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ABSTRACT 

Glacial deposits are characterized by considerable çtratigraphic heterogeneity 

but existing 'first generation' facies models are based almost exclusivel y on one- 

dimensional vertical profile descriptions of widely-spaced boreholes and outcrops. 

Such models do not adequately predict the three-dimensional geometry and 

heterogeneity of sedimentary facies for hydrogeologic purposes. This thesis 

demonstrates alternative approaches to the descrÏption of glacial deposits which 

integrate surface and downhole geophysical methods with architectural element 

analysis (AEA) of borehole data and outcrops. These methods are applied to better 

resolve the sedimentary architecture and hydrogeologic function of thick (> 200 rn) Late 

Pleistocene strata in southern Ontario. 

AEA photomosaics of well exposed Pleistocene outcrops were integrated with 

an extensive subsurface GIS database consisting of drill core (> 2300 m), downhole 

geophysical logs (natural gamma, EM conductivity) and shallow seismic reflection 

profiles (1 12 line km) collected within a 1380 km2 area east of Toronto. The basin 

stratigraphy consists of thick Late Wisconsin tills and intervening interstadial deposits 

overlying older glaciolacustrine sediments. Three primary aquifer systerns were 

identified and large-scale trends in hydrogeologic parameters (hydraulic heads, 



transmissivity and hydraulic mnductivity) were mapped. Aquifers are confined by finer- 

grained till deposits, including a thick (up to 60 m) regionallyextensive till member 

(NoNiem till) previously described as a hornogeneous, highly imperneable aquitard. 

AEA and seismic reflection profiling in contrast, identify a composite intemal till 

stratigraphy and the presence of heterogeneities over several length sales. Three 

principal architectural element types are identified: tabular diamicl elements (DE), 

sorted sediment interbeds (1) and deformed zones (DZ) of complexly glaciotectonized 

strata. Architectural elements are defined by laterally extensive 4* and 5n order 

bounding erosion surfaces and their correlative wnfomities; lower order surfaces 

define srnall-scale intra-element heterogeneities, including sorted sediment lenses, 

minor erosion surfaces and diamict 'incrernents'. 

Accumulation of the Northern till involved aggradation of diamict elements 

punctuated by periods of non-deposition and subglaciofluvial reworking of till to form 

sorted interbeds. AEA identifies drumlins as macroforms resulting frorn aggradation of 

diamict elements across a pre-existing drumlinized erosion surface. 

Interbeds and intra-element heterogeneities provide primary pathways for 

groundwater and wntaminants through the Northern till; the lateral continuity (> 1 O3 m2) 

and interconnectedness of interbeds suggests a stair-case groundwater flow 

mechanism. 
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CHAPTER 1 : INTRODUCTION 

1-1 RATIONALE AN3 OBJECTIVES 

Glacial deposits cover more than 13 million km2 of mid-latitude North Arnerica 

and are host to extensive, highly productive aquifer systems (Stephenson, 1989; 

Rudolph, 1997). Glacial deposits are also used extensively as substrates for landfilling 

and other urban landuses which are responsible for releasing groundwater 

contaminants. Effective management of groundwater resources and mitigation of 

contaminant impacts is reliant upon the ability to diaracterize the three-dimensional 

subsurface geometry and heterogeneity of cornplex glacial deposits. Detailed 

subsurface geological information is increasingly required to specify aquifer and 

aquitard geometry within 3-D groundwater flow and contaminant transport rnodels 

(Anderson, 1989; Anderson and Woessener, 1992; Gerber, 1998). Conventional 

methods used to describe glacial deposits, however, are still largely based on vertical 

profile modeling of lithofacies successions as they appear in onedimensional 

boreholes or two-dimensional outcrops (Eyles et al., 1983). Such information has been 

used to construct glacial facies models where the infered lateral extent and geometry 

of lithofacies in the subsurface are depicted in quasi-threedimensional forrn, most 

often in the forrn of a block diagram (Brodzikowski and Van Loon, 1991 ; Eyles and 

Eyles, 1992)(Fig. 13). A major limitation of such rnodels for hydrogoological purposes 

is that they fail to adequately predict the subsurface extent, variability (heterogeneity) 

and geometry of lithosornes, particularly coarse-grained materials that control bulk 

pemeability (Srninchak et al., 1 396). 

Characterization of stratigraphie heterogeneity is particularly problematic in 

Pleistocene till deposits which have a wide extent across fonerly glaciated areas 

(Cravens and Ruedisili, 1987; Stephenson et al., 1989; Eyles and Eyles, 1992; ). 

Because of their extent, frequent high-level of consolidation and relatively low 

permeability, till deposits are used widely as substrates for municipal and hazardous 

waste sites (Curry et al., 1994; Eyles and Boyce, 1997). A growing nurnber of studies, 



FIGURE 1 :l 

Generalized vertical lithofacies log and facies models for lodgement till deposits (from 

Eyles and Eyles, 1992). 
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however, demonstrate that rates of groundwater and contaminant migration through tills 

are much greater than previously expected and that underlying aquifers have been 

adversely impacted (Kaye, 1986; Proulx and Farvolden, 1989; Sklash et al., 1992; 

Gerber and Howard, 1996). M i l e  1 has been generally assumed that groundwater flow 

is controlled by sewndary pemeability structures (e.g., fractures and coarse-grained 

heterogeneities; Desaulniers et al., 1981 ; McKay and Fredericia, 1995; Srninchak et 

al., 1996), the geometry and spatial distribution of heterogeneity in till deposits has not 

been systematically investigated to date. Resolution of groundwater pathways is 

dependent fundamentally on an improved understanding of the intemal three- 

dimensional architecture and distribution of stratigraphie heterogeneity in till deposits. 

Such information cannot be obtained from existing facies models (e-g., Fig. 1:l) which 

are generalized from one- and twodimensional information. Clearly, a new emphasis 

on approaches which permit quantitative description and assessment of till body 

geometry (architecture) and heterogeneity is now required. 

The primary purpose of this thesis is to demonstrate alternative approaches for 

desdption and evaluation of threedimensional facies architecture and heterogeneity 

in glacial strata. This is illustrated by detailed sedimentologic and geophysical 

investigations of thick (> 200 m) Late Pleistocene strata preserved in the subsurface 

of the Greater Toronto Area (Fig. 1:2). The methodologies ernployed were adapted 

largely from techniques developed previously in the petroleum industry for subsurface 

exploration of hydrocarbon reservoirs in clastic sedirnentary deposits (basin analysis 

techniques; Miall, 1992). An important fows is to show how such methods can be 

employed to better resolve facies architecture and heterogeneity in till deposits, given 

their predominance and identified hydrogeologic importance. 

The specific objectives of the research are three-fold. A fint objective has been 

to evaluate the utility of land-based, high-resolution shallow seismic reflection methods 

for imaging the intemal architecture of glacial deposits. High-resolution seisrnic 

reflection techniques (i.e., wmmon depth-point method; Mayne, 1962) have been 

widely employed in the petroleum industry for several decades but have not previously 



FIGURE 1:2 

Surficial geology of southcentral Ontario showing lmtion of study area (modified from 

Bamett et al., 1991 ). 
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been applied to the investigation of thick Pleistocene infills in North America. A primary 

focus of this wmponent of the- thesis was to invesügate the intemal architecture and 

seisrnic stratigraphy of a thick (up to 60 rn) till sheet (Northern till) which forms a 

aquitard across a large area of southem Ontario (Fig. 2). The till unit has been 

favoured regionally as a landfill substrate but problems have emerged with migration 

of contaminants to underlying aquifers (Hydrology Consultants Ltd., 1 981 ; Proulx and 

Farvolden, 1989). Seismic reflection studies were car-ried out at a number of proposed 

waste disposal sites in an attempt to delineate potential groundwater pathways through 

the aquitard. 

The second objective was to better characterize the outcrop- and site-scale 

stratigraphie heterogeneity in lill deposits employing architectural element analysis 

(Allen, 1983; Miall, 1992). Architectural element analysis (abbreviated as AEA) is a 

system for description and subdivision of strata based on the geometry of bounding 

surfaces and facies assemblages (Iithosomes). AEA was developed for describing 

heterogeneities in complex fluvial sandstones (e-g., Allen, 1983; Friend, 1983; Miall, 

1985, 1988a) and has not been previously applied to glacial deposits. The primary 

advantage of AEA over conventional methods (e-g., vertical profile modeling; Fig. 1 : 1 ) 

is that lateral variability and geometry of lithosornes can be evaluated in a quantitative 

rnanner. 

A fhird objective of this thesis has been to develop an improved approach to 

evaluation of the basin-scale geometry and hydrogeologic function of glacial strata. 

GIS methods and basin analysis techniques were employed to investigate a thick 

glacial basin fiIl using a large multi-parameter subsurface database. This analysis 

better resolves the hydrogeologic function of extensive till aquitards and intervening 

aquifers developed in glaciofluvial and glaciolacustrine deposits. 

1.2 STUDY AREA 

The study area indudes a 1380 km2 region located in the Greater Toronto Area 

of southern Ontario (Fig. 112). This area is underlain by a thick (> 200 m) succession 



of Late Pleistoœne sediments which were deposited during two successive glaciations 

and an intervening interglacial period. Late Wisconsin-age tills form the predominant 

surficial sediments across the study region (Fig. 1:2) and were deposited during 

repeated advances of the Laurentide Ice Sheet into the region between 25,000 and 

13,000 Ka ago (Karrow and Ochietti, 1989). The northem part of the study area 

includes an extensive west-east trending moraine cornplex (Oak Ridges Moraine; Fig. 

1 :2) which is composed of subaqueous fan and outwash sediments. Late Pleistocene 

sediments are exposed extensively in outcrops along the Lake Ontario bluffs and 

inland along stream valleys which are incised to depths of up to 40 m. 

1-3 DATABASE AND METHODS 

A large component of the primary field research for this thesis involved logging 

of over 2300 m of drill wre and interpretation of some 1250 rn of wire-line geophysical 

logs aquired during evaluation of 5 candidate landfill sites in the study area (Fig. 1 :3). 

These sites were originally investigated between 1990 and 1994 as part of a region 

wide landfill search conducted by the provincial lnterim Waste Authority (IWA Ltd., 

1 992a. b, 1994a, b). Core samples were logged in detail using a descriptive lithofacies 

codes (Eyles et al., 1983) and were sampled at various intervals for grain size analysis 

(ASTM, 1994). Geophysical logs were fun in steel or PVC-cased holes using natural 

gamma. differential temperature and EM conductivity probes. Supplementary core and 

downhole geophysical data were also collected at two additional test sites within the 

study area drilled in 1994 by the University of Toronto Groundwater Research Group 

(see Gerber and Howard, 1996)(Fig. 1 :3). 

More than 12 km of shallow seismic refiection profiles were collected along a 

number of westeast and north-south transeds using the commondepth point profiling 

technique (Fig. 1 :3). Seismic data were acquired with 24 and 48thannel engineering 

seismographs using hammer and 12gauge shot gun sources. Downhole seismic 

velocity logs were also collected in hrvo boreholes (Fig. 1:3) using a 24channel 

hydrophone array to provide additional seismic velocity information. 



FIGURE 1:3 

Map of study area showing location of investigated sites, seismic profiles and 

distribution of borehole data. 
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Outcrop data were wlleded from more than 30 well-exposed outcrops along 

West D M n s  Creek , Rouge River and the Lake Ontario shoreline. Outcrop analysis 

involved construction of graphical lithofacies logs, architectural drawings and 

measurement of pebble fabrics and palecurrent directions. Lithofacies assemblages 

and bounding surfaces were mapped using procedures described by Bromley (1 992). 

