overlying till and
lzcustrine clay, even a small percentage of fine clayey sand and ¢lay
can provide significant cation exchange potential, Parsons (1961) in a
discussion on the Chalk River, Ontario soils states that "roughly one
half of the cation-exchange capacity /fis/ due to the dispersed clay

________ nineral (1%) and the remainder /is/ due to absorption on the fine sand
and silts (99%)"., The fine silty, clayey sands in the basal sandy drift
of the WM Area may provide limited capacity for retarding the westward
movement of radionuclide contaminants, Where clean, coarse sands are
involved, the ion exchange and absorptive effects would be negligible,

Merritt and Mawson (1967) also suggest that the rate of nuclide
transport may be considerably less than that of the groundwatexr flow,
This 1s due to retardation of the nuclide movement by ion exchange
effects as described earlier, Merritt and Mawson state that “the rate
of movement of Sy?0 through the soil [Bf the Perch Lake drainage basin
near Chalk Rivex, Ontarig7 is 0,027 times the rate of movement of the
groundwater”, Apparently the sandy soil of the Chalk River area does
not have a significantly greater fine sand and clay content than the
basal sandy drift of the WNRE, The ion exchange potential of the Chalk
River soil cannot be much greater than that of the basal drift aquifer,
It 1s possible that the residence time of radionuclides in the sandy

drift may be many times that of the groundwater itself,



CONTAINMENT BY MANIPULATION

As indicated above, the natural hydrogeologic environment in

and near the WM Area would provide a relatively high degree of

containment of radionuclides if contamination of the groundwater

zone should occur, Two problems, however, could arise if appreciable

quantities of radionuclides were to enter the groundwatexr zone in

the clay or till, Firstly, upward migration to the soil zone could

transport fission products to the root zme allowing them to cycle

through the ecosystem, And secondly, if dense liquid waste were to

leak into the groundwater zone, it could depending on its density move

downward against the direction of natural groundwater movement, The dense

contaminant might conceivably enter the basal sandy aquifer, If either
of these events occurred, remedial measures would be desirable, One
appreach Is to manipulate the groundwater flow pattern to achieve a desired
direction and rate of migration of the contaminants,

At least four general types of manipulation schemes are possible
using the pumping wells installed in the WM Area:

1) If radionuclides were to migrate upwards to the water table, the
migration direction could be reversed by reducing the hydraulic
head in the sandy aquifer, The head could be lowered by pumping
until all water levels measured in the observation wells set in the
besrl aquifer and encireling the WM Area are equal to or lower

than those measured in the adjacent water-table wells, Pumping
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would continue for a period of days or until the drawdown

in the basal sandy aquifer significantly lowers the watexr-

table level through vertical leakage. Pumping would be

discontinued before the contaminant was drawn into the basal

sands, It would be resumed upon recovery of the.basal sandy

aquifer hydraulic head distribution,

If potential contamination of the soil zone is such that

burrowing animals, ﬁegetation, or surface xunoff wounld tend to

cause dispersion into the food chain, it may be deslrable to

cover the ground surface with an impermeable cover or

pavement, This procedure would lead to further difficulties

due to the discharging groundwater unless the upwaxd

groundwater gradients are nullified or revexrsed by

reducing the hydraulic head in the basal sandy aquifer,

Pumping would produce this lowexed hydraulic head in the

manner described above,

If radionuclides move downward into the sandy aquifex

because of density difference, it may be desirable to

a) remove the fission products by pumping the wells set in
the basal drift. Installation of low-yleld large
diameter wells set at depths of 15 feet in and neax
the WM Area would be necessary if simultaneous removal
of fission products from the waier table is desixed,
This would accelerafa ﬁemoval of radionuclides from the

flow system though only to a slight degres,
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b) control the migration directions and rates by
changing the hydraulic head distribution 4in the
aquifer, In order to take advantage of the cation

exchange properties of the aquifer, curved or even

staggered migration paths may be induced, This would create

long travel distances in a relatively small area,
Hydraulic gradients would be produced in the direction
of the pumping well,
If it is desired to prevent downward migration of dense
contaminants, the upward hydraulic gradient in the till
and clay could be increased by injecting water into the
basal sandy aquifer through the screened wells, This would
increase the aquifer pressure much above natural levels,
Natural hydraulic gradients would be strengthened and a
hydraulic head "mound" would be produced beneath the WM Area,
Dense contaminants would migrate towards the water table with
the more effective discharging hydraulic gradient, The
contaminant would be prevented from reaching the water table
by allowlng the "mound" to decrease through discontinuing the
injection pumping, The procedure could be repeated as required,

All of the above manipulation schemes depend on one basic

factor—controlling the hydraulic head in the sandy aquifer, The

results of the pumping tests indicate that such control would be

feasible, Some examples of control procedures are described below,

Upon detection of a nuclide contaminant in the flow systen,

wells RW-1, RW=-3 and RW-5 could be pumped at the respective rates
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of 1, 8, and 4 gallons per minute, This would lower the hydraulic
head of the basal sandy aquifer,

Pumping could be continued until the water-level elevations
measured at observation wells RW-2 and RW=4 and the obsexvation
Piezometers about the WM Area are lower than the initial wmater-
table elevations measured at RWT-1, RWT-2, RWT-3, RWT-4, and RWT-5,
Intermittent pumping would follow the general lowering of the
hydraulic head below the water table, Continuous pumping could
create strong recharge gradients causing the contaminant to migrate
downward to the basal sandy drift, This should be avoided as the
groundwater flow velocities in this aquifer are significantly higher than
those in the overlying clay-loam till and lacustrine clay,

The radionuclides would diffuse laterally in the water table
while the wells are being operated, After initlal measurement of
the water-table levels, observation water-table wells nearest the
contaminant location ¢ould be pumped at very low rates, The
potentially active pump water could then Be monitored and if necessary
discharged to a covered trench lined with a high cation exchange
capacity clay. A shallow trench lined with a thick layer of
montmorillonitic clay is sufficient, Such an emergency retention
basin is described by Reichert and Fenimore (1962),

This basin would also receive discharge waters from the
screengd wells if the contaminant migrated to the basal sandy
drift, Wells down-gradient of the contaminant would be pumped
at thelr maximum yield while those up-gradient would remain off,
The drawdown cone would intercept the contaminant and produce

"~ relatively large volumes of active discharge water,
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Spreading montmorillonitic clay over the wateyr surface of
the emergency retention basin at intervals during the retention
period would accelerate the ion exchange process, When the
activity oflthe effluent is reduced below the maximum permissible
activity level for waste effluents containing sx90 op cs137, the
effluent could be discharged to the groundwater flow system, The

active clays remaining in the trench would be contained in place,



SUMMARY OF CONCLUSIONS

The major results of this study ave:
1) The general geology of the study area as indicated by the investi-
gations of Beswick (1970) and Cherry, et al, (1971) between 1968 énd 1970
was generally corroborated, The stratigraphic units were defined by
additional test drilling and formation sampling, The thickness of the
basal sandy aquifer was determined and the bedrock surface elevations
were mapped, Lower bedrock elevations and thicker sandy deposits were
obsexrved than had been previously indicated,
2) The boundaries of the flow system were defined and the flow
gradient established as stable over a four-year period, The transition
zones were delineated, New piezometer installations allowed more complete
coverage of the study area,
3) A hydraulic head "low" was indicated near the western transition
zone, The anomalous head distribution in the avea of the "low" was
obtained from the additional plezometers installed in 1970 and 1971,
L3 Major ion distributions indicate the groundwater flow direction,
Total dissolved solids and pH indicate the transition zones and the
hydraulic head "low". A northeast to southwest lateral flow in the
basal sandy driftwas also established, A Previously suggested east to
west lateral flow in the basal sandy aquifer was corroborated,
5) The stratigraphy of the area was defined in greater detail, Tt

is comprised of a surficial silty clay and clayey silt, an underlying
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clay-loam till, and a complex texturally varied basal sandy drift., In
the southeastern quarter of the WM Area, the basal drift aquifer becomes
finer and siltier with increased clay interbedding., The main portion

of the basal drift in the southwestern quarter of the WM Area is éomprised
of coarse, clean sands and gravels; variably sorted and sized materials
occur in the northern half,

6) A maximunm transmissibility of 900 gallons per day per foot was
calculated from pumping test data for the basal aquifer in the WM Area,

A more representative transmissibility is 500 gallons per day per foot,
The storage coefficient of the basal drift in the WM Area is between 10'4
to 10.3° The maximum hydraulic conductivity is 8 x 1075 feet per second,
7) Flow rates determined by tritium tracer monitoring are between

15 and 30 feet per year in the basal sandy drift near the WM Area,

Flow rates of 15 to 25 feet per year were calculated using representative
hydraulic conductivities of 5 x 1075 to 8 x 1077 feet per second, The
conductivities were obtained from the analysis of pumping test data.