In addition to new field data, a large volume of pre-existing subsurface 

information was gathered from a vanety of sources (Fig. 113). This included more than 

7000 digital water well records obtained from the Ontario Ministry of Environment 

Energy, regional water resource reports (Sibul et al., 1977; Turner, 1977; Ostry, 1979) 

and a large number of borehole records collected from consultants reports. This 

information was integrated with new field data within a relational data base to facilitate 

display and analysis using GIS (Geoscience Information System) methods. 

1.4 ORGANIZATION OF THESIS 

This thesis is presented as series of self-contained papers which address the 

specific research objectives outlined above. This format was deemed as the most 

effective and concise way of communicating the research results. The reader will note 

that the format does lead to minor redundancy in the abstracts, introductions and 

conclusions of each chapter. In order to facilitate later retrieval of information, much of 

the original field data are attached as a series of detailed appendices (Appendices A- 

FI. 

Chapter 2 describes the application of land-based, shallow seismic reflection 

profiling for high-resolution imaging of Pleistocene strata. The method is illustrated 

through the use of case examples from candidate landfill sites. ln chapter 3, the 

subsurface geometry of a thick regional lill unit (Northem till; Fig. 1:2) is described 

based on detailed shallow seismic reflection, borehole and outcrop investigations. 

These studies identify the presence of a composite intemal till stratigraphy consisting 

of tabular till beds separated by warse-grained interbeds which provide pathways for 

groundwater and contarninants through the till. Chapter 4 builds on this work by 



erecting a fomal architectural framework for the Northern tiII based on detailed 

analysis of outcrop and subsurface borehole data. Three ptimary lithosornes are 

identified within the till. A three-dimensional subsurface architectural mode1 is 

synthesized and its implications for subglacial processes and the hydrogeologic 

function of the Northern till aquitard are diswssed. In chapter 5, the basin-scale 

hydrostratigraphy and hydrogeoiogy of a thick Pleistocene basin fiIl is examined using 

GlSassisted basin analysis. Chapter 6 summarizes the results of individual chapters, 

discusses the primary implications of the research and identifies some potential 

avenues for further w o k  

1.6 STATEMENT REGARDING CO-AUTHORSHIP OF PAPERS 

Chapters 2 and 3 of this thesis have been previously published as co-authored 

journal articles. The respective contributions of the present author and CO-authors to 

these publications is outlined here briefly. 

Chapter 2 was CO-authored with B. Koseoglu and appears in Geoscience 

Canada (1 997, v. 23, p. 10-22). As first author, Boyce was responsible for research 

design, study site selection, primary data colledion and preparation of the manuscript 

and figures. Collection of seismic reflection data was carried out collaboratively by 

Boyce and Koseoglu. Pre-stack processing of seismic data was perfomed by 

Koseoglu. Boyce carried out post-stack filtering and was responsible for interpretation 

of seismic data. Collection and redudion of domhole geophysiml data was carried out 

by Boyce. 

Chapter 3 was co-authored with N. Eyles and A. Pugin and published in 

Canadian Journal of Earth Sciences (1995, v. 32, p. 1331-1349). Boyce was first 

author and was responsible for research design, data collection and interpretation and 

preparation of the manuscript and figures. Field acquisition of seismic data was carried 

collaboratively by Boyce and Pugin. Pugin perfomed pre- and post-stack processing 

of seismic data while Boyce was responsible for seismic interpretation and integration 

with subsurface borehole information. Collection and reduction of borehole lithologic 



data, downhole geophysical logs and outcrop data was completed by Boyce. 

lnterpretation of borehole Iithologic information was caried out wllaboratively by 

Boyce and Eyles. 



CHAPTER 2: SHALLOW SEISMIC REFLECTION PROFILING OF WASTE 

DISPOSAL SITES 

(Published in Geoscience Canada, v. 23, 9-21) 

ABSTRACT 

Conveniional approadies to environmental site charaderization typically involve 

onsite drilling of relatively dense networks of continuously sampled and geophysically 

logged boreholes. In g laciated terrain problemç are often enwuntered in determ ining 

the lateral continuity and 3dimensional subsurface geometry of sediments between 

borehole locations. An improved and potentially more costeffective approach 

corn bines drilling and borehole sampling with highiesolution s hallow seismic refiection 

profiling. This approach is illustrated with case studies from candidate landfill sites in 

the Greater Toronto Area. Seismic data provide critical information regarding the lateral 

continuity and geometry of glacial strata and pathways for the movement of 

groundwater and contaminants. 

2.1 INTRODUCTION 

Detailed subsurface geological information is an important requirement for 

hydrogeological evaluation of waste disposai sites and other environment-related 

investigations carried out in urbanized areas. In the Toronto urban area in southem 

Ontario (Fig. 2:1), hydrogeological assessments are dependent on a detailed 

understanding of the subsurface stratigraphy and geometry of thick Pleistocene 

sediments (> 200 m) which overlie bedrock across the region. Conventionaf site 

characterization typically involves intensive field programmes of dnlling and core 

sampling, downhole geophysical logging, well monitoring and hydrochemical analysis. 

However, even with closely-spaced networks of continuously sampled borehoies 

significant uncertainties can arise in detemining the lateral continuity and true 

subsurface geometry of glacial sediments between drilling locations. 



FIGURE 2 1  

A. Location of study region and Greater Toronto Area (GTA) within the western Lake 

Ontario basin. B. Map of study region showing location of proposed and existing 

landfill sites, geologic cross-sections and seismic reflection profiles. 
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Stratigraphie resolution often can be improved significantly in applied 

investigations by integrating conventional borehole information with 'continuous' 

subsurface imaging techniques such as shallow seismic reflection profiling and ground- 

penetrau'ng radar (GPR; Huggenberger, 1993; Scaife, 1997). Shallow seisrnic refledion 

methods are now employed routinely in Quatemary geological studies (Pugin and 

Rossetti, 1992; Genau et al. 1994; Boyce et al., 1 995; Koseoglu, 1 995) and in reg ional 

groundwater investigations (Hunter et al., 1 987; Pullan et al., 1 994). With the advent 

over the last decade of less expensive, more powerful saismographs and PC-based 

processing software (e.g., Somanas et al., 1987). shallow seismic reflection surveys 

have become more efficient and cost-efiective for private sector use. 

This paper presents an ovewiew of shallow seismic reflection methods and 

illustrates their application in case studies ffom three candidate landfill sites and a low- 

level radioactive soi1 remediation site in the Greater Toronto Area (GTA; Fig. 2:l) 

investigated between 1992 and 1995. Searches for new municipal and hazardous 

waste sites are being cmied out in other parts of Canada and the northem US. where 

thick glacial sediments are widespread at surface (e.g., Curry et al., 1994). The seismic 

reflection methods and results reported here, therefore, have a wider relevance for 

landfilling and applied groundwater investigations in other urbanized areas. 

2.2 SEISMlC REFLECTION METHODS 

The seismic reflection method has been used in petroleum industry for over 60 years 

for evaiuating the deep subsurface structure and oil and gas potential of sedimentary 

basins (Telford et al., 1990). Artificial seismic sources are employed, most wmmonly 

explosives or mobile vibrators, to introduce elastic waves (principally compressional 

or 'p-waves') into the subsurface (Fig. 2:2). In a manner similar to sound echoing in air, 

reflections are produced in the subsurface where p-waves impinge upon amustical 

discontinuities occurring at the boundaries between geologic layers with contrasting 

densities andlor seismic velocities. The refledivity of a formation boundary is a function 

of the change in acoustic impedance which is the product of the bulk density 



FIGURE 2:2 

Basic principle of seismic reflection method. Elastic waves (principally p-waves) are 

propagated into the subsurface using an artificial seismic energy source (e.g., 

explosives) and are refiected and refraded at amustical discontinuities between layers 

with contrasting mass density andor seisrnic velocity (acousüc impedance = pV). The 

amval tirnes and amplitudes of refleded waves are deteded at the surface by an array 

of receivers and rewrded by a seismograph. The depth and seismic velocity above 

the refleding interfaces is obtained frorn analysis of the recorded travel tirneamplitude 

series. 
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and velocity of a formation. Reflected waves amving at the surface are detected with 

a linear array of geophones (Fig. 2:2) or other seismometen (e.g., accelerometers) 

which output a voltage signal proportional to the vertical velocity of the ground motion. 

The signals from the reœivers are amplified, converted to digital words and recorded 

on a multichannel seismograph. The ground motian recorded by each receiver is 

displayed as an individual trace on a seismic fie16 record which is a plot of time versus 

signal amplitude. The travel time-amplitude data are then manipulated in a number of 

proœssing stages which culminate with the production of a seismic reflectisn profile. 

The latter outwardly resembles a geologic cross-section (with the time axis 

corresponding qualitatively to depth) because reflective horizons correspond to 

geologic boundaries where changes in lithology, grain-size or other properties (e.g., 

degree of compaction, water content, presence of gas phases) result in acoustical 

contrasts. The important difference is that the changes in the vertical position of 

refleding horizons represent changes in either velocity, refledor depth or both. In order 

to generate a true geologic section showing the location and structural attitude of 

reflectors, time-domain seismic sections need to be converted to depth using the 

average seismic velocities and travel times of reflections. 

2.2.1 Shal low Seismic Reflection Methods 

During the past two decades, seismic reflecüon methods have been adapted for 

exploration of the shallow subsurface (= 5 to 200 m depth) in engineering and 

groundwater investigations (Schepers, 1975; Hunter et al., 1984, 1987; Miller and 

Steeples, 1994). The primary application in these studies is for delineating layering 

within unconsolidated sediments and for detailed profiling of the ovehurden/bedrock 

interface. Resolution of layering down to about 1 rn in thickness is now routinely 

achieved in shaliow seismic *work, although under near ideal substrate conditions, beds 

as thin as 0.5 m have been irnaged (e.g., Jongerius and Helbig, 1988). Shallow seismic 

methods have also been used successfully to locate faults, sinkholes, and void spaces 

in bedrock (Steeples et al., 1 986; Branham and Steeples, 1 988; Treadway et al., 1 988). 



The shallow depth of investigation and high resolution requirements of shallow 

reflection surveys has necessitated development of specialized equipment and field 

methods which are different frorn those in use in conventional petroleum work Arnong 

the most important requirernents for shallow reflection work are the use of high 

frequency energy sources and low-cut filtering of data during field acquisition (Knapp 

and Steeples, I986a.b; Hunter et al., 1987). In contrast to petroleum-scale surveys 

which employ source frequencies in the 10-90 Hz range. frequencies of several 

hundred Hz are required to obtain high resolution at shallow depths of investigation. 

This stems from the fact that the vertical resolution, or thinnest bed which can be 

sucœssfully irnaged. is dependent upon the length of the seismic impulse (wavelength 

= velocitytfrequency). In theoretical terms, reflecting boundaries must be a minimum 

of a quarter wavelength apart in order to be resolved; belcw this limit destructive 

interference between refiections from the top and bottom of a layer results in greatly 

reduced reflection amplitude (Sheriff, 1985). Field filtering involves the use of 'pre- 

emphasist lowcut filters on the recording instrument to counter the selecüve 

attenuation of high frequency signal which occurs in subsurface (Knapp and Steeples, 

1986b). In general, fine-grained water-saturated sediments are more conducive to 

transmission of high frequencies and collection of high-resolution seismic data than 

dry, coarse-grained overburden materials (Hunter et al., 1987). Besides low-cut 

filtering, high frequency geophones with high natural resonant frequencies (between 

50 to 100 Hz) can be used to reduce some of the unwanted lowfi-equency wmponents. 

The instrumentation and optimal field parameters for high-resolution seismic work are 

given by Knapp and Steeples (1 986a, b) and Hunter et al. (1 987). Generally steps must 

be taken to prevent low frequency signal components from dorninating the recording. 

The neœssity presewing high frequency components of the seisrnic record has 

led to much development and testing of source types, in particular downhole rifles and 

shotguns which are now widely employed in shallow reflection work (e-g., Miller et al., 

1986; Seeber and Steeples, 1986; Pullan and MacAulay, 1987; Miller et al., 1992). 

Two acquisition strategies are now widely employed in shallow seismic reflection work, 



the wmmon-depth point (CDP) method and the optimum offset method, both of which 

are reviewed here briefly. 

2- 2.1.1 Optimumoffset method 

The optimum offset method was developed by the Geological Survey of Canada 

in the early 1980's as a rnethod which could be implemented with a minimum of 

equipment and carnputing facilities (Hunter et al., 1984). This method involves 

colledion of end-to-end single-fold spreads using an optimized source-receiver offset 

which allows refledions to be recorded with minimum interference from groundroll and 

shallow refraction events. The optimum offset range is determined by perfoming a 

series of walk-away noise tests with increasing sourceieceiver separations. A single 

offset is then selected within this window and the survey proceeds by shooting one 

trace at a time using same offset for al1 traces. Altemately, rnulti-channel records are 

collected and the traces corresponding to the selected offset are assembled later 

during processing. In the optimum offset method each subsurface reflection point is 

sarnpled once, providing 'single-fold' or 100% coverage. Case studies demonstrating 

the successful application and some potential pitfalls of the optimum offset method are 

discussed by Hunter et al. (1987) and Slaine et al., (1 990). 

2-2.7.2 Cornmondepth point method 

The commondepth point method (CDP) is a continuous profiling technique in 

which subsurface reflection points are sampled repeatedly over a range of source- 

receiver separations (Mayne, 1962; Unapp and Steeples, I986a, b). The strategy 

employs rollalong shooting in which the shot point and geophones are advanced along 

the survey Iine at increments equal to the geophone spacing or some multiple of this 

distance (Fig. 2:3). The resulting overlap between spreads leads to a redundancy of 

data collected for each reflection mid-point in the subsurface (Fig. 2:3). These mid- 

points are vanously referred to as common-depth points (CDP) or common midpoints 

(CMP) and have a spacing which is one-half the surface shot station separation. 



Figure 2:4 illustrates the CDP concept for a case where a refiection point is sampled 

from six different sourceieceiver separations. 

Continuous profiling in CDP surveys is usually facilitated with a 'roll-along' 

switch which is used to increment a number of live recording channels through 

successive spreads. For example, during roll-along shooting with a spread of 24 

geophones and 12channel recording instrument, geophones 1-12 would record shot 

no. 2 ,  geophones 2-1 3 shot no. 2, geophones 3-1 4 shot no. 3, and so on. The 'fold' or 

redundancy of subsurface coverage is detemined by the number of adive channels 

and the shot interval; for the 12channel setup described, 6-fold or 600% coverage 

(e.g., Fig. 2:4) would be obtained where shots are perfomed at every geophone 

location and 3-fold data where the shot spacing was set at twÏce the geophone interval. 

Engineering seismographs available at the present are commonly equipped with 24, 

48 or 96 channels and 120, 24- or 48-fold coverages are now employed routinely in 

st.iallow seismic reflection work, 

CDP surveys are usually acquired using either endon or a split-spread field 

layout (Fig. 2:3A, 8). For a fixed number of channels, the end-on layout has the 

advantage of providing a wider range of source-receiver offsets for a given geophone 

spacing when wmpared to the split-spread design. This additional offset information 

is often critical for accurate detemination of moveout velocities of reflectors (see 

below) and in most instances, permits a larger number of traces to be recorded without 

interference from groundroll energy (e-g., Fig. 2:5A). 

Figure 2:5A shows two raw field records or 'shot gathers' collected with endon 

spreads of 24 geophones and shotgun and hammer sources. A number of events can 

be identified on the field records including reflections, shallow refractions, surface 

waves and the ground-coupled airwave (air blast from source). Reflection events are 

identified by their hyperbolic curvature which is a result of the increasing ray path 

length as the source-receiver separation is increased (e.g., Figs. 2:3,2:4). The degree 



FIGURE 2:3 

Two field layouts commonly used in acquisition of CDP seismic reflection data with 

idealized reflection raypaths show for a simple horizontally layered case. A. Endon 

geometry. Shot point (SP) is positioned at set source offset (SO) and fired into line of 

receivers which are moved incrementally along the line using roll-box or by 

repositioning of receiver spread. The reflection sampling intewal (SI) is onehalf the 

receiver spacing (RS). Continuous rollalong shooting using the 12channel 

arrangement shown and with a shot interval equal to the receiver spacing would result 

in a maximum 6-fold (600%) subsurfaœ coverage. B. Split-spread geornetry. Shot point 

is positioned mid-spread and a shot gap (SG) is used to separate near-shot receivers 

from energy source. Spread is 'rolled-along' in same manner as in end-on layout to 

provide continuous subsurface coverage. 
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FIGURE 2:4 

The commondepth point (CDP) concept Refl &or is repeatedly sampled with source- 

receiver pairs centred over a commondepth point (or comrnon mid-point) in the 

subsurface. The example shown is for the case of a 12channel seisrnograph with 

shots fired ai al1 geophone locations (e-g., Fig. 3) which results in a maximum 6-fold 

subsurface coverage. Bold dashed line shows the vertically incident ray path simulated 

by normal moveout (NMO) correction of data during processing. 
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of curvature of the hyperbola is also detemined by average seismic velocity above a 

reflector as well as its depth and dip angle. The time difference between a reflection 

arrival time ai a geophone rernote from the source compared to a detector at the 

source is referred to the normal moveout (NMO). The normal rnoveout of a reflector is 

used to estimate the average seismic velocity above the reflecting horizon and must 

be removed pnor to stacking of CDP data. Refractions, in contrast, are recognized as 

linear arrival events which are characteristically lower frequency than reflections and 

show a number of cycles (Fig. 2:5A). The first arrivals on the records in Figure 2:5A 

represent shallow refractions from the water table and base of the surface low velocity 

layer (weathering layer). 

The chief advantage of CDP method over single-fold techniques (e.g., optimum 

offset method) is the signiftcant increase in signal to noise ratio that potentially can be 

achieved through the 'stacking' (summation) of redundantly sampled reflection points. 

Before data m n  be stacked a number of processing operations must be performed on 

CDP data which are summarized btiefly here. More indepth discussions of processing 

techniques are given by Yilmaz (1 987) and others (e.g., Robinson and Treitel, 1980; 

Sheriff and Geldart, 1982). The main objective of CDP processing is to enhance 

refl ections events at the cost of al1 other signals and to produce a synthetic 'zero offset' 

seismic section in whidi each trace simulates a vertically incident ray path between the 

source and the reflector (Fig. 2:4). The initial stages of processing carried out on raw 

shot records involve manual editing of traces, application of static corrections and 

muting of refractions and noise events (e.g., ainvave) that do not contribute usefully to 

the reflection stack (Fig. 2:6A, B). Static corrections involve removal of time shifts 

which result from differences in the elevations of source and receivers (elevation 

correction) and the changes in thickness and velocity of near surface low velocity 

layers (weathering correction). Static corrections are calculated from elevation 

information and analysis of the first arriva1 times of refractions fmm the shallow 

low-velocity layer (refraction statics). Various types of filtering (e.g., band-pass, f-k 

filters) are applied to remove of unwanted frequency components of the seismic signal 



FIGURE 2:5 

A 24channel shot gathen acquired with shotgun (left; single shot) and hammer (right; 

5 stacks) sources with refradion (1 ), reflection (2) and groundroll (3) arrivals identified. 

Groundcoupled airwave (4) records sound energy of hammer impact carried through 

the air. B. Frequency amplitude spedra for field records shown above. 
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FIGURE 2:6 

Principal steps involved in the processing of CDP seismic reflection data: Raw shot 

gathen (A) are edited, wrreded for elevation and weathering layer statics (B) and are 

sorted into CDP gathers (C) containing al1 traces associated with a single reflection 

point A velocity analysis is perfomed and dynamic corrections are made to remove 

the normal moveouts (NMO) of reflectors prior to stacking (D). Traces in each CDP 

gather are then are stacked resulting in reinforcement of reflections and attenuation of 

other out-of-phase signals (E). 



A 32 TRACE 
RAW SHOT GATHER 

STATlCS CORRECTED 
SHOT GATHER 

C 
RANWM 

t NOISE 

TRACE EDITING 
GAIN BALANCINi 

STATIC 
CORRECTIONS 

MOVED-OUT CDP GATHER 
E 

6-FOLD STACKED 
CDP TRACE 

NMO 
CORRECTIONS 

CDP 
STACK 

i, 

CDP SORT 

i, 

TRACE 
STACK 

FREQUENCY 
FILTERING 

AGC 

6-FOLD 
CDP GATHER 

CDP SElSMlC SECTION 
(6-FOLD) 



including surface waves. airwaves and random background noise (Fig. 2:5A) which can 

damage refledion coherency. 

The next stage of proœssing involves sorting of shot gathers into commondepth 

point gathers (Fig. 2:6C) and application of normal moveout (NMO) corrections. The 

latter involves applying time and offset-âependent time shifts to each trace in a CDP 

gather which wmed for the non-vertical incidence of the reflected ray paths (e.g., Fig. 

2:4). This effectively simulates placing al1 shot and receivers pairs at a zero offset 

position directly above the reflection point and results in Rattening of the refledion 

curve (Fig. 2;6D). The required NMO corrections are determined from an analysis of 

the moveout or stacking velocities of individual reflectors on some typical CDP gathers. 

This is done simply by fitting curves to the reflection hyperbola or by using constant 

velocity stacking and semblance analysis techniques (see Yilmaz, 1987). The velocity 

analysis is commonly augmented with velocity information obtained from vertical 

seismic profiles (VSP) collected in boreholes adjacent to the seismic line (Schneider 

et al., 1997). Once the correct stacking velocities have been determined for selected 

CDP's, the NMO corrections are applied universaily to all CDP gathers in preparation 

for stacking. Stacking involves summing of the movedout traces in each CDP gather 

to produce a single composite trace (Fig. 2:6E). The combining of the traces results in 

cancellation of outof-phase noise energy and reinforcement of in-phase reflection 

events. From a theoretical standpoint, the improvement in signal to noise ratio 

achieved by stacking increases proportionally with the square root of the CDP fold. As 

finel steps, various types of filtering (post-stack f-x filter, bandpass filters) and gain 

balancing operations (e-g., automatic gain control; AGC) are performed to enhance the 

appearance of reflection events and to equalize the trace amplitudes on the final 

stacked section (Fig. 2:6F). 

2.3 CASE EXAMPLES 

In this section case studies illustrating the application of CDP seismic reflection 

profiling are presented from work completed a three proposed landfills and other test 



sites investigated in the eastem Greater Toronto Area (Fig. 2 1  ). Mudl of this work has 

been camed out near the town of VVhitevaIe at decommissioned candidate landfil1 site 

(Pl  ; Fig. 1 B) wtiich has been adopted by the University of Toronto as a long-ten 

hydrogeologic monitoring area and field test site for applied geophysics. 

2.3.1 Whitevale Candidate Sites 

The Whitevale Pl ,  M 6  and EE11 sites (Fig. 23 8) were investigated as possible 

locations for a landfill to acœpt 6 million tonnes of municipal waste (M.M. Dillon, 1990). 

Site investigations involved an intensive programme of dAling, core sampling (1 600 

m total), hydrochemicai analysis and hydrogeologic field monitoring (M.M. Dillon Ltd., 

1990; IWA Ltd., 1994). These studies demonstrated the presence of unsuspected 

'hydraulic windows' through a thick (up to 50 m), compact till unit below the site 

(Northern till; Fig. 2:7). The till unit had previously been considered to be a highly 

impermeable aquitard capable of restricting the movement of groundwater and landfill 

leachates to underlying aquifers in the Thomcliffe Formation (Boyce et al., 1995; 

Gerber and Howard, 1996). Seismic reflection investigations were carried out in 1992 

in an atternpt to better resolve the intemal stratigraphy and nature of potential 

groundwater pathways in the till. 