The maximum Hvorslev hydraulic conductivity determined for the basal
sandy deposits of the study area was approximately 3 x 10-5 feet per
second, A flow rale ofat least 10 to 15 feet per year in the
clean sand lenses of the basal sandy drift aquifer was indicated,

8) Hydrogeologic manipulation of the WM Area flow system is possible,
The hydraulic heed in a portion of the basal sandy drift aquifei was
lowered by pumping and a partial reversal of the natural hydraulic
gradient was created, Various manipulation schemes were suggested by
which radionuclide migration could be controlled by pumping water from

or into the basal sandy aquifer,
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Figure 6.

Figure 7. Concrete standpipes, Waste Management Area.
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Figure 8. Subsurface containment site for liquid waste

having a high level of radicactivity.
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Figure 13. Installation of well screen at Recording Well RwW-5,

Figure 1}, Flow rate meter and discharge pipe.




Figure 15. Aquifer pumping. test of pump well RW-l.




7 7

W.N.RE PROPERTY BOUNDARY e o

s

clay loam and sandy till, associated
poorly=sorted sandy deposits

WINNIPEG

sand and gravel

/

LAGOON

7

TO PLA

o
7~
——

interbedded lacustrine cla;,
silt, and very fine sand

SR 2= I
lacustrine clay

and silt clay

(b
lacustrine clay
and silt clay

lacustrine clay
d silt clay

- O

ACCESS ROAD

WASTE MANAGEMENT AREA
BUILDING 503

SINGLE PIEZOMETER
PIEZOMETER NEST

\888) Topographic contour (feat)

Geologic contact

Figure 16.

Surficial deposits of the WNRE study area.




" ELEVATION ABOVE SEA LEVEL

WEST

CROSS SECTION A-A

0 1000 2000 3000 FEET

'900 METERS
VERTICAL EXAGGERATION 33X

—®
—®
—®
—E
%
—®
—®
—Q
—®
—®
—®

~

LACUSTRINE SILT UNIT G
S
-~ — ] LACUSTRINE CLAY UNIT

(C°7]CLAY-LOAM TILL UNIT

2{BASAL SANDY DRIFT UNIT

1 LACUSTRINE SAND UNIT

.
X4

UNDIFFERENTIATED SANDY
Coor] TILL,SAND,GRAVEL

.|PRECAMBRIAN BEDROCK

T T
//I\ _\.

N

@) LOCATION OF PIEZOMETER
. NEST AND TEST HOLE

HOLE TERMINATED AT
- APPARENT BEDROCK
- SURFACE

1 HOLE TERMMATED AT
GLACIAL DEPOSITS

Figure 17.

Stratigraphic cross section A - A' through the study area.




ELEVATION ABOVE SEA LEVEL

WEST

CROSS SECTION B-B'

0 1000 2000 3000 FEET
s s Nl s

i vy oy S

o) 300 600 900 METERS

VERTICAL EXAGGERATION 33X

| T ?%?g

METERS
FEET

I

|

269 ~f ~

255+

280~ =

245+

240

238 < ~—

JLACUSTRINE SILT UNIT

/IBASAL SANDY DRIFT UNIT

LACUSTRINE CLAY UNIT

LACUSTRINE SAND AND
GRAVEL UNIT

CLAY-LOAM TILL UNIT

PRECAMBRIAN BEDROCK

TH5  LOCATION OF TEST HOLE

LOCATION OF PIEZOMETER NEST
AND TEST HOLE

HOLE TERMINATED AT
APPARENT BEDROCK CONTACT

HOLE TERMINATED IN DRIFT

s LOCATION OF ACTIVE
= DISPOSAL

Figure

18. Stratigraphic cross section B - B' through the study area.



W.N.R.E. PROPERTY BOUNDARY

WINNIPEG

ACCESS ROAD
] WASTE MANAGEMENT . AREA

BULDNG 503

@]

SINGLE PIEZOMETER
PIEZOMETER NEST

o/

Thickness contour (fset)
of bascl sand

Figure 19. Isopach contour map of the basal sand units in the study area.

€9




Figure 20. Exposed surface of Precambrian bedrock at the

WNRE plant site excavation.
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24 Split-spoon cored sample of the basal sandy drift.
Figure . -
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Hydrochemical concentration patterns along

cross section A - AT,



(FEET)

ELEVATION ABOVE SEA LEVEL

B
5 BI
WEST 600 900 METERS
EAST
® ® ® @0 odHe 0o ® ®
] CONDUCTIVITY ‘ ! ! R ] 0 T
920 — millimhos T [_Jo-0 Mp-so-7s | —
900 —] per cm X 107! : ’ Lo [_]>1-30 : =
850 —] H T Y 0 L OO i BT =
s60— L/ o @%@%@2?‘" I o —

820 — ¥
)

800—7

Ca** grams
per liter x 10—2

=0

12
ST Ere e |
KN
AR -~
NAVNEAVRS

|
il
ama
OMEO)]

T
& 66
310

AN
.

e
Gl

820 — < AR ,7 e 4
800 —] N2 ’ Lo N IS RSN S N Y N
920~} +CO™" grams

per liter x 10_2,

grams _
per liter x10

grams
per liter x10

ll’lllllll]l’lllllll]

Figure 29.

cross section B - B!'.

Hydrochemical concentration patterns along



W.N.R.E. PROPERTY BOUNDARY

/

RIVER

WINNIPEG

SRAVEL™PIT

=== ACCESS ROAD

[ WASTE MANAGEMENT AREA
=0 BULDNG 503

O  SINGLE PIEZOMETER

PIEZOMETER NEST

’\]o/ C ontour of
August 1970 total dissolved
solids in
METERS . gra=is - tre™]
. X 10, of water-
table zone

FEET

Figure 30. Contour of

total

dissolved solids in the water table.

us




/ _W.N.RE. PROPERTY BOUNDARY

WINNIPEG

~— TO PLANT

3T GRAVEL PyT:

=== ACCESS ROAD
U  WASTE MANAGEMENT AREA

BUILDING 503

SINGLE PIEZOMETER
PIEZOMETER NEST

+ O

/~— 7.5~ Contour of
pH of ground-
water in the

water-table zone

August

1970

Figure 3l. Contour of

water-table pH,

72




T ORVEC PIT

WINNIPEG

I 4
ACCESS ROAD . A~ Contour of pt
. : of groundwalier
1.5 WASTE MANAGEMENT AREA '  y o the basl
BUILDING 503 sand, units
oust 1970
O  SINGLE PIEZOMETER Avsous 97.

PIEZOMETER NEST

Figure 32. Contour of groundwater pH in the basal sand aquifer.

94




W.N.RE _PROPERTY BOUNDARY 2 7 7

b

.

WINNIPEG

===  ACCESS ROAD
=

L.J  WASTE MANAGEMENT AREA
<3 BULONG 503
o}

SINGLE PIEZOMETER
PIEZOMETER NEST

™-5.5_/ Confour of temperature (°C)
FEET of water ~table zone.

July 1971

e e SR
0 300 600 900 METERS

Figure 33. Contour of

groundwater temperature in the water table.

i




W.N.RE. PROPERTY BOUNDARY

RIVER

3] GRAVEL PIT

WINNIPEG

ACCESS ROAD

3

L5 6 J Contour of ground water

rm i

L.s  WASTE MANAGEMENT AREA temperature (°C) In basal drift
=0 BULDING 503 duy  iem

o] SINGLE PIEZOMETER

. PIEZOMETER NEST

Figure 34. Contour of groundwater temperature in the basal sandy drift.

84




WEST

CROSS SECTION A-A

0 1000 2000 3000 FEET
T e 0 e =)
) 300 600 "S00 METERS

VERTICAL EXAGGERATION 33X

EAST

ELEMATION ABOVE SEA LEVEL

foTelhiel o 7 o 7o e _ Ok

METERS
FEET

L

A

LACUSTRINE SLT UNIT
"] LACUSTRINE CLAY UNIT

R CLAY-LOAM TILL UNIT

7| BASAL SANDY DRIFT UNIT

LACUSTRINE SAND UNIT

[ | UNDIFFERENTIATED SANDY
51 TILL,, SAND,GRAVEL

Sampling Point

o

"D,0O Concentration in ppm -140
Contour of deuterium concentrations n/O‘S .

® LOGATION OF PiEZOMETER
NEST AND TEST HOLE

HOLE TERVINATED AT
- APPARENT BEDROCK

HOLE TERNMATED AT

GLACIAL D=POSITS

Figure 35. Deuterium concentrations along cross section A - A',

64




Pressure~-injection site
D?recﬂon of '
Groundwater Flow 95.0 20.0 Anomalous tritium
concentration
’ °. ° (no progressive increase
° . ° o with time) AN
o 145.0

Piezometer sampling
point °
Indicates increasing
tritium levels

. (comparison by
relative units)

Piezometer instal-
lation in basal sand

Feet
4 6 Meters

Figure 36; Groundwater flow movement in the basal sandy drift traced by

pressure-injected tritiated water, Site I.




Direction of

Groundwater Flow °

Piezometer sampling point

Indicate: increasing tritium

levels (comparison by e
re‘coiive units) ® .

Piezometer installation
in

tasal sandy drift

1WP-71

W3, TO
PLANT
o0 SITE
1.0 © VAY
® 20.0

1.0
g & ®
1.5 °

.o B
TAN

TO iwp-3

\

AN Y

. Pressure~injection site

Anomalous tritium
concentration
(no progressive increase

TRITIUM INJECTION SITE NO.2 with time) A

Figure 37.

0 10 20

; =

8

Feet

Meters

Groundwater flow movement in the basal sandy drift traced

by pressure-~injected tritiated water, Site II.

18




AECL BOUNDARY
=3 TO
uwp-z“‘:gf SEC fWP - 2
lwe3~ 18t
o e, T ? TO
} ARE A °
° PLANT
. . © 25.0
. SITE
o G 47.0
0 100.0
.t ® 0
Pressure-injection site ° . | . ’ . é
B (-
Anomalous tritium o R
concentration s 25.0
(n.c:hpfr.ogrisswe increase ° ’ Piezometer sampling point
with time .
A Indicates increasing tritium
—= levels (comparison by
- relative units) ‘
TRITIUM IMJECTION SITE NO.3 Piezometer installation in till
0 10 20 Feet

0 2 4 6 Meters

28

Figure 38. Groundwater flow movement in the clay-loam till traced by

pressure-~injected tritiated water, Site III.




Figure 39,

Piezometer

Ground Surface
5 7/

Free Piezometric
qufelr .
evel or| |level

>
o Piezometer
] area = g
xI
t+dt
~N ==
| Bl¢
>
t= 0

o

Iﬂ’rcke 1 ¢ Coefficient of

ape b Cre

ackor I 1 permeability
Fogs «

Piezometer

Ground r-1Sunc<:ce
RONN

Vertical :
hydraulic Ky f
conductivity

. Horizontal
.-;: ki hydraulic
: conductivity
Well point-
filter in uniform
soil

Factors in the Hvorslev method of determining hydraulic conductivity

(after Hvorslev, 195]).

£8




TIME, IN  HOURS

Figure 40. Relation of head and equalization ratios to time.

S L L L EL A B B
PIEZOMETER NO. 60 (40) == Installation in Basal Sandy Drift
10 | — 0.0
0.9 L. — 0.1
0.8 |— Initial high-permeability response: £ — 0.2
0.7 p— Sand-pack influence ; — 0.3
0.6 |- — 0.4
O
0.5 |- = —0.5
2
:Eo 0-4 T, Z — 0.6
0.37f-=m=mmmmem e oo O
~ Basic Time Lag =
* N
0.3 (— = {07
0 B
5 Correct permeability response g
o 0.2 - —
p 0.8
[3%)
S
Inaccurate time lag determination
due to high initial response
0.1 1 ] L ] 1 I 1 ! 0.9
0 10 20 30 40 50 60




PIEZOMETER BEFORE EQUAL-
LeEver T YT izaTion
GROUND

ASSUMPTION:
NO CHAMNGE

IN WATER CON-
TENT OF solL
NEAR INTAKE,

TIME LAG = RE-
QUIRED TIME
FOR WATER TO
FLOW FROM OR
TO PIPE OR
PRESSURE
GAGE OR CELL,

-

~.-71 I~

SHOWN 1S 7 o [ | SOILFROM
FLOW To T ! piPE
)‘\\__//\

HYDROSTATIC TIME LAG

O

PORE WATER

IN SOIL NEAR

PRESSURE || INTAKE
GrouND || waren
CHANGE IN EF- TIME LAG =RE
FECTIVE STRESS- QUIRED TIME
€S IN SOIL AT FOR CONSOLI-

INTAKE DUE TO
REMOVAL OR
DISPLACEMENT

DATION, RESPEC-
TIVELY SWELL-
ING, OF AFFECT-

OF S0IL, FLOW ED SOIL MASS.
OF WATER. N
\>/’ ~
EXCESS fe— \ CONSOLI~
PORE T /) OATION
PRESSURE SHOWN
,)\\ _—//\\

STRESS ADJUSTMENT TIME LAG

EXAMPLES

INACCURATE MEASUREMENT OF
DEPTH TO WATER LEVEL IN BOR"
HOLES OR PIEZOMETERS.

FAULTY CONSTRUCTION OR CAL{~
8RATION OF MANOMETERS, PRES~
SURE GAGES OR CELLS.

LEAKAGE THROUGH JOINTS OR HOLES
IN PIPE; SEE (3). CONDENSATION OF
VAPOR, EVAPORATION OF WATER.

POOR ELECTRICAL CONNECTIONS,
OR DETERIORATION OF INSULATION,
OR CONDENSATION OF VAPOR,

TEMPERATURE VARIATIONS AND
DIFFERENCES, INACTIVATION OR
OAMAGE BY FROST.

GENERAL INSTRUMENT ERRORS

DOWNWARD SEEPAGE FROM PERCHED WATER
TABLES INCREASES PRESSURE AT INTAKE
UPWARD SEEPAGE FROM ARTESIAN STRATA
DECREASES HYDROSTATIC PRESSURE AT INTAKE

.\"\'-\'-i\-w\‘\‘ CNNY

SEEPAGE ALONG CONDUITS

@

A

PIPE PART!AL-
LY FILLED WITH
OIL, KEROSENE
OR OTHER NON-
FREEZING AND
NON-CORROSIVE
LiQuID. POSI-
TION OF INTER- F

FACE MAY BE- A

COME UNCER-
TAIN DUE To [P
LEAKAGE 0R
EVAPORATION,

L4
/////,5
97
/////
L
RIS

2]
PIPE FuL. OF
LIQuitb cruen
THAN W, !
DIFFEREN
SURFATE
SICN AT 18
FACE 1N
MAY CAUT
PRECIAR nD
MISLECLD
CHAN
PRESDU

e,

7 e
V07,

.
/////

INTERFACE OF LIQUIDS

®

F‘IEZOMETER__ AFTER EQUAL~
LEVEL 1ZATION
GROUND WATER

s
AIR OR GAS g PIPE DIAMETER
suseLes 1IN IS} swould BE
OPEN TuBE ] LARGE ENouGH
MAY CAUSE -] AND INTERIOR
STABILIZED =1 5MOOTH TO
WATER LEVEL ;; SERMIT RISE OF

TO RISE ASOVE GAS BUBBLES,

THE GROUND AVOID DOWN=
WATER LEVEL. WARD PROTRUD-
ING EDGES.
BUBSBLES B8Y E£DGE
STOPPED AT JOINT

GAS BUBZLES IN OPEN SYSTEM

®

OUTLET VALVE

L
GAS d

CHANGES IN
VOLUME OF
ENTRAPPED
GAS CAUSES
INCREASE IN
TIME LAG, BUT
GAS ABOVE GAGE
DOES NOT AF-
FECT EQUALIZ~
ED PRESSURES.

BUSBLES J

STOPPED

1]

e T T T

PROVIDE GAS
TRAP AND OUT-
LET VALVE AND
FLUSHING FACI~
LITIES. USE MA-
TERIALS WHICH
DO NOT CAUSE
ELECTROLYS!S
AND DEVELOP-
MENT OF GAS,

8Y PROTRUD-
ING EDGES

GAS BUBBLES IN CLOSED SYSTEM

@

PIEZOMETER

GROUND

|

l

!