2.3.2 Seismic Data Acquisition and Processing 

Seismic data were acquired using two 2echannel exploration seismographs and 

50 Hz geaphoneç. Profiles were collected end-on with 3-9 m offsets and a geophone 

and shot spacing of 3 m. Continuous 12- or 24-fold coverage was obtained using a roll- 

along switch or by repositioning of receiver spreads (see Koseoglu, 1995). During 

initial trials of the CDP rnethod at sites P l  and M6, a 7 kg hammer and aluminum plate 

were used as the source with five blows stacked per record. The hammer source was 

found to be highly repeatable and provided good high-frequency response on the 

compaded road beds around the sites. The excellent seismic response of these sites 

is in part due to the presence of a shallow water table within 1 m or so of the surface. 



FIGURE 2:7 

Geological cross-sections showing details of Pleistocene stratigraphy and bedrock 

surface in vicinity of proposed and existing landfills in study region (location shown in 

Fig. 2:lB). Borehole lithologic and geophysical data (natural gamma; units in counts 

per second, CPS) also shown. Note presence of thin sands and gravels within Northem 

till aquitard which is proposed landfill attenuation layer. Vertical exaggeration is 183. 





The hammer source was found to be generally unsuitable for surveying in other off- 

road areas due to problems with high amplitude surface waves and rapid attenuation 

of high frequencies by an loose surface weathering layer. ln these areas, a 12-gauge 

'Buffalo' gun (Pullan and MacAulay, 1987) was found to produce a significant 

improvement in high frequency content of the data. The gun was detonated in 1 m 

deep, water-filled shot holes with one shot registered for each 24 channel record. 

Although production rates are somewhat slower than with hammer (see Discussion), 

the downhole shotgun has been found to provide more consistent frequency response 

under varying substrate conditions and is the preferred source for most applications 

(e-g., Hunter et al., 1987). Band-pass filtering was employed during data acquisition 

( N D  input filters 140-1000 Hz) to attenuate low frequency signals and prevent 

saturation of the records by ground roll energy. 

Seismic data were processed on Unix and PC platforms using ITA (Inverse 

Theory Applications) and Vista (Seismic Image Software Ltd) software packages. The 

processing, in general ternis, followed that described in previous sections. A detailed 

discussion of processing methods and parameters is given by Koseoglu (1995). 

2.3.3 Sites P I  and M6 

A 450 m segment of a 1.2 km east-west profile collected at sites P l  and M6 is 

shown in Fig. 2 8  along with an interpreted depth-converted section (lower panel). 

Seismic data were interpreted with reference to lithologic and geophysical logs (natural 

garnms, wnductivity) from adjacent boreholes. A number of laterally continuous 

reflection events are rewgnized on the seisrnic profile (A through FI Fig. 2:8) which 

can be correlated with sequence boundaries within Pleistocene sediments and the 

bedrock interface (Fig. 2:7). Table 2:l summarizes the Iithologic characteristics and 

range of interval velocïties for the seisrnostratigraphic units defined by these reflection 

events. 

The first coherent event obsewed on the section is a gently undulating reflection 

. (A; Fig. 2:8) O C C U ~ ~ ~  at a two-way time of 18 - 20 ms which is correlated with the top 



of the Northem till identified in boreholes Pl-29 and M6ô at depth of 14 and 20 m 

b.g.s. (below ground surface), respectively. The unit above this refledor consists of a 

sandy surficial till and underlying sands and gravels (Halton Till cornplex; Fig. 2:7) 

which either [ack rnarked acoustical contrasts or are too shatlow to be resolved on 

seismic sections. The velocity for this uppemost interval is in the range of 1800-2000 

mls (Table 211) and is consistent with low level of consolidation and sandy character 

of the Halton Till wmplex lnterval velocities within the Northem till are considerably 

higher ( ~2200-2800 mls), as a result of the high degree of compaction (bulk density 

= 2.3 g/cc, porosity = 1244%; M.M. Dillon Ltd., 1990; IWA Ltd., 1994) and silt-rich 

texture of this unit. A number-of semi-continuous, low amplitude reflectors are also 

recugnized within the Northern till (Fig. 2:8). These intemal reflectors are correlated 

with thin (c 1.5 m thick) sand and gravel beds. The presence of sand and gravel beds 

in the Northern till was observed in some a r e  samples (e.g. Pl-29, M6-6; Fig. 2:7), but 

was more generally indicated during drilling operations by zones of inaeased drilling 

rates and poor core recovery (M.M. Dillon Ltd., 1990). 

The base of the Northern till is marked by a high amplitude reflection (B; Fig. 

2:8) at a hvo-way time of 45-50 rns which marks the contact with the underlying 

unconsolidated sands and silts (Thomcliffe Fomation). The interval velocities in the 

Thomdiffe Fomation are low in cornparison to the overlying till (Table 2 : l )  and result 

in a marked awustic impedance contrast at this boundary. The lower part of the 

Thomcliffe Formation passes transitionally into a dense pebbly clay till (Sunnybrook 

Till; Fig. 2:7) which is identifïed on geophysical logs by zone of high gamma counts (> 

80 cps) occurring at depth of 65 to 80 rn b.g.s. The upper and lower contacts of the 

pebbly clay are correlated with reflection events at two-way times of about 70 and 85 

ms respectively (C, D; Fig. 2:8). 

Bedrock is identified by a high amplitude reflector occurring between 100-1 05 

ms (E; Fig. 2:8) which marks a shift to much higher velocities (> 3000 mis; Table 23. 

This refledor indicates a relatively Rat or gently undulating bedrock surface at a depth 



TABLE 2: 1 

Seismostratigraphic units identified in the study region with a surnmary of their 

lithologic characteristics, hydrogeologic significance and range of interval velocities. 

Bounding reflecton (A-E) represent major sequence boundaries within the Late 

Pleistocene sediments of the Toronto region. 



BOUNDING 
REFLECTORS 

A 

A-6 

B-C 

C-D 

D-E 

E 

UNIT 

HALTON TlLL COMPLEX 

NORTHERN TILL 

THORNCLIFFE FM, 

SUNNYBROOK TILL 

SCARBOROUGH FM. AND 
OLDER SEDIMENTS (7) 

WHITBY FM. 

VARIAEILY CONSOLIDATED SANDY 
TlLL AND UNDERLYING INTERSTADIAL 
SANDS AND GRAVELS 

OVERCONSOLIDATED SANDY SlLT TlLL 
WlTH THIN (c 1.5 m) SAND AND GRAVEL 
INTERBEDS AND SAND LENSES 

STRATIFIE0 LACUSTRI NE SlLT AND 
SAND AND LAMINATE0 SlLW CLAYS 

WELL-CONSOLIDATED PEBBLY CLAY 
INTERCALATED WlTH LAMINATED SlLTY 
CLAYS AND SANDY GRAVELS 

LAMINATEO LACUSTRINE SlLTY ClAYS, 
SANDS AND UNDERLYING COMPACT 
SANDY DlAMlCT UNlTS (TILL) 

3LACK SHALE WITH THlN SILTSTONE BEDS 

LOCAL AQUlFERl 
AQUITARD 

3EGIONAL AQUITARD 
ANOÇlLL SUBSTRATE 

REGIONAL AQUIFER 

LOCAL AQUITARD 

OEEP REGIONAL 
AQUIFER 

FRACTURED BEDROCH 
AQUIFER 



FIGURE 2:8 

24-fold seismic reflection profile (A, Fig. 2:lB) acquired across site M6 and adjacent 

to site P l .  lnterpreted section below shows correlations between reflection events 

(labelled A to F) and lithologic and natural gamma logs from adjacent boreholes. 

Horizontal and vertical scales on interpreted panel are M. 





of about 115 m b.g.s. A number of deeper intemal bedrock reflections are also 

recorded including a discontinuous event at 130 ms (F; Fig. 2:8). These likely result 

from the altemation of shales wïth thin siltstone beds known to be present in the Whitby 

Formation (Johnson et al., 1992). 

2.3.4 Site EE11 

Figure 2:9 shows a 450 m segment of a seismic profile acquired at the 

southwest corner of the EE11 candidate landfill site (Fig. 2:lB). This shows a number 

of reflective horizons which c m  be diredly correlated with seismostratigraphic units 

identified at sites P l  and M6 (e.g. Fig. 2:8). The upper surface of the Northem till (Fig. 

2:7) lies at a shallow depth ( 4 2  m) and is not resolved on seismic profiles. The base 

of this unit is correlated with a gently undulating reflector occurring at two-way time of 

about 25 ms (B; Fig. 2:9) which records a shift to much lower velocities (1 700- 1900 

mis) in the underlying Thorncliffe Fornation. A single low amplitude reflector recorded 

above this event at about 15 ms may correlate with a thin sand and grave1 bed 

identified in the Northem till at a depth of 14 m b.g.s. in borehole EE11-2. 

The Thomcliffe Formation at this site shows a number of low amplitude intemal 

reflection events which likely record the altemation of sand beds with silty ciay units 

(e.g., EE11-2; Fig. 2:9). The base of the Thorncliffe unit is marked by a ciearly-defined 

refledor at 50 ms which correlates well with the contact wïth the Sunnybrook at a depth 

of 46 to 50 m b.g.s. in borehole data. The Sunnybrook Till is of hydrogeologic 

importance at site EE11 as a aquitard separating aquifers in the Thomcliffe Formation 

from a deeper bedrock aquifer system (Table 2:1; IWA Ltd., 1994). 

2-35 Malvern Radioactive Soil Treatment Site 

Work at this Passmore Avenue site (Fig. 2:lB) is designed to evaluate the 

feasibility of conduding seismic reflection surveys in urban and industrial areas where 

surface conditions (e-g., fill, paved surfaces) and cultural noise from roadways, 

overhead and underground services (e.g., gas lines, anodeproteded pipes, power 



FIGURE 2:9 

12-fold seismic reflection profile (B, Fig. 2:lB) collected on site EEI 1 with interpreted 

section. Horizontal and vertical scales on interpreted panel are 1:1. 





lines) could potentially Iimit the use of seismic methods. 

The site was investigated in 1993-1 994 for emplacement of a temporary 

radioactive soi1 treatment facility (Acres Ltd., 1994; Je, 1997). The site was approved 

in early 1995 and is currently under use for sorting and temporary storage of radium- 

contaminated from a nearby housing projed. At this site only shallow (< 25 m) borehole 

information is available and the interpretation of the deeper seismic stratigraphy is 

based on cornparison of intetval velocities and refiection characteristics with seismic 

data at Whitevale (Figs. 2:9, 230) and with the regional stratigraphic ftarnework (Fig. 

A 300 m segment of a test profile is shown in Figure 2:10. The data were 

acquired by shooting in 1 m deep shot holes in a water-filled roadside ditch which 

provided excellent coupling and penetration of high frequencies. Borehole data show 

th& the near surface stratigraphy consists of a thin (c 5 m) surface till unit (Halton Till) 

overlying up to 19 m of sand and silt. The first coherent reflection event at 25 - 27 ms 

(4 Fig. 2:10) is charaderïzed by very low stacking velocities (= 15304650 m/s) which 

is consistent with the presence of a thick sand unit. The underlying interval, bounded 

by reflectors A and B (Fig. 2:10) shows a shift to much higher interval velocities (> 

2200 mis) which are consistent with the presence of compact Northern till. 

Below the Northem till, the low veiocity and thickness (= 25 m) of the interval 

between reflectors B and C (Fig. 2:10) suggests a possible correlation with the 

Thomcliffe Formation. The underlying interval bounded by reflectors C and D shows 

a marked shift to higher interval velocities and Iikely represents the Sunnybrook Till 

based on its stratigraphic position. The bedrock interface below the Passmore site is 

correlated with a relatively strong refiection event occurring at about 115 ms. 