GAS BUBBLES
IN SOIL NEAR
INTAKE wiLL
INCREASE THE
TIME LAG BY
DECREASE OF
PERMEABILITY
AND DUE TO
CHANGES IN
VOLUME
OF GAS.

77
//.’.1

GAS OR AIR77‘;“3
s /m.

USE WELL POINT
OF MATERIALS
WHICH DO NOT
CAUSE ELEC~-
TROLYSIS AND
WITH PORES OR
HOLES t.ARGE
ENOUGH TO
PERMIT ESCAPE
OF GAS
/ BUBBLES

s
'.///’

4
Yo

/
3 577-—auaat.zs

///

LI TES S

GAS BUBBLES IN SOIL

= e
CLOGGING OF 7] USE A HOLLOW
PORES IN WELL AND NOT SOLID
POINT AND DE- POROUS WELL

POSIT OF RELA-
TIVELY IMPER-
VIOUS LAYER
OF SEDIMENT

POINT, FiLL PIPE
WITH CLEAN
WATER. AVOID
FLOW PIPE TO

IN THE PIPE IN~ SOIL. PROVIDE
CREASES THE FACILITIES
TIME LAG, FOR FLUSHING,
LAYER OF T
SEDIMENT HoLLow
~lz ”VPOINT

I 4

SOLID POROUS p §scoment
-

it

WELL POINT o

SEDIMENTATION AND CLOGGING

©

REMOVAL OF

SOIL FINES AT
WELL POINT IN-
CREASES THE
PERMEABILITY,
DECREASES THE
TIME LAG,BUT
MAY CAUSE SED-
IMENTATION

AND LATER AN
INCREASE IN

THE TIME LAG.

N \\ NN

> AN
NANY

USE A POINT
WITH Shai L
PORES OR A
GRADED it -
TER, PROVICE
FACILITIES 'CR
A CHANGE 1
PRISSURE AT
INTAKE AND
THEREBY FOR
CHECKING TRE
BASIC Tiel LAG,

EROSION AND DEVELOPMENT

®

Figure L4l.

Possible cause for error in the Hvorslev

calculation (after Hvorslev, 1951).

58




D 14— LACUSTRINE CLAY = _|
E T T .5 5
) X = 9:68 g =T.31
£ 10{—
B
E 8|— —
o]
o
g o —
5y
5 -10 ]
-g 2 -9 i —
o]
> -8 (=6

10”1 10°° 10”8 1077 107 1077

HYDRAULIC CONDUCTIVITY IN FEET/SECOND

T 14 L LACUSTRINE SILT —

>

Q ’ A —

£12 — X = 869 = T.25 —

O .

v 10 |—

L]

I - _

[e]

2 6 |- ) ]

i -9

N -8 -7 ]

2 5 -10 —
10”10 107° 108 1077 107¢ 107

HYDRAULIC CONDUCTIVITY IN FEET/SECOND

X = Unbiased estimate of logarithmic mean
A . - .
@ = Logarithmic population standard deviation

Figure 42. Hvorslev horizontal hydraulic conductivities in the lacustrine silts and clays.

98




87

and basal sand units.

el
4 LACUSTRINE SAND
5 14 -
—OQ 12 X = 6-72 S = 1-19 i
5 10 -
)]
S 8- N
o
o 6 — —
K]
5 41 -
0
E 2 -7 -6
Z -5
1077 104 107° 10°*
°
g 14 — BASAL SANDY DRIFT ]
2
—_— A _ L
O 12— X: 7.86 o =T-29
Q
= 10 —
£
58 7
Y - 7 —
]
& 4l . —
£ - - ~¢
Z 2 ~ 10
1071 107° 107° 1077 107¢ 1073
-8 .
2 4= CLAY - LOAM TILL ~
[
o 1 X = 8-98 o= 7-31
8 10
Q
§ 8l ]
N
[+H]
o 6 — -9 -
s 4 A
] -10 -8 -7
1071° 1077 107° 1077 107° 107
HYDRAULIC CONDUCTIVITY IN FEET/SECOND
Figure 43. Hvorslev horizontal hydraulic conductivities in the till



Figure L4k4.

Number of Piezometers Observed

Number of Piezometers Observed

14 — BASAL SANDY UNITS

= l : I | :

10”7 108 10”7 107° 10

HYDRAULIC CONDUCTIVITY IN FEET/SECOND

14— CLAY-LOAM TILL

| ! | l ]

10— 109 10~8 10~7 10™¢ 10-5

HYDRAULIC CONDUCTIVITY IN FEET/SECOND

Hvorslev hydraulic conductivity spread in the till and basal

sands,

88




Figure 45,

To Gravel Pit

I Buidng 503

2 Burmer and stack )
3 Concrete Bunkers : 0
4 Buied stanless-steel Tanks with Liquid Waste

5 Concrete Tile Stcrdpipes

Pumping test RW-3
Average pumping rate= 9 Igpm

8/24/71

-Unlined Tronch (Med. Level Waste)
Unlined Trench (Low Level Waste)
Observation Piezometer Nest
Deep-well Installation
Water Supply Well
~= = Fence

Gravel Road

@ Drawdown ofter €40 minutes (feet)

Drawdown cone influence at

end of aquifer performance test, pump well RwW-3,

68




10

12

18

20

10 2 3 4 5 6 78910 2 3 4 65 6 78910 2 3 4 56789!05 2 3 4 5 6 78910
T T T TTT1 ] T T TTT]I T T T T 11T T T T T 1717
e .
- & -
- e, S Pumped well RW-3
. .
= MRS 8/24/71
e k. Static level = 0.5 foot below ground leve!
O -
~ N e Q=9.1 Igpm
i ‘s\ ° \Et
e - ‘q‘ o \\‘Q’ , o
\‘~‘ \~~~‘+
\\‘ s‘\:e.
o / \‘ L4 ~“\~+ / —
Drowdown A S 17—, “=—Recovery AS=8-0
> S
& TN \\4- -
O . %
i . -~
- o RN .
‘\“ ;*‘w
~ ‘\ -
[~ ° AN “et- -]
. +~’.
- Orawdown o N “t,
- = 264 (9-08 -
Q T= —-—-—-)- = 203 Igpd/ft RN .
S "7 ‘|, “
S : 1
o Recovery “,
- 264(9-08) | .
T=2————= 298 Igpd/ft
80
CELAPSED TIME AFTER PUMPING  STARTED / STOPPED
= IN MINUTES .
‘l J lllllll | | Ill!lll | ! llll!ll 1 i 11 11

Figure 146,

Semi~logarithmic plot of drawdown versus time,

pump well Rw-3,

06




10 2 3 4 5678900 2 3 4 56'78910 2 3 4 56 78910 3 4 5678910
I i llllll] ! | lllllll “l°l 1T T ] ] T 77T
- Pumped well RW-3 -
Cbservation well RW-1 \
8/24/71 \
- \ -
\
Y -,
i L AS = 44 ]
| Static level = 0.4 foot befow ground level \ |
H \
= Radius = 610 feet \
Ly \u
— - Q=29.1 Igpm \\ -
\
L \ )
\
Z e A
264(9:1) T \
— T —— lopd/Fft \ ]
T ™ 540 Igpd/f !
A
5 ] e i
Z 0:36(540)360 ‘-4 4
= S=- ,_6£5 ) ~—z= [+3x]0 \
[ § (6 [o) 1440 R
2
e D w—
~ ELAPSED  TIME  AFTER  PUMPING  STARTED .
IN MINUTES
I Lt I L3 1t aval i I EEERE 1 L1 11111
Figure 47. Semi-logarithmic plot of drawdown versus time, observation well RW-Il.

16




0 1 2 3 4 5678900 2 3 ‘4 56 78910° 2 3 4 5678910 2 3 4 56 78910
T T lllllll I | lllllll ] J | I B i I L IO
Pumping well RW-3 _ i i
Observation well RW-2 R
B 8/24/71 , H 7
| Static level = 1.3 feet below ground level “.‘ AS,=5 a N
Radius = 550 feet
- &
1 - Q=9.1 lgpm \ -
w [}
T8 A Y
= :
z
?
‘r 7= 2821908 149 igparte i
- = 54 ap '
L = 4 -
0 0-36(449)220 -4 i
g S= > = 0-8XI0 |
- < (550) 1440 y -
o 4 3
3 L i
- —E‘LAP’S”EBM_‘A”TiMEM_imAFTER' " PUMPING  STARTED ;-.,, . 3
. IN MINUTES ) )
1 ool 1 L1 rl I L1t I L4 11311
Figure 48, Semi—logarithmic plot of drawdown versus time, observation well RW-2.




o ! 2

oIO 2 3 4 5 6 78910 2 3 4 5 6 78910 3 4 5 6 78910 2 3 4 5 6 78910
T LA S D I I l 1 o F T U I } P UTTd 1 I FrTTTTd
~ Pumped well RW-3 -
* Observation well RW-4
- 8/24/7I ) -
| LoagaTs
[~ Static level = 0.4 foot below ground level “-‘ - ]
Radius = 325 feet s
1 __E Q=9.1 [gpm ““ _
i 5
-z 4 .
264 (9-08)
B T=——"—"=633 Igpd/ft ' .
375 spdm
rs 036 (633) 146 a ; y
5 5= 2229130 . 5.4 x10” \
S (325 1440 | ]
2 K
&) %
o‘k
3 - -
B ' . ELAPSED TIME AFTER PUMPING  STARTED ]
' ‘ "IN MINUTES .
1 | | N l _l i Loty | ! I | ’ ] ] |

Figure L9. Semi-logarithmic plot of drawdown versus time, observation well RwW-4.

€6




910 2 3 4 5 6 78910 2 3 4 56789!03 2 3 4 5 6 7889
T T ] I T T T TTT] T T T TTT1 T T T T 1771
"~ Pumped well RW-3 | i
Observation Piezometer P-17(32) ‘ e
[~ 8/24/7! _ : 7
| vSrch level-= 0.2 foot above g;oUnd level ' “\‘ |
Radius = 200 feet v ¢ ‘\‘ ,
- - Q=9.1 Igpm “\‘ AS=2'6 -
= 264 (9-08) ‘ _
5 s =924 Igpd /ft
g ' 2.6 “\
- O . ‘\‘ -
v 0-36(924)I180 -3 . ,
s g 2301929080 _ 54 x163
- 2 (200 1440 ‘

ELAPSED TIME__AFTER _PUMPING  STARTED
IN MINUTES
i

Lttt

po 11181l 1 lllllll, | | i

Figure 50. Semi-logarithmic plot of drawdown versus time,

P-17(32) —— #17 at a 32 foot depth.

{

observation piezometer

I




2 3 4 5 6?’89!0I 2 3 4 5 6 ?89102 3 -4 56’789!03 3 4 5 6 78910
¢ T T T TIT ] ] Tl T T T I R B I
Pumped well RW-3 . -
~ Observaticn piezometer P-5(28) ™, |
2 8/2a/7i vy
. . ‘|“ \“’: —
, Static level = 2.0 feet below ground level 5 4 S, 66 ‘: "'\‘ AS/ 8 i
3 rawgown =6:6— e =
z Radius = 610 feet J a ! Recovery
N Q=9.1 Igpm : i N -
- i by -
> :
\f ‘? \“
-~ O 1 ‘\‘ -
e 3 *
, LY Drawdown ! |
264(9)_ . 0-36(364)270 QU 3
I e T t = =6 I }
3 &6 - 364Igpd/ft S GI0)2 1aq0  -€6XI0 : i
y4 4
= 4
| O Recovery } _
O 1
z 264(9) . 0-36(1320)200 -4 4
3 T =280 o0 topastt g = =1-8X 10 -.
| 2 g =19t lop (61012 1440 : .
2l i
B ELAPSED ~ TIME ~ AFTER  PUMPING  STARTED / STOPPED ] NG
| IN MINUTES .
I Lo 11! L1t 1134 I 1 | ] I 1
Fligure 51. Semi-logarithmic plot of drawdown versus time, observation
P~5(28) == #5 at a 28 foot depth.

piezometer




24th 25th 26th 27th 28th

IIllllll[lllllll'llll!ll‘llllIllllllllilllllll1l]lllIllllllllll]]lllllll ‘llll‘flllllI(\lllllll?]llllllll

o o Oo—o._, -

-
e
us
- t 1 : ! 1 1 1 1 1
1 I 1 1 ! 1

.............. et iR EET upupu UL SRR O A0 N RS SN (1 S
z i ! 1 ! ! 1 1 [ 1
_ 0 ! i 1 [ 1 t 1 1
< ] 1 1 1 ' i 1 | t
z S LR DR SR S JRPURUUL U LY S : ! !
o : : ] 1 1 1 i 1 1

) 1 '

[} ! o [} ]
2 1 t 1 : ' ' ! t !
< 1 1 ' 1 ot 1 ' ! 1
o 1 1 1 H I - -; = ---T—
o ! [ ! i ! I I

LLJJ!III!I llll’lj!llllJJ]Jllll!!ll'll!llllll!lllllllllllllll

I I I anmm

H
FEET ) ' ) ) 1 .
Bpgrrg =] o e e - e m ke - e - e o) e e - LI e il ST T e A S S
) 1 1 1 ) 1 |CL I i )
l‘ = 1 1 1 1 1 : ? ! 1 [
1 = rg
0 1 ! ! | ' 1 1 1
1 | ' 1 1 ' ) '
11 fden FRWT-1 1! ! 1 T T ) T -—-------7—--’-7-———“-_—‘7-
3 ! 1 I 1 ! I I ! t
Lk --—---————l»—-——-~l—— ----—-—-—-—n—-~—-—-—‘—-—~---c§ I l D o) o ; D 0—0
pumped well start pumped weil
: slo start stop start Test 1L g
RW-3 TestT | i A RW-1Test T > o7 JoP 5K sop
Augu

st
241h 25th T 1 0m €, 26th D A Y s 27h 28th
1971

;H]HllIl!lH!l[!lHHllllll“l]l!“ﬂllllllll!lllH|1lllll“Hl“HlHllH“H!llllHLllH!l!l'JJHHd

96

Figure 52. Awrithmetic plot of drawdown versus time, RW-I.
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GECLOGIC LOGS OF WELL

AND FIEZOMETER INSTALLATIONS

1971

Piezometers Installed
before 1971 see

Beswick, 1971

APPENDIX A



PUMP WELL B 1-71 (Ri-1)

Interval in
feet b,g.1.%

0-2

2-28

8 =23

23 - 24

2k - 25

25 = 26

26 - 27

27 = 28

28 = 28,7

* .bﬂ gﬂ 10

Deseription
Top soil, £i1l

Clay, very silty,
silty clay-till appearance
in part, ecolour 2,5 Y 5/2

Till, carbonate pebbdles,
silty, colour 2,5 Y 3.5/2

Boulder pavement

Sand, vary cocarse, angulaxr
granitic pesbbles, med, to

poorly soxrted

Transition, very cocarse
sand and gravel

Sand, coarse, med, to well
sorted, silty

Sand, fine grained, well
sorted, silty

Sand, ecarse, disturbed

“below ground level®

108

Stratigraphic
anit

Lacustrine Clay

Clay-loam Till

Basal Sandy Drift

Bagal Sandy Drift

Basal Sandy Drift

Basal Sandy Drift

Basal Sandy Drift
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PUMP WELL P¥ 1-71 (cont'd)

Interval in Description Stratigraphic
feet b.g.1. unit
28,7 - 29 Sand, coarss, gravel, poorly Bagal Sandy Drift

sorted, sub-rounded, 5% silt
29 = 29,3 T411-1ike interbed, bound Basal Sandy Drift

29,3 = 29,7 Sand, coarse, gravel, poorly Basal Sandy Drift
sorted, sub-round, 5% silt

29,7 = 30 Sand, very fine, well-sorted, Basal Sandy Drift
10 to 20% silt, colour
2,51 3.5/2

30 = 31,5 Sand, fine to coarse, med, to Basal Sandy Drift
poorly sorted, slightly silty

3.5 - 32 Sand, very fine, silty, coloux Basal Sandy Drift
2,5Y4/2
32 - 35 No samples taken, drilling Basal Sandy Drift

indicated fine silty sand

35 = 37 Sand, very fine, silty, slight Basal Sandy Drift
clay, till-like in part

37+ Sand, very fine, silty, colouxr Basal Sandy Drift
2.5 Y 3.5/2

37+ Hole ended -
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PUMP WELL P 1-71 (cont®d)

SCREEN SET: Johngon Stainless Steel
SCREENED INTERVALs 26,7 feet b.g.l., to 31.7 feet b.g.1.