Data quality was not degraded significantly by the cultural noise levels at the 

Passmore site. The use of a 60 Hz no ta  filter on the recording instrument was found 

to be effective in suppressing noise from overhead lines and a anodeprotected 8 gas 

pipe whicb runs along the length of Passmore avenue, about 3 m north of the seismic 

line. The use of a 140 Hz low cut filter and careful timing of shots between the passing 



FIGURE 2:10 

12-fold seismic refledion profile (C, Fig. 2:l B) collected on Passrnore Rd. adjacent to 

Malvern Remedial Project (MRP) radioactive soi1 treatment site with provisional 

interpretation. Horizontal and vertical scales on interpreted panel are 1 :l. 





of vehicles was found to be effective in lirniting trafic noise at this site. 

2.4 DISCUSSION 

In conventional drill ing-intensive approaches, major stratigraphic boundaries, 

and, in some cases, individual Iithofacies can be correlated between drilling locations 

with an acceptable degree of confidence (e.g., Fig. 2:7). Delineation of the geometry 

of bounding surfaces, however, can be problematic, particularly where bed contacts are 

non-planar or where rapid changes in the thickness of units occurs as a result of 

erosion or non-deposition (e.g., Fig. 27; EEI 1-1 4). Problerns also frequently arise in 

correlating relatively thin, (< 1 rn) lensate beds and in locating their teminaüons, or 

pinch*uts, in the subsurface. When borehole data are integrated with the wntinuous 

two-dimensional subsurface coverage provided by seisrnic reflection profiling, 

resolution of the wntinuity and geometry of stratigraphic boundaries is significantly 

enhanced (Figs. 2:9, 2: 1 0,2: 1 1 ). 

The vertical resolution achieved at the Whitevale sites, based on the dominant 

refledion frequencies (150-400 Hz) and velocities within the Pleistocene interval 

(1500-2800; Table 23, is estimated at 1 to 5 m using the quarter wavelength criteria. 

In general, the larger value is associated with later refiection events on seismic 

sections (e.g., bedrock, E; Fig. 2 8 )  due to the attenuation of high frequencies and 

overall increase in velocity with depth. 

It should be noted that the field layout described in the case studies was 

designed to resoive the Pleistoœne sediments and bedrock surface at depths of up to 

110 m b.g.s. This geornetry, however, produced very wide angle reflections and loss 

of resolution in the near surface (< 15 m b.g.s.). Resolution of the uppermost interval 

would require use of much smaller geophone spacings (e.g., c 1 m) and source- 

receiver offsets. The resulting reduction in the spread length would considerably 

increase the tirne and cost of field acquisition due to the larger number of shot points 

but is technically feasible where information from the very near subsurface is critical. 

Frorn a pradical stand point, the shallow iimit of the seisrnic method is probably about 



5 m for most applications, although reflections from as shallow as 2 m have been 

obtained (e.g. Birkelo et al., 1987). 

Seismic data collected at sites P l  and M6 dernonstrate clearly defined planar 

to gently undulating reflection events within the Northem till which can be traced 

continuously over distances of up to 11 0 rn (Fig. 2:8). This geometry is consistent with 

the characteristics of laterally extensive sand and grave1 beds up to 1 m in thickness 

identfied in the Northern till in outcrop and in core (Fig. 2:7), whicb can be correlated 

with interna1 reflectors in the till (Boyce et al., 1995). The continuity of these horizons, 

as suggested by outcrop and seismic data together with their coarse-grained texture 

and thickness, suggests their importance as groundwater pathways in the Northem till. 

In addition to being able to identify small-scale variability, the use of shallow 

seismic reflection surveys has the potential to reduce the wsts of applied 

investigations by reducing the number of boreholes required to characterize a site. 

LandfiIl investigations at sites P i  and EEI 1 in the Whitevale area were conducted at 

a total cost of more than $2 million; drilling wsts alone amounted to about 15% of the 

total expenditure for field studies. During investigations at EE1 1 , seismic studies were 

implemented during the fast stages of field investigations to confirm the results of 

drilling operations. A better approach based on this exparience, would be to integrate 

seismic studies at a much earlier stage and would involve drilling of nurnber of 

strategically plaœd test boreholes tied by shallow seismic reflection lines. In this way, 

the placement of subsequent drill holes could be more effectively selected to target the 

specific data requirements of the study. 

It should be stressed that seismic refledion data need to be ground-truthed with 

detailed borehole information, particularly in newly investigated areas where Iittle is 

known about the subsurface characteristics In areas where the geologic succession 

is well known and predictable (e.g., Fig. 2:7), provisional interpretations are possible 

based on reflection characteristics and interval velocity data. 
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CHAPTER 3: SElSMlC REFLECTION, BOREHOLE AND OUTCROP GEOMETRY 

OF LATE WISCONSIN nus AT A PROPOSED LANDFILL NEAR TORONTO, 

ONTARIO 

(Published in Canadian Journal of Earfh Sciences, v. 32, 1331 -1 349) 

ABSTRACT 

The search for new landfill sites in the Greater Toronto Area of southern 

Ontario, Canada, is producing a wealth of data regarding the subsurface stratigraphy 

an3 geometry of Late Wisconsin (< 25 ka) till deposits. Till strata are favoured as 

landfill substrates because of their wide surface extent, thickness (maximum a 60 m), 

high degree of overconsolidation, apparently massive character and low pemeability. 

However, problems are ernerging where surface contaminants have migrated through 

till deposits into underlying aquifers along poorly undentood transport paths. This 

paper reports the results of a detailed shallow seisrnic reflection investigation of a 

proposed 275 hectare landfill site 40 km northeast of Toronto near Whitevale, where 

previous hydrochemical analysis and hydrogeological monitoring identified rapid 

vertical recharge of cantaminated surface waters through Late Wisconsin tills up to 60 

m thick. Seismic reflection data are groundtruthed by drilling (36 holes; total drilled 

3157 m), coring (1600 m), downhole geophysical logging and outcrop data. The site 

stratigraphy at Whitevale wnsists of an uppermost Late Wisconsin till (Halton Till) 

separated from a lower till (infonnally named Northern till) by a silt, sand and grave! 

complex. Seismic reflection profiles identify the presence of welldefined refiectors 

within the Northern till which are correlated in outcrop with laterallyextensive erosion 

surfaces overlain by sheet-like sands and gravels, up to 1 m thick, and boulder 

concentrations. Erosion surfaces and associated sediments record episodic scouring 

by subglacial meltwaters and provide potential 'hydraulic windows' for the movement 

of surface contaminants through the till into underlying aquifers. 
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3.1 INTRODUCTION AND RATIONALE FOR STUDY 

About 110 million people live within the area previously covered by North 

American ice sheets during Pleistocene glaciations. This area includes many iarge 

urban centres where a detailed understanding of the subsurface stratigraphy and 

sedimentology of complex glacial sediments is of increasing importance for 

hydrogeological assessrnent of subsurface contaminants rnoving away from landfills 

and industrial sites (e.g., Cravens and Ruedisili, 1987; Cherry et al., 1989; Ruland et 

al., 1991 ; Gerber and Howard, 1992; Sirnpkins and Bradbury, 1992; SWash et al., 1992; 

Edwards and Jones, 1993; Jones, 1993). Present landfiIl capacity in the Greater 

Toronto Area (GTA, 6250 km2;-Fig. 3:lB) in southem Ontario, Canada will be shortly 

exceeded and an intensive search is undeway by the Province's Interim Waste 

Authority (IWA) Ltd., for new sites (IWA Ltd., 1992a, 1992b; Eyles and Boyce, 1997). 

Late Wisconsin tills, deposited by the Laurentide Ice Sheet, are favoured for landfilling 

because of their widespread surface extent, thickness average ca. 20 m; maximum= 

60 m), high level of overconsolidation, and apparently massive character and low 

permeability. These characteristics have hitherto been considered to afford a high 

degree of natural protection against the subsurface migration of contaminants from 

waste disposal sites. However, problems are ernerging where wntaminants have 

migrated rapidly through thick, apparently massive tills along poorly understood 

groundwater pathways (ag., Hydrology Consultants Ltd., 1987; Kaye, 1 986; Proulx and 

Farvolden, 1989; Sklash et al., 1992; Gerber and Howard, 1992). 

Landfiil-reiated investigations across the GTA have generated a large volume 

of subsurface data which have expanded understanding of the local and regional 

glacial stratigraphy and hydrogeology. The principal objective of this paper is to 

present the reçults and implications of a detailed investigation of Late Wisconsin tills 

in the vicinity of a proposed landfill site near Pickering in Durham Region employing 

high-resolution, multi-channel seismic reflection profiling supported by downhole and 

outcrop data. Seismic data provide a detailed picture of the intemal stratigraphy and 

subsurfaœ architedure of till sheets and complements conventional site investigation 



methods such as borehole coring and geophysical logging. This paper clarifies existing 

concepts of the Late Pleistocene till stratigraphy of the Greater Toronto Area and 

provides important information regarding the nature of 'hydraulic windows' present in 

tills. 

3.2 PHYSICAL SETTING AND GEOLOGY OF THE STUDY AREA 

The study area extends over about 40 km2 in the Durham and York regions of 

the eastem Greater Toronto Area (Fig. 3:l). The ares consists of a low-relief 

drumlinized till plain at an elevation of about 200 m a.s.l., that is deeply incised by 

postglacial river valleys (e.g.,-Rouge River and West Duffins Creek). The till plain 

extends northward of Lake Ontario to the Oak Ridges Moraine (Fig. 338; Duckworth, 

1979; Chapman and Putnam, 1984) which forms an important regional surface and 

groundwater drainage divide and recharge area (Pullan et al., 1994; Howard et al., 

1997). Existing landuse in the region is predominantly agricultural. The area contains 

a number of existing and prospective landfill sites, including candidate site P l  near 

Whitevale Fig. 3:1A), which was selected in this study for deiailed seismic reflection 

investigations. 

The Pleistocene and bedrock geology of the study region has been previously 

mapped by the Provincial and Federal geological surveys (e-g., Karrow, 1967; Hewitt, 

1 969; Gwyn, 1 W6a, 1976b; Westgate, 1979, unpublished; Sharpe, 1980; Barnett et 

al., 1991 ; Johnson et al., 1992). The geology of the area wnsists of Late Wisconsin 

tills overiying Eariy and MidWisconsin glacial and lacustrine sediments which rest on 

Ordovician shale bedrock (Fig. 3:4). Two tills are rewgnized within the Late Wisconsin 

succession, the Halton Till and the Northem till (defined below; Fig. 3:3) which are 

separated regionally by a silt, sand and grave1 mmplex that likely records a short-lived 

interstadial (possibly the Mackinaw Interstadial; Karrow and Occhietti, 1989; Bamett, 

1991, see below). To the south of the study area, the uppermost till (Halton Till) is 

draped by thin lacustrine sand and silt deposited by glacial Lake Iroquois (Sly and 

Prior, 1984; Fig. 3:4, 7). Deltaic sands and silty clay rhythmites (Thomcliffe Formation, 



FIGURE 3:1 

A Map of study area showing location of site in East Durham and other proposed and 

existing landfill sites in the area. Location of seismic profiles, geological cross-sections 

and outcrops are also indimted. B. Location of Greater Toronto Area (GTA) and other 

localities named in text 





Scarborough Formation; Karrow, 1967; Clark, 1986; Eyles, 1987; Eyles and Clark, 

1988) and intervening pebbly muds (Sunnybrook Till; Hicock and Dreimanis, 1989; 

Schwarcz and Eyles, 1991) that underlie the Late Wisconsin tills form a regionally 

extensive aquiferlaquitard cornplex (Sibul et al., 1977; Howard and Be&, 1986; Howard 

et al., 1997). Pleistocene strata are well exposed adjacent to the P l  site in outcrops (up 

to 30 m high; Fig. 316) along the Rouge River and West Duffins Craek (Fig. 3:lA); 

these allow detailed cornparison and correlation of seismofacies with lithofacies in 

outcrop and core. 