SLOT SIZE: #30
SCREEN SIZE: U-inch diametex



PUMP WELL F¥ 2-71 (Ru-2)

Interval in
feet b.g.1.
0-3
3-9
9-23
23 = 26
26 = 30
30 - 32
2=~
%"3!"’08

Deseription
Topsoil, fill

Clay, laminated, silty,
pebbly nesx intexrval base,
colour 10 YR 3/1

Till, caxrbonate pebbles,
colour 3,75 Y 4/2.5

Boulders and cobbles,

pavement zone

Sand, vexrysilty, poorly
sorted, slight clay

Sand, coarse, gravel, sub-
round to sub-angulaxr, 20%
silt, colour 5 Y &/1

Sand, very fine, 10 to 20%
silt, colour 5 Y 4/1

No samples, drill "slipped”
through

111

Stratigraphic
unit

Lacustrine Clay

Clay=-lcam Till

D 3 P 2 S ED O @D €D T D B T @D R

Basal Sendy Drift

Basal Sandy Drift

Basal Sandy Drift




PUMP WELL P¥ 2-71 (comt’d)

" Interval in
feet b,g.1,

.8 = 40

by

SCREEN SET:

SCREENED INTERVAL:

SLCT SIZE:

SCREEN SIZE:

Description

Sand, very fine, very silty,
thin silt and elay layexs,
colour 5 Y 5/1

Sand, med, to coarss, slight
s8ilt, med, to well-sorted,

sub-rounded grains

Hole ended, appaxrent bedrock
contact

2=inch diameter

112

Stxatigraphic
unit

Bagal Sendy Drift

Basal Sandy Drift

Brass-jacketed Sand Points Upper 2,17 ft. burlap-wrapped
38 feet b.g.1l. to 41 feet b,g.1,



PUMP WELL P¥ 3-71 (RW-3)

Interval in
feet b,g.1.

0-3

3 - 10

10 - 19

19 - 21

21 el %03

2‘;’«3 = %es

2.5 - 26,2

26,2 - 26,5

26:5 e 26e9

Description
Top s0il, fill

Clay, laminated, silt balls,
colour 10 YR 3/1

Till, ecaxrbonate pebbles,

colour 2,5 Y 4,5/3
Boulder pavemsnt

Sand, coarse to Very CORrse,
some gravel, sub-round, med,

gorted, slight silt
Till-1like interbed, bound

Sard, med, to coarse, soms
gravel and cobble sizes,
well-sorted sub-round sand at
base of interval, initially
poorly sorted and silty

Sand, med., to coarse, clay
and silt bound, till-like

Sand, coarse, poorly sorted,

gravel and pebble sizes, silty

113

Stratigraphie
unit

3 D o S 5T D € €D P 6T €D €D € 40 03 G

Clay-loam Till

DI @ e €3 T 0 B O D T €D D D D B

Basal Sandy Drift

Basal Sapdy Drift

Basal Sandy Drift

Basal Sandy Drift

Bagal Sandy Drift
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PUMP WELL P¥ 3-71 (cont’d)

Interval in Dsgeription Stratigraphie
feet b.g.1. unit
26,9 - 28 Lost interval, distuxrbed, Basal Sandy Drift

(assumed-fine grained sand)

28 = 29,5 Sand, fine to medium, round Basal Sandy Drift
to sub-round, well-soxrted,

trace silt

29,5 = 30 Sand, med, to coarse, med,.- Basel Sandy Drift
sorted, silt bound

30 - 31,8 Sand, very fine, silty Bagal Sandy Drift

31,8 - 32,6 Sand, coarse to very coarse, Basal Sandy Drift

poorly sorted, sub-round, silty

2.6 - N Sand, very finme, very silty, Basal Sandy Drift
eolour 10 YR 4/1

34 Hole ended

SCREEN SET: Johmsen Stainless Steel

SCREENED INTERVALs 19 feet b,g.1l., to 29 feet b.g.l.
SLOT SIZE:s #25

SCREEN SIZE: U4-inch diameter
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FUMP WELL PH 4-71 (RW-4)

Intexrval in Description Stratigraphiec
feet b.g.l. unit
0-3 Fi1l - o= ==
3-8 Clay, laminated, colour lecustrine Clay
10 YR 3/1
8 -21 Till, carbonate pebbles, Clay=-lcam Till

noreal appearance

21 = 24,5 Sand, very coarse, gravel Basal Sandy Drift
to pebble sizes, angular
granitic grains and sub-round

pebbles, slight silt

24,5 - 30,5 Sand, very fine, well-sorted, Bagal Sandy Drift
massive, slight silt, colour

5Y4,5/1 (occasional pebble)

30,4 - 31,9 Lost interval, assumed sand Bagal Sandy Drift

as immediately above

31.9 = 37.9 Sand, very fine, massive, Basal Sandy Drift
silty, silt and clay layering,
colour 5 Y &4,5/1

37.9 - 39 Sand, coarse, angular, granitic, Basal Sandy Drift

some gravel siges, silty, colour

5Y 4,5/
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PUMP WELL P &-71 (cont‘’d)

Interval in Description Stratigrarhic
feet b.g.l. unit
392 - 39,5 Disturbed sample, clay Basal Sandy Drift

fragments and coarse sand

and gravel, angular

39.5 Holeended = coccemccccessses

SCREEN SET: Johnsen Stainless Steel

SCREENED INTERVAL: 38,1 feet b,g.l. to 39.1 feet b.g.1.
SLOT SIZE: #30

SCREEN SIZE: 4-inch diameter



PUMP WELL P 5-71 (RW-5)

Interval in
feet b.g.1,

0-1

1-9

9 -21.2

2192 had 2107

21,7 = 22,3

2263 = 214'03

2,3 - 24,6

2,6 - 25,9

Description
Top soil

Silt, clayey, =ilt balls,
precipitate streaks, coloux
3,75 Y &/2,5 to 10 YR 3/1

Ti1l, carbonate psbbles,
very clayey, silty, slight
sand, colour 2,5 Y 5/2

Silt, coarse granitic sand,
sub-angular gravel, clay
bound, eelouwr 2,5 Y 5/2

Sand, very fine, well-soxrted,

silty, slight clay, 5 Y 4.5/1

Clay and silt layering, very
fine sand, well soxrted, soms

gravel sizes, colewr 5 Y 4,5/1
Boulder pavement

Sand, fine to coarse, med,
to poorly sorted, slight
silt, some gravel and
pebble sizes, colour 5 Y 5/1

117

Stratigraphic
unit

Lacustrine Silt /
Lacustrine Clay

transition

Clay-loam Till

Clay-1lcam Till

Basal Sandy Drift

Basal Sandy Drift

Basal Sandy Drift



PUMP WELL P¥ 5-71 (cont’d)

Interval in
feet b.g.1,
25,9 = 27.k
294 - 3.6
311’06 = 3503
35.3 = 37.3
3793 ht 3803
38,3 = 4¢,6
0,6 - 42,5

Deseripticn

Gravel, sub-round to angular,
granitic, silt/clay bound

Gravel, granitic, sub-round,
20% silt, coarse sand, coleur

5Y 5/1

Sand, sub-round, some gravel
sizes, high silt, granitic

Gravel, sub-angular to round,
silty, some pebble sizes,
granitic, colour 5 Y 5/1

Sand, fine to coarse, sub-

round, med, sorted, slight silt

118

Stratigraphic
unit

Basal Sandy Drift

Basal Sandy Drift

Basal Sandy Drift

Basal Sandy Drift

Basal Sendy Drift

Gravel, sub-angular to sub-round, Basal Sandy Drift

granitic, med, to coarse sand,

silt/clay bound

Sand and gravel, med, to vexry
coarse sands, med, to pooxrly
sorted, slight silt, sub-round

Basal Sandy Drift
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PUMP WELL R 5-71 (cont’d)

Intexrval in Description Stratigraphic
feet b.g.1. unit
42,5 - &5 Gravel, coarse sand, clay/silt  Basal Sandy Drift

bound, colowr 5 Y 4,5/1

45 Hole ended, apparent bedrock memsscccccacee .=

contact

SCREEN SET: Johnson Stainless Steel
SCREENED INTERVAL: 24,6 ft, b,g,1, to 42,0 ft, b.g.1.
SLOT SIZEs 2,58 feet #30 -2, 6 feet b.g.1.
1.12 feet blank
5,04 feet #12
0.33 foot coupling
5,08 feet #15
1,75 feet blank
1.50 feet #30 2,0 fest b.g.1,

SCREEN SIZE: U&-inch diameter
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TEST HOLE P - 61

Interval in Desexription Stratigraphic

feet b, g.1.% unit
0-1 Topsgoil = socsssssesscsces
i-5 Clay, laminated, silt balls, Lacustrine Clay

precipitate streaks, plastic,
colour 2,5 Y 4,5/2

5 =130 Till, carbonate pebbles, very Clay-loanm Till
gilty/sandy, clay banding,
colour 10 YR 4/1 grading down-
ward to 2.5 Y 3.5/2

30+ Boulder pavement -= -
30 = 36 Till, as above Clay-loam Till
36 - 46 Sand, fine grained, med, sorted ' Basal Sandy Drift
silty, greater % quartz grains
k6 Hole ended, probable bedrock contact

#* b,8,1. "bslow ground level”
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TEST HOLE P - 62

Interval in Description Stratigraphic
feet b.g.l. unit
0-1 Top soil - -
i-3 Clay, laminated, silt balls, Lacustrine Clay

plastie, colour 2,5 Y 3,5/2

3=32 Till, carbonate pebbles, =ilt Clay-loam Till
balls to 12 feet, sandy silt-
t111 appearance to 20 feet,

more clayey to 32 feet, colour

10 YR 4/1
32+ Boulder pavement ===/ ==cecsacecccssscas
32 = 37 Sand, fine grained, well sorted, Basal Sandy Drift

silty, greater % quartz grains

37 Hole ended
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TEST HOLE P - 63

Interval in
feet b.g.1,

O°

1@

9 =

25

i

9

25

Description Stratigraphic
unit
Top soil
Clay, laminated, silt balls, Lacustrine Clay

precipitate streaks, till-like
and pebbly in part, colour
2,5 Y 3.5/2

Till, caxbonate pebbles, silt Clay-lecam Till
streaks, sandy silt-till

appsarance

Hole snded, boulder pavement

TEST HOLE P - 64

0 =

1@

22 -

25

1
6%

22

25

Topsoil =000 ececcccssccccces
Clay, silt balls, precipitate Lacustrine Clay
streaks, thin sand lenses, colouxr

10 YR 3/1 at lamination planes -~

2,5 Y 3/2 at broken suxfaces

Till, carbonate pebbles and Clay=-loam Till
gravel near clay/till contact,
silty, colour 2,5 Y 3/2

Boulders and sandy till Clay-leam Till

Hole ended, boulder pavement cemccecscancaces



TEST HOLE P - 65

Interval in

feet b.g.1,
0-1

1-7

24 - 25

25

Description
Top soil

Clay, silt balls, precipitate
streaks, plastic, grades to

plastic and massive, colour

2,5Y4,5/2

Till, carbonate paebbles, clay
layering, fine sand lenmses,
plastic, colour 2,5 Y 4,5/2

grading downward to 2.5 Y 4/2
Boulder pavement

Hole ended

123

Stratigraphic
unit

Lacustrine Clay

Clay-loam Till

2D D T3 D T €D @ @D e @ GB TV G B S D




TEST HOLE P - 66

Interval in
feet b.g.1.

0-1
1-8

8 - 29

29 - 31

3

Description

Top so0il
Silt, carbonate psbbles,
clayey, not plastic, colour

10 YR 3/2 to0 2,5 Y 3/2

Clay, laminated, massive and
plastic, colour 3,75 Y 3/2
grading downwaxd to 5 Y 2,5/1

Boulder pavement
Sand, fine grained, silty

Hole ended, probable bouldexr

pavement

124

Stretigraphic
unit

Lacustrine Silt

Lacustrine Clay

Basal Sandy Drift
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TEST HOLE P - 67

Intexrval in Description Stratigraphic
feet b.g.1. wmid
0-1 Top soil mmcnsssnsasnssss
1=7 Silt, possible carbonate Lecustrine Silt

streaks, clayey, plastiec,
colour 2,5 Y 3,5/2

7 - 21 Clay, laminated, silt balls, Lacustrine Clay
plastie, colour 2,5 Y 3/2
grading downwaxd to 3.75 Y 3.5/1.5

21+ Boulder pavement @ <ceccecscscsscsses

21 - 37 Till, cleysy sand-till appearance, Clay-loam Till

plastic, colour 2,5 Y 3,5/2
37 Holeended @~ scscosccccessc=s

SHALLOW WELL RWT - 1 (Recording Hater Table)

0-1 Top soil coccnannasmncnas

1 -8 Clay, precipitate streaks, Lacustrine Clay
sility, plestic, colour 10 YR 3/105
grading downwaxrd to 2,5 Y 5/2

8 - 124 Till, silty, carbonate pebbles  Clay-loam Till

124 Hole ended



SHALLOW WELL RWT - 2

Interval in Description
feet b.g.1.
0-1 Top so0il

1 -6 Clay, silty, plastic,

colour 10 YR 3/1

6 - 12 Till, clay streaks,

carbonate pebbles

i2 Hole ended

SHALLOW WELL RWT - 3

Interval in Description
feet b.g.1,

0-2 ¥iil

2 =10 Clay, laminated, plastic,

eolour 10 YR 3/1 to 10 YR 3/2

10 - 123 T411, carbonate pebbles,

silty

124 Hole ended

6

no

1

Stratigraphic
unit

lacustrine Clay

Fade S 29"
Clayeloazm TAI]

Stratigraphic
unit

Lacustrine Clay

Clay-loam Till



SHALLOW WELL RWT - &4

Interval in
feet b.g.1,

0-1

1-6

6 - 124

124

Deseription
Top soil

Clay, silt balls, precipitate
streaks, colour 10 YR 3/1

Till, carbonate pebbles,

clay and silt streaks

Hole ended

SHALLOW WELL RWT - 5

Interval in
feet b,g,1,

0-1

1-9

Description
Top soil

$11t, silt balls and streaks,
precipitate streaks, colour

10 YR 3/1  (very clayey)

Till, carbonate psbbles,

colour 2,5 Y 5/2

Hole ended

127

Stratigraphie
unit

Lacustrine Clay

Clay-loam Till

D G D CD 3 D OB D D €9 TD T D D €D

Stratigraphic
anit

O O €D T O T O D OB CY T T 29 4

Lacustrine 3iit /
Lacustrine Glay

transition

Clay-lcam Til1

DD O 6 D 0 T R D T T D € D D
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A THEORETICAL HYDROCHEMICAL

EVOLUTION SEQUENCE

APPENDIX B
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THEORETICAL HYDROCHEMICAL EVOLUTION

SEQUENCE, WNRE STUDY AREA

The correlation of major ion distributions and total
dissolved solids to the groundwater flow pattern was shown
along geologic cross sections A - A’ and B - B', The flow system
effects of concentrating the major ions in the water table of the
central discharge zone were discussed, The following is a theoretical
sequence of groundwater chemistry changes that nay  occur as
water moves from the uplands Yecharge zone to the water table near the

WM Area along cross section B - BY,

Phase I Recharge to groundwater flow system in southern
uplands, cross section B - BY, Precipitation
infiltrates surficial sands., Partial pressure
of COp 1510715 atmosphere, Groundwater
temperature is 5°C, Dissolution of dolomite
will occur until system is at equilibrium,

System is at near-saturation with calcite,

Phase II Cation exchange occurs in the lacustrine clay of
the southern uplands recharge area, N;Fmontmorillonite
assumed to be present in sufficient quantities to
enable long-term ion-exchange effects: Ca++and Mg**
are lost from the groundwater flow with the Ca™

ions having the greater exchange potential,
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Phase III Dissolution of available gypsum CaSQy, - 2HOH
from the clay-loam till, System does not attain

equilibrium,

Phase IV Dissolution of epsomite MgSOq ¢ 7HOH from
the clay-loam till, Phase IV occurs either
in immediate succession or simultaneously

with Phase IIT,

Phase V Dissolution of sylvite KC1 from clay-loam t111,
Any contribution of sylvite from the basal sandy

drift is assumed to be negligible,

Phase VI Higher flew velocities and low evaporite and
carbonate content of basal sandy drift permit
only slight chemical change, assumed negligible,
Groundwater enters central lowlands discharge zone
from basal sandy 4rift aquifer, Epsomite Mgsqu s 7HOH

is further dissolved from the clay-loam till,

Phase VII Further dissolution of available gypsum from the
clay-loam till, Oversaturation with respect to dolomite

and calcite; undersaturation with respect to gypsum,

Phase VIIT Cation exchange in the surficial lacustrine clay
+
of the central lowlands, Na-montmorillonite

assumed to be present but with ever-decreasing

exchange potential, No Mgﬂ'lost,
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Phage IX Groundwater reaches the water-table zone of the
central discharge area, The system adjusts to CO2
partial pressures of approximately 10735 atmosphere,