3.3 PREVIOUS WORK AT WHITEVALE 

The P l  site (275 hectares; Fig. 3:2) was selected in 1989 for detailed 

hydrogeological investigations for a proposed landfill facility to handle 6 million tonnes 

of non-hazardous municipal waste for Durham Region (M.M. Dillon Ltd., 1990a; Eyles 

and Boyce, 1997). The site lies within 5 km of two existing landfills (Beare Road and 

Brock West) and four other sites presently under consideration for landfilling (IWA Ltd. 

1992a, 1992b; Fig. 3:1), al1 of which have been investigated by drilling and coring. A 

key factor in the selection of site P l  was the presence of a thick, heavily over- 

consolidated Late Wisconsin till unit (Northem till; Fig. 3:4) below the site. 

Site investigations at P l  in 1989, included an extensive programme of drilling 

and core sampling, hydrochemical analysis (major and minor ions, environmental 

isotopes), and hydrogeologic field and iaboratory investigations (pump testing, water 

level monitoring, triaxial testing) to determine the nature of the groundwater fiow regime 

beneath the site (M.M. Dillon Ltd., 1990a). One of the primary aims of this work was to 

determine the suitability of the Northem till as a low permeability 'attenuation layet 

which would limit migration of leachates away from the landfill base in the event of 

failure of the engineered landfill liner. Laboratory testing of the hydraulic conductivity 

of till core samples by triaxial methods yielded low values in the range of 1 O9 to I O 8  

c d s .  Comparable low permeability values have been obtained for the Northem till by 

this method at other nearby sites (IWA Ltd., 1994a, b) which 



FIGURE 3:2 

Location of boreholes, seismic lines and geologic cross-sections through site Pl .  
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FIGURE 3:3 

Stratigraphic terminology applied to Late Pleistocene deposits in Toronto and Durham 

Region after authors cited. This paper suggests that the NoNem till is stratigraphically 

equivalent to the CatfÏsh Creek Till of southwestern Ontario which records southerly 

flow of ice during the maximum of the Late Wisconsin glaciation (see text). 
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FIGURE 3:4 

Stratigraphie cross-sections A-A' and B-B' (see Figs. 3:1,3: 2 for locations) showing 

generalized Late Pleistocene stratigraphy in vicinity of P l  constructed frorn borehole 

and outcrop data. 





together with its substantial thiduiess and apparently massive character led to the view 

that the till is an acceptable landfil1 substrate. In contrast, hydrogeochemical analysis 

of till pore waters at the P l  site, suggest an active groundwater systern, involving the 

rapid, localized recharge of recent (post-1953) surface water. This water is 

characterized by the presence of tritium rH), modern 1 8 0  and *H signatures, and 

elevated concentrations of SO, and CI throughout the entire thickness of the till unit 

(M.M. Dillon Ltd., 1990a; Gerber and Howard, 1992). Vertical groundwater velocities 

estimated from hydrochemical data (1 .O to 1.5 mSr; Gerber and Howard, 1992) indicate 

that the bulk permeability of the Northern till may be up to 3 orders of magnitude 

greater than laboratory estimates. This is also supported by isotopic data and in-situ 

field testing at other nearby sites which demonstrate a wider range of bulk hydraulic 

conductivity (1 O4 to 1 O9 cmls) than predicted by laboratory testing (IWA, 1994a. b; 

Gerber pers. wmm., 1995). Although the presence of fractures within the till was 

initially suspected at Pl ,  none were observed in over 1600 rn of core samples or in 

angled boreholes and test pit dugs into the surface of the upper surface of the till. It 

was concluded that rapid groundwater recharge through the till was related to the 

presence of thin sand lenses within the till but exact pathways were not identified (M.M. 

Dillon Ltd., 1990a; Gerber and Howard, 1992). The presence of unidentified 'hydraulic 

windows' through the till prompted a more detailed examination of the subsurface till 

stratigraphy below Pl using seismic reflection profiling supported by downhole 

geophysical and lithologic data. These techniques are outlined below prior to 

presentation of field results. 

3.4 GEOPHYSICAL PROGRAMME 

3.4.1 Seismic Reflection Survey 

High resolution seismic reflection data were collected at site P l  using the 

comrnon-depth-point (CDP) method (see Knapp and Steeples, 1986a, 1986b). Two 

seismic profiles, of about 2-5 km and 1.5 km in length (Fig. 3:2), were acquired in July 

1992 along roads on the western and southern margins of the P l  site using a 24 



channel EG&G Geometrics ES-2401 seismograph and single 50 Hz geophones. 

Profiles were cullected with end-on spreads using a roll switch to increment 24 active 

channels through 48, providing 12-fold average on final processed sections. A 1 O kg 

siedge hammer and aluminum plate were used as the source with 5 shots stacked per 

record. Dominant source frequencies in the 100-350 Hz range were obtained by 

hammering on the compacted road bed around the site which provided excellent 

coupling and penetration of source energy to depths of over 140 rn (see also Pugin and 

Rossetti, 1992). The excellent seismic response of this site is also attributed to the 

presenœ of a shallow water table within a metre of the ground surface (IWA, 1994b). 

Band-pass filtering was ernployed in the field (ND input filters BP 200 -1000 Hz) to 

suppress low frequency ground roll energy generated by the hammer source. 

Prior to the collection of data, a series of walk-away tests were perfomed with 

increasing offsets (up to 30 m) to detetmine the optimum data acquisition window 

(Hunter et al., 1984; Knapp and Steeples, 1986b). Offset distances of 5 or 10 m with 

shot and receiver spacing of 5 m were found to optimize viewing of the target horizons 

while minimizing the exposure of records to wide angle reflections (e.g., Pullan and 

Hunter, 1985). Using this layout, shallow refledions within 10 m of the surface were 

recorded simultaneously with reflections ocaimng at depths of up to 140 m. Recording 

of refraciion first arrivals was also critical for determination of accurate static 

corrections due to the laterally varying seismic velocity (= 500 - 800 m/s) and depth of 

the surface weathered horizon at this site. 

Seismic data were also gathered at the site of a deep test hole (Sb1  ; Fig. 3:l A) 

along the shoreline of Lake Ontario, at Scarborough Bluffs (see Eyles et al., 1985), 

where a relatively complete stratigraphie section of the Toronto Pieistocene is present. 

The geology and sedimentology of the site is well known and a small seismic profile 

was acquired here for the purpose calibrating seismofacies against downhole 

geophysical logs (gamma, gamma-gamma, resistivity) and sedimentary facies at Pl .  

Processing of multichannel seismic data was cunduded on a 486 PC using 

Eavesdropper software developed by the Kansas Geological Survey to perform 



common mid-point sorting, velocity analysis, NMO, deconvolution and other filtering 

operations. Other software developed at the University of Geneva (Pugin and Rossetti, 

1992) was used for high-precision static corrections and trace muting. The main 

processing steps were as follows: 

1 ) trace editing and assignment of geometry to raw data, gain recovery, band-pass 

filtering (1 80450 Hz) and f-k filtering to remove low velocity surface waves; 

2) application of static corrections detemined from shallow refraction data (daturn 

surface 201 m elevation), frontend and surgical muting of first arrivals, surface 

waves and airwave noise, CD? sort; 

3) velocity analysis at every 5th CD?, NMO corrections, CDP stack (maximum 12- 

fold); 

4) automatic gain wntrol (window length 50 ms), band-pass filtering (1 80450 Hz), 

zero-phase deconvolution and print-out of final processed section. 

3.4.2 Downhole Geophysical Logging 

Downhole geophysical logs were wllected during site investigations in 1989 

using a Geonics EM-39 logging system (M.M. Dillon Ltd., 1990b). The principal logging 

device used was a natural gamma tool run through steel drill rods in 18 boreholes (Fig. 

3:5). The probe measures the gamma emissions of naturally ocairring radioactive 

elements K, U and Th present in formations adjacent to the borehole. In sedimentary 

strata, the measured levels are related principally to Ka bound in clays and thus 

provides an indirect measure of the clay content of the sediment. Steel drill casing 

impedes the movernent of gamma particles from formation sediments to the sonde 

resulting in a reduction in measured gamma levels by about 75%. This casing effect 

was removed by applying a correction factor to the raw wunt data (M.M. Dillon Ltd., 

1990b). Natural gamma and Iithologic logs for selected deep boreholes at P l  are 

s h o w  in figure 3:5. 



FIGURE 3:5 

Block diagram showing bedrock surface, borehole stratigraphy and gamma logs 

(natural gamma in counts per second; CPS) for selected deep boreholes at site P l .  

Bold lines indicate location of geologic cross-sections shown in figure 3:4. Bedrock 

surface (Whitby Formation) contour interval is 10 m (after Sibul et al. 1977 with 

revisions). 











3.5 DRILLING PROGRAMME AND OUTCROP INVESTIGATIONS 

Pleistocene deposits are about 100 m thick at Whitevale and the generalized 

subsurfaœ stratigraphy of the P l  site was established by a programme of drilling and 

coring in 1989 (M.M. Dillon Ltd., 199ûa). A total of 36 boreholes were drilled to depths 

between 10.8 m (Pl-1 5) below the ground surface (b.g.s.) to 109 rn b.g.s. (Pl-17; 

Figs.3: 2, 315). The cumulative depth drilled was 3157 m of which over 1600 m of till 

was either cored continuously by wireline diamond drilling or sampled with split spoons 

run through hollow stem augers. Deep drilling to bedrock, and further core recovery, 

was commonly prevented by liquefaction of fine-grained sediments that occur below 

the till (see Results below). Cores were logged in detail (Fig. 3:5) using non-genetic 

lithofacies descriptions (Miall, 1978; Eyles et al., 1983) and sampled at various depths 

for grain size analysis using standard sievehydrometer methods (M.M. Dillon Ltd., 

1990b; ASTM, 1994). 

Lithofacies identified in core were correlated with outcrop exposures dong West 

Duffins Creek, Rouge River and the Lake Ontario shoreline (Fig. 3:lA). Detailed 

lithofacies logs of representative outcrops are show in figure 3:6. Ice-directional data 

(clast fabrics, boulder striations) and palaeocurrent measurements were also collected 

at a number of outcrop localities and are summarized in figure 3:7. For clast fabric 

analyses, the aaxis orientations of 30 or more prolate clasts (a:b 2 1.5) were 

measured from a 1 m2 outcrop area. Clast fabric data were plotted on lower hemisphere 

Schmidt nets and evaluated using conventional eigenvalue methods (Mark, 1974; 

Woodcock and Naylor, 1988). 

3.6 RESULTS 

Data derived from analysis of core and downhole gamma logging are 

summarized on figures 3:4, and 3:5 which depict the overall site stratigraphy and 

geometry of Pleistocene strata and underlying bedrock High-resolution seismic 

reflection profiles collected along the western boundary of site P l  are shown in 

Figure 3:8. 



FIGURE 3:6 

Detailed lithofacies logs of outcrops along West Duffins Creek and at Simwe Point 

(locations shown in Fig. 3:l); palaeocurrent data for Thomcliffe Formation from Clark 

(1 986). 
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FIGURE 3:7 

Paleoflow data for Late Wisconsin tills and intervening sorted sediments (location of 

measurements shown in Fig. 3:7): A. Till pebble fabrics (a-axis orientation) plotted on 

lower hemisphere equal area nets. Direction of maximum clustering indicated by arrows 

and eigenvector V,; strength of clustering around V, given by eigenvalue S,. Pebble 

fabrics are non-random at either the 95% or 99% significance level according to the 

SI/& test of Woodcock and Naylor (1 988). B. Striation directions measured on upper 

surface of 'flat-iront clasts in bouider concentrations with calculated vector mean, x (bi- 

directional) and vector magnitude, L. C. Paleocurrents measured in cross-beds in 

sorted sediments lying between Northern and Halton tills; vector mean x 

(unidirectional) shown by arrow. Twodimensional data differ from a randorn distribution 

at the 99% significance level using the Rayleigh test (Curray, 1956). 
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3-6-1 Bedrock Surface Below Site P l  

The bedrock surface below the Whitevale site (Late Ordovician Whitby 

Formation shales; Johnson et al.. 1992) is cleariy identified on seismic profiles by semi- 

continuous, high amplitude refledions occum'ng between 90-1 10 ms (Fig. 3:8). 