No precipitation of calcite or dolomite,

Phage X The ionic strength and total dissolved solids of
the groundwater are doubled in that portion of the
water-table zone immediate to the zone of aerationm,
Evaporation in the unsaturated zone and capillary
fringe affects a two-fold increase over the initial

concentrations

Phase XI Precipitation in the lacustrine clay/silt
surficial units, Calcite precipitates formed;
position varies with water-table fluctuations,

System supersaturated with respect to gypsun,

Phase XI1 Precipitation of gypsum in capillary fringe
of central lowlands discharge area, All
available Ca’"removed from solution,
Garrels and Christ (1965) and Rozkowski (1967) describe the
influence of saturation index and CO2 partial pressures in a
groundwater flow system, Major ion distributions, pH, and total
dissolved solids were calculated in the manner of Cherry (1971 and 1972),
The following table shows the change in chemistry of the

groundwater as it moves through the stratigraphic units of the area,
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HVORSLEV WATER-LEVEL DRAWDOWN METHOD

FOR CAlCULATING HYDRAULIC CONDUCTIVITY

APPENDIX C
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THE HVORSLEV RESPONSE TECHNIQUE IN THE
CATOITATION OF HYDRAULIC CONDUCTIVITY

Dexrivation of the Hvorslev Equation

The variable head formula for caleculating hydraulic conductivity
is a result of modifying Hvorslev®s basic equation for determining
hydrostatic time lag “T", Basic time lag is defined as the
time required for equalization of the head diffevence between the
water table or piezometric level and the head "H" in the plezometer

when the corresponding discharge

(1 =
M7 Q= X H

is maintained.” "H" in eqn, /4/ is the active head at a time "t",

Fig, 32 demonstrates that H = z - y where "z" is a function of timeg

l,e0 2 = Ho at t = 0, "F" is defined as a shape factor dependent

upon the dimensions and configuration of the well=-point diameter

"d", piezometer diameter "D", and length of well-point intake area "L",
Relating discharge "Q" to "A", the ecross-sectional area of

the piezometer,
/5 9=dy
A dt

the discharge per unit area is proportional to the change in active

hydraulic head with respect to time, By substituting eqn, /_1}7
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for "Q" in egn, /57,

L7 FKpH = dy
A a&

and combining with eqn, /77,

/77 V = AH

where "V" = the total volume of flow required for equalization of

the drawdown “H", the basic #ime lag may be expressed as

V AH A
@7 T Q FKhH —Fi-(-l,-;

By exchanging eqn, /87 for "A" in eqn, /67,

L97 FKhH = dy
TFK;, At
eqn, A0/, a final differential equation for determination of the

hydrostatic time lag, can be developed,

£197

= 2 = Y=
T

Qalﬂa
<

H
T

At a constant piezometric pressure and a "t" of zZex0, integration

of eqn, /117

L147 Hy = dy
T at

yields & natural logarithmic relation between initial drawdown head
and active hydraulic head at time "t",

t Ho
1127 T; = 1n -I-{-
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Calculatlion of the basic time lag is from a semi-logarithmic plot

of head ratio H/H, versus time "t" (Fig,40),

The Hvorslev Method as Applied in the Ceneral Study Area

The Hvorslev equation for determining hydraulic conductivify

via the time lag constant "T" is given as

A

A37 K =

However, eqn, 1137'was not used in the WNRE studies but was replaced
by eqn, [?72 The latter method can be easily modified to include the
basic time lag as shown by eqn, A47/,

AL7 K, = & | 1 fa/p + VI T G/

8.L.T

In this case, "T" is determined through use of the previously mentioned
semi-logarithmic plot of head ratio and time,

Eqn, [?7 was chosen for its independence of the time lag factor,
Thus, one source of departure from the straight line graph, an initial
fast response not reflective of actual permeability, was clearly

abed 1l.e., the initial steep slope of the graph can be neglected

provided the value of H° is large enough to compensate for the
initial head response,

Equally important is the actual head ratio at which the slope
abruptly changes, If a sharp decrease in slope does occur, it will
be prior to a head ratio of 0,37 (Fig, 40), Lawson (1968) has chosen
to calculate basic time lag by considering only those straight-line

segments below a head ratio of 0,65, This allows for possible initial
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deviations, Lawson (1968) suggested that the"mean value [Ef 27 be
calculated from an equal number of corresponding straight-line
segments covering the entire range of permissable head ratios
[0.65 - 0,07",

Neverthcless, if the slope breaks after 90% equalization has
occurred, it will require twice the amount of time to attain 09%
equalization as it did to attain 90% (Fig, 40), Thus, in determining
external influence upon the piezometric response, the point of
departure from the straight line must be considered with respect to
the equalization ratio at that point, That is, if deviation occurs
after y/Ho = 90%, then the response may be unreliable in that portion

of the graph,

Validity of the Hvorslev Procedure with Respect to the Shape

Factor and Transformation Ratio

The effectiveness of the Hvorslev technique can be examined in light
of the shape factors inherent in the piezometer construction and the
stratigraphy involved, The tests in the study area involved the
general shape factors d, D, and 1, The piezometer intake diameter
“D" ranged from 0,067 to 0,50 foot while the actual rlezoneter
diameter "d" ranged from 0,067 to 0,20 foot, Where the sand pack
about the well-point filter is lithologically dissimilar to the
surrounding hydrostratigraphic unit, the value of "D" is assumed to
equal the total diameter of the well-point filter; i.e., a piegometer
with d = 0,067 whose well-point filter lies in a clay unit will have
a "D", not of 0,067, but of the width of the borehole, With a
well-point filter in a sand unit, "D" equals "d" the diameter of

of the piezometer,

+ =
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The length of well intaske “L" varied from 1.5 to 2,0 feet
with a very few values of 3 to 5 feet, The water-table wells
and plezometers were treated, as were the large majority of piezometers
tested, in this 1.5 to 2,0 foot range, Using the actual water-table
piezometer intake length of approximately 10 feet would decrease the
horizontal hydraulic conductivity K, by a maximum factor of three
wheve L = 2,0 for the water table piezometer in the original test,
By varying d or D, changes up to factors of two were recorded for the
values of Ky o

The relation of these general shape factors in a vnifornm, sandy
soil (d = D) is seen to be an approximstion of the Dachler formula,
In this case, the formula is applied to a cylindrical intake or well
point instead of the normal application based on semi-ellipsoidal,
equipotential surfaces, The flowlines are symmetrical with respect

to a horizontal plane through the center of the well point with
eqn, /157

Z§§7 £l KH

1T o /D + T+ O]

applied to both halves of the well intake.

The accuracy of this equation will decrease with the decreasing
ratio L/D, For increasingly largewalues of L/D, eqn, /16/ is sufficient,

$£7 —
L in (2L/D)

This adjustment for L/D is reflected in the variation of eqn. 27

to adjust for values of mL/D that are greater than &4,

2
; d - 1n (2mL
177 K, = (Zalf0) | H
‘ 8¢ 1 o (tz atl) Ho
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The transformation ratio "m" was set at a unit value of one,
i
/187 m= (Kp/kKy = 1) ¢

A significantly larger value of "m" would require a horizontal hydraulic
conductivity "Kh“ that is impossibly greater than the vertical conductivity,

In an experimental case the transformation ratio in Equation 18 was
allowed to equal 10; i.e., the horizontal conductivity was considered 100
times greater than the vertical conductivity, The result was a doubling
of the horizontal conductivity calculated using "m" equals one, Where
the value of "m" was increased to 100, the horizontal conductivity
increased threefold,

The secondary permeability of an overlying clay or till unit would
considerably decrease this ratio through an increased vertical conductivity
(Williams and Farvolden, 1967), Thus the choice of m = 1 is based on a
deeision that it would be Impractical to assign a more exact value to

the Kp/K, xatio,