Reflections represent an abrupt increase in acoustic impedance from unconsolidated 

sediment to underlying shale. Bedrock is also identified by much higher interval 

velocities (> 3200 mis) when compared to overlying Pleistocene sediments (= 800- 

2600 mls; Fig. 3:9) and high gamma counts (150-200 cps) on geophysical logs (Fig. 

3:5). The bedrock reflector shows a gentle slope towardç the southwest corner of the 

site which defines the eastern half of a broad, northwest-southeast trending bedrock 

channel (Fig. 35) previously identified in bedrock rnapping by Sibul et al. (1 977) and 

Ostry (1979). The channel is up to 1 km wide and 20 m deep and is part of a regional 

network of bedrock valleys infilled with Late Pleistocene sediments (see Eyles et al., 

1993). The bedrock surface shows minor erosional relief defined by gently undulating 

reflectors between CDP 280-320 and the possible presence of faults, as indicated by 

offset refiectors at CDP 240 and 280 (Fig. 3:8A). Deeper reflections from within 

bedrock (Fig. 3:8A; CDP 300350) are of a more fiat-lying and semicontinuous nature 

and likely identify the presence of thin siltstone beds within the shale (e.g., Johnson 

et al., 1992). 

3.6.2 Pleistocene Stratigraphy Below Site P l  

Pleistocene sediments are about 4 00 rn thick below P l  and can be divided into 

two principal depositional successions (Fig. 3:4). A lower succession (about 50 rn thick; 

Fig. 3:4) is cornposed of regionally extensive, tabular beds of pebbly clay (diamict) and 

lacustrine silt and sand which can be currelated with outcrops along West DufTïns 

Creek, Rouge River and the well-known exposures along the northem shore of Lake 

Ontario at Scarborough Bluffs. These strata comprke the Early Wisconsin 

Scahrough Formation, Sunnybrook Till and Middle Wisconsin Thorncliffe Formation 

(Karrow, 1967; Eyles, 1987; Hicock and Dreimanis, 1989; Berger and Eyles, 1994). 



The upper stratigraphic succession at site P l  consists of Late Wisconsin tills which 

truncate older glaciolacustrine deposits across a regional unconfomity (Fig. 3:4). 

Existing compilations of the Late Pleistocene stratigraphy of the Toronto and 

Durham Region are shown in figure 3:3. A regional tripartite stratigraphy of older and 

younger Late Wisconsin tills separated by sorted (interstadial?) sediments is 

recognized and this is clearly seen at the Pl site (Figs. 3:4, 3:5). The following section 

emphasizes the seismic stratigraphy and intemal geometry of the Late Wisconsin till 

succession below P l ,  given its importance for the hydrogeological evaluation of the 

site. Detailed descriptions of the sedimentology and environmental interpretation of the 

Late Wisconsin tills and intervening sediments are being presented separately. 

3.6.3 Seismic Stratigraphy of Late Wisconsin Tills Below Site P l  

The uppermost part of the Late Wisconsin stratigraphy at site P l  consists of up 

to 17.5 m of Halton Till. This is separated from an underlying till unit over 50 m thick 

(informally named 'Northern till' herein; Fig. 3:3) by a sequence of interbedded silts, 

gravelly sands and diamids (Figs. 3:4,3:5). Within the Northern till, two sub-units with 

contrasting acoustic and lithologic properties are clearly identified and which we 

informally term upper and lower Northern till (Figs. 3:4, 3:5). Seismofacies for each 

sub-unit are recognized on the basis of the geometry, lateral wntinuity, and relative 

amplitude of reflectors (Fig. 3:9) and are wrrelated with lithofacies identified in a r e  

and outcrops along West Duffins Creek. lnterval veiocities calculated from reflection 

stacking velocities also aided in correlation of lithostratigraphic units with seisrnofacies 

(Fig. 319). Isopach maps together with contour maps of the bounding surfaces for the 

principal stratigraphic units within the Late Wisconsin succession at P l  are shown in 

figure M O .  The principal lithologid and seismic characteristics of each sub-unit are 

described below. 



FIGURE 3:8 

High resolution mulüchannsl seismic profiles acquired along western boundary of site 

P l  with interpreted sections (horizontal and vertical scales on interpreted profiles 1 A). 







FIGURE 3:9 

Sumrnary of seismofacies and lithofacies characteristics of Late Wisconsin till units 

identified at Whitevale. 





FIGURE 3 : l O  

Contoured bounding surfaces and isopachs of Late Wisconsin stratigraphic units 

identified by borehole irivestigations at site Pl .  



A I?OPACHHALTON , TlLL ,, 

-- 

E ISOPACH LOWER NORTHERN TILL 

C , TOP OF NORTHERN TlLL 

--- - 

F TOP OF THORNCLIFFE FM, 



3.6.3.7 Io wer Northern till 

In core and in outcrop, the lower Northem till consists of a heterogenous mixture 

of silty-sand to sandy diamict (average 54% sand, 38% silt, 8% clay; M.M. Dillon Ltd., 

199ûb), intercalated with lenses and rafts of contorted lacustrine silt and sand (Fig. 3:5, 

7). The unit is thin or absent below the northeast corner of the site and thickens 

southward to over 13 m within a north-south oriented scour eroded into the top of 

Thorncliffe Formation (Fig. 3:10E, F). Where exposed along West Duffins Creek, the 

lower Northem till comprises a melange of rernoulded, glaciotectonically-diçturbed 

lacustrine sediment admixed with boulders and pebbles that bewmes more 

hornogenous and 'till-like' upwards in section (Fig. 3:6). Sediments lying below the 

lower Northem till show overtumed folds, irnbricate shear planes and northward dipping 

thrust faults (Fig. 3:llB) which result in the presence of angular rafts of lawstrine 

sedirnents, up to several metres thick, within the base of the till. These structures 

demonstrate southwarddirected glaciotectonic compression and in combination with 

other ice-movement indicators (see below) record southward flowing ice. 

On seismic sections, the top and base of the lower Northem till are wrrelated 

with ciosely-spaced refledors ocairring at a two-way time of about 50-60 ms (Fig. 3:8). 

The refledors are laterally wnünuous for severai hundred metres and have an overall 

planar geometry (e-g., CDP 330-480; Fig. 3:8A) consistent with borehole data that 

indicate a uniform thickness of between 5 to 8 m for this unit along the seisrnic line. 

The reflector marking the base of the lower Northem till shows the greatest amplitude, 

rscording a strong negative shifi in acoustic impedance ai  the contact with underlying 

Thomcliffe Formation. Bright spots associated with this basal reflector (e.g., Fig. 3:8A, 

CDP 330-380; Fig. 3:8B, CDP 700-760) may be due to trapping of methane or 

hydrogen sulphide gas which is known ta be generated by disseminated organic 

material present in underlying formations. 

The lower NorUiern till is also characterized by zones of discontinuous, 

undulatory and northwarddipping reflectors (e.g., CDP 800480, 50-65 ms; Fig. 3:88) 

which extend up to 200 m along seismic profiles. These zones can be correlated with 



glaa'otedonically deformed and thrust-faulted lower Northem till and sub-till sediments 

(Figs. 3:11A, B). 

3.6.3.2 upper Northem fil. 

The upper Northem till varies between 18.7 and 52.1 rn in thickness at P l  (Fig. 

3: 100) and in contrast to the lower Northern till, is characterised by excellent a r e  

rewvery of massive and homogenous diarnict facies having a relatively finegraineci 

sandy-silt matrix (average 38% sand, 47% silt, 15% ciay; M.M. Dillon Ltd., 1990a). The 

till contains few, thin (< 5 cm) silt and sand stringers, as well occasional thicker sand 

beds (up to 0.5 m) identified by gamma logging and zones of reduced core recuvery. 

Laterally extensive boulder accumulations are also identified in core by the presence 

of granitic and carbonate boulder clusters, up to 0.5 m thick, that show consistent 

elevations in a number of boreholes (Fig. 3:5). Borehole data indicate a marked 

thickening (> 52 m) and elongate mounding of the top of this unit in the southeast 

quadrant of the site (Figs. 3:l OC, D) which is interpreted as buried drurnlin fomed by 

erosion of the surface of the upper Northem till. 

In outcrop, a well-defined stratigraphy can be identified within the upper 

Northern till consisting of tabular till beds up to 6 m thick separated by thin (< 1 m) 

sheet-fike beds of poorly-sorted sand and grave1 (Figs. 3:6, 3:1 IA,  D). Sands and 

gravels contain poorly preserved bedfoms (e.g. defomed ripples) recording traction 

current activity and rest on welldefined erosion surfaces that extend laterally along 

section for several hundred metres (Fig. 3:llA). Eisewhere, till beds are separated by 

concentrations of carbonate or granitic boulders one or two clasts thick that can be 

traced for many tens of metres along outcrop (Fig. 3: 1 1 A, C) . Individual boulders show 

varying degrees of glacial shaping and have faceted and striated upper surfaces 

showing ice fiow directions consistent with clast fabrics rneasured in the surrounding 

till (see below). Boulder concentrations, in places, pass laterally into bouldery clast- 

supported gravels resting on erosion surfaces in the till. 

Clast fabrics measured in the upper Northem till at four localities show a weak 



to moderate development of girdles or weak clusters as indicated by low eigenvalues 

with imbrication of a-axes to the northeast or northwest (Fig. 3:7A). The striated upper 

surfaces of clasts within boulder concentrations record a sirnilar range of ice-flow 

azimuths (Fig. 3:7B). These data together with other kinematic indicators (e.g., 

glaciotectonic thnists; Fig. 3:11B) indicate that the Northem till was deposited below 

southerly flowing ice. 

On seismic sections, the upper Northem till facies is characterized by Rat-lying, 

clinoform and gently undulating reflectors occurring in the 15-50 rns intewal (Fig. 9). 

Clinoform reflectors are laterally continuous for several hundred rnetres and show an 

apparent northward dip of up to 5'. These reflectors have the same spacing and 

geometry as erosional surfaces identified in the upper Northern till in outcrop along 

West Dufiins Creek (Figs. 3:6, 3: 1 1 A, D). Reflections are likely generated as a result 

of sharp acoustic impedance contrasis between dense till beds and loosely 

consolidated sands and gravels resting on erosion surfaces. lnterval velocities within 

the upper Northem till are high (L- 2200 - 2600 mls; Fig. 3:9) as a result of the 

considerable overconsolidation and partially 'cemented' nature of the tiil resulting from 

a high matrix content of silt- and clay-sized carbonate (31-43% calcite and 14% 

dolomite; IWA Ltd., 1994b). Between CDP 700 and 900 (Fig. 3:8B) individual reflectors 

that define till beds and intervening sands and gravels within the uppennost 10 to 20 

rn of the upper Northem till are gently defoned into undulating open folds with 

steeper-dipping south-facing Iimbs. These structures are consistent with post- 

depositional, glaciotectonic compression of till strata below southward flowing ice. 

Borehole and test pit data show that the undulatory surface of the upper Northern till 

is variably infilled by either laminated lacustrine silty clays andor fluvial sands and 

gravels up to 1 1.2 m thick (interstadial(?) sediments; Fig. 3:l OB) that are tmncated by 

the overlying Halton Till. 

Overall, the upper Northem till shows a uniforrn gamma response (4040 cps; 

Fig. 3:5) reflecting its predominantly silty matrix composition. Localized peaks in the 

gamma signal (e.g., Pl-16, 33 m depth, Pi-29, 22 m depth; Fig. 3:5) are related to the 



FIGURE 3:11 

Outcrop characteristics of Late Wisconsin stratigraphie units exposed in West Duffins 

Creek. A. Panel diagram of 20 m high outcrop (WD3; Fig. 3:lA) showing tabular 

geometry of till beds separated by thin sands and gravels and boulder concentrations. 

B. Glaeiotectonic thrusts within lower Northern till (location in Fig. 3:ll) which 

incorporate deformed Thomcliffe Formation silts and sands into till base (person for 

scale). Direction of thrusting is to south-east (right of photo). C. Boulder concentrations 

(arrowed) bounding 2.5 m thick till bed in the upper Northern till (location shown in Fig. 

3:11). D. 20 m high outcrop (WD4; Fig. 3:lA) showing sheet-like sand and gravels 

(large arrow) resting on planar erosion surface in the upper Northem till (UNT). The 

lower Northern till (LNT) comprises a thin (c 2 m) zone of sandy till and disturbed 

lacustrine sediments overlying the Thorncliffe Formation. Note active groundwater 

seepage from sands and gravels within Northem till. 



OUTCROP WD-3 

LACIOTECTONIZED 
SILT AND CLAY 

- - - - - -  

OUTCROP WD-4 



presence of granitic boulder concentrations identified by drilling which are a source of 

radioactive K, U and Th. The lower part of the upper Northem till is often characterized 

&y increased gamma counts resulting from an increase in matrix clay content (e.g., 

Pl-1, 33-46 m; Pl-17, 35-45 m depth; Fig. 315). On seisrnic profiles, this zone 

corresponds to an 'acoustically transparent' intervai occurring at a two-way time of 

about 35 to 50 ms (CDP 34-0; Fig. 3:8A) and which is charaderized by high p-wave 

velocities (up to 2600 mls; Fig. 3:9) and excellent core recovery of massive till. 

3.6.3.3 Halton Till and urrderlyng sorfed sedirnents 

The uppermost till present at the P l  site (Halton Till; Karrow 1974) is exposed 

at surface and varies in thickness from 2.4 to 17.5 m (Fig. 3:lOA). The Haiton Till 

consists of variably consolidated massive and cnidely stratified diamict facies which 

are intercalated with sand and gravel lenses. In the vicinity of Pl ,  the till is 

predorninantly sandy (average 57% sand, 37% silt, 6% clay; M.M. Dillon Ltd., 1990b) 

but regionally shows a wider range of texture, including more silt and clay-rich facies 

(Karrow, 1967; Ostry, 1962). The upper part of the till is wmmonly weathered and 

oxidized to depths of up to 5 rn and shows well developed fissility. 

The long axis trend of drumlins and fiutes developed across the surface of the 

Halton Till indicate iœ flow to the northwest Le. out of the bedrock basin now ocaipied 

by Lake Ontario (Karrow, 1967; Chapman and Putnam, 1984). Pebble fabrics are 

charaderised by weak to moderate clustering and dominantly up-ice (southeastward) 

imbrication of clast long axes (Fig. 3:7A) and agree with boulder striation directions 

(Fig. 3:7B) which together, indicate an overall northwest-southeast alignment 

consistent with other clast fabric data and drumlin trends reported by Dreimanis and 

Terasmae (1 958) and Ostry (1 962). 

The Halton Till is separated from the underlying Northem till by up to 1 1.2 m of 

interbedded sands, gravels and larninated silts (Figs. 3:6, 3:lOB). Sand and gravelly 

sand facies predominate (average 5% gravel, 68% sand, 25% silt, 2% clay; IWA Ltd., 

1994b) and in places overlie thin deposits (< 2 m) of mythmically larninated clayey-silts 
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containing ice-rafted debris (Fig. 3:6). Paleocurrents measured in planar cross- 

stratified and ripple cross-larninated sands indicate westward to northward-directed 

flows (Fig. 3:6C). These sedirnents rest on the Northem till along a sharp contact that 

is associate in places with a thin, oxidized gravel lag and poorly developed, sand and 

gravel filled ice-wedge casts which penetrate up to 1 -5 m into the till surface (Westgate, 

1979, unpublished; IWA Ltd., 1994a). 

Due to their restrided thickness (Fig. 3:10) and intemal curnplexity, the Halton 

Till and underlying sorted sediments were not clearly resolved on seismic profiles. The 

earliest wherent refledion event recognizable on seismic records generally represents 

the surface of the upper Northern till. The gamma response in the Halton Till is vanable 

but in some logs shows a crude coarseningdownwards sequence (Pl-1 7, Pl-27, P l  - 
29; Fig. 35) which reflects the interbedding of the 611 with underlying sorted sediments. 

Perched aquifer conditions and groundwater seepage faces occur where sorted 

sedirnents rest on less permeable upper Northern till along West Dufins Creek (Fig. 

3:l l  D). 

3.7 DISCUSSION 

3.7.1 Reg ional Stratigraphie Implications 

This section provides a discussion of the stratigraphy of Late Wisconsin tills 

identified in this study compared with that reported by previously published studies. 

While the age of the Northern till is as yet unconstrained by absolute age-dates, 

published and uripublished data suggest that it was deposited by southward-flowing 

ice most likely during the main phase(s) of the last glaciation (Fig. 3:12A). Terasmae 

(1 960) initially identified and named a single Late Wisconsin till (Leaside Till) in the 

Toronto area. Karrow (1967) subsequently introduced Upper and Lower Leaside 

divisions wïth the former argued to record deposition during the earlier phase(s) of the 

Late Wisconsin glaciation. However, because of uncertainty regarding the age, 

stratigraphie position and correlation of the Lower Leaside Till, Karrow (1 974) proposed 

that wntinued formal recognition of this unit served no useful purpose and dropped the 



term from the Iiterature. The terrn Upper Leaside Till was also dropped from formal 

usage and replaœd by the terni Halton Till (Karrow, 1 974; Fig. 3: 3). Westgate (1 979, 

unpublished; pers. cornms. 1994-95) subsequently identified a regionally extensive 

older Late Wisconsin till recording southerly ice flow (the Westhiil till) separated by 

sands and gravels from the overlying Halton Till (Fig. 3:3). Sibul et al. (1 977) and Ostry 

(1 979) had earlier identified the regional hydrogeologic importance of these sands and 

gravels (Atha Aquifer) within the Late Wisconsin till sequence. In summary, the Late 

Wisconsin stratigraphy of the Toronto area consists of upper and lower tills separated 

by unnamed sorted sediments. 

In light of the stratigraphic work reviewed above (Fig. 3:3), the Northern till 

identified at Whitevale is considered to be stratigraphically equivalent to the Lower 

Leaside Till of Karrow (1 967) and Westhill till of Westgate (1 979, unpublished). Based 

on its wide regional extent (see below), stratigraphic position, thickness and northem 

provenance, the Northern till was rnost Iikely deposited during the maximum phase(s) 

of the Late Wisconsin glaciation (Fig. 3: 1 2 4  Nissouri Stadial, 16-22 ka; Karrow and 

Ocdiietti, 1989). The upper till at Whitevale (Halton Till) was deposited beneath a final 

readvance of the Ontario lobe during the Port Huron Stadial at 13 ka (Fig. 3:12B; 

Karrow and Occhietti, 1989). This ice advanced out of the Lake Ontario basin to the 

northwest and teminated at the southern limit of the Oak Ridges Moraine (Fig. 3:lB). 

Poorly developed periglacial structures and oxidized lag gravels associated with 

the sorted sediments that occur between the Northern and Halton tills suggest the 

existence of wld, subaerial conditions, possibly during the Mackinaw Interstadial at 

about 13.3 ka (Karrow and Occhietti, 1989). Such deposits have been recognized 

elsewhere in southem Ontario (Terasmae and Mathews, 1980; Morgan, 1982). These 

sediments may record a brief period of ice recession in the region prior to deposition 

of the Halton Till during the Port Huron Stadial at 13 ka (Fig 11 B). The sorted 

sediments described herein show predominantly westward- and northward-directed 

paleoments (Fig. 3:7; Westgate. 1 979, unpublished) and probably record prog lacial 

drainage in front the Ontario lobe. This drainage network may have been analogous 



FIGURE 332 

Configuration of Laurentide Ice Sheet in the lower Great Lakes during A Late 

Wisconsin ice maximum (m 22-16 ka; Nissouri Stadial) when Northern till was 

deposited, and B. final readvanœ (Port Huron Stadial) which deposited the Halton Till 

at about 13 ka (after Chapman and Putnarn, 1984; Karrow and Occhietti, 1989). Ice 

free conditions (MadUnaw Intentadial?) are recorded in Durham Region between these 

two events, 





to the system of small icemarginal lakes and rivers which developed during the initial 

stages of the final withdrawal of ice from the Ontario basin (Peel Ponds Phase; 

Chapman and Putnam, 1984). 

The tripartite Late Wisconsin stratigraphy (Northem till, Mackinaw 

Interstadial(?) sediments, Halton Till) identified at Whitevale (Figs. 3:3, 3:4) can be 

traœd aaoss Durham Region. In east Durham, BrooMield et al. (1 982) desaibed the 

major Late Wisconsin stratigraphie units exposed in extensive outwops along the 

northern shore of Lake Ontario, near Bowmanville about 30 km east of the study area 

(Fig. 3:18). They summarized and incorporated data from earlier studies by Singer 

(1 973, 1974) and Gwyn (1 976a, 1976b). Brookfield et al. (1 982) informally identified 

two Late Wisconsin tills (Bowmanville and Bouchette tills; Fig. 3:3) separated by 

glaciolacustrine deposits and suggested that the Bowmanville till represents the first 

glacial event of the Late Wisconsin that was probably correlative with the Lower 

Leaside Till (Karrow, 1967) at Toronto. The uppemost till (Bouchette üII) was 

considered equivalent to the Halton Till to the west and this interpretation is supported 

by the present study (Fig. 3:3). 

Elsewhere, to the north of the study area, a gamma signature and seismic 

velocity structure very similar to that identified for the Northern tilt at Whitevale (Figs. 

3:5, 3:9) is reported in deep boreholes that penetrate a till present below the Oak 

Ridges Moraine (Sibul et al., 1979; Pullan et al., 1994; Fig. 3:IB). This till unit can be 

directly correlated with the Northem till identified at Whitevale (Howard et al., 1997) 

and is considered by Sharpe et al. (1 994) to be stratigraphically equivalent to the 

Newmarket Till mapped and named by Gwyn (1972) to the north of the Oak Ridges 

Moraine. Regional tracing of the Northern till northward from the present study area at 

Whitevale under the Oak Ridges Moraine is supported by earlier work. Dreimanis 

(1954, p. 7) identified a 'iower till north of the Oak Ridges Moraine' which was 

correlated by White (1975, p. 80) to a 'northem lower till' in the Bolton area south of the 

Oak Ridges Moraine (Fig. 3:lB). White (1 975, p. 94) identified a north or northeast 

provenance for the till and placed it stratigraphically below glaciolawstrÏne sediments 
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overlain by Haiton Till. These data suggest that an older Late Wisconsin till of northern 

provenance can be traced over a large part of the Toronto region and f o n s  an 

important stratigraphie marker horizon. 

Finally, with regard to southem Ontario as a whole, it is likely that the Northem 

till identified in this study is stratigraphically equivalent to the Catfsh Creek Till 

(Karrow, 1974) in southwestern Ontario (Cowan pers, mmm., 1994). The Caffish Creek 

Ti11 records southeriy regional flow of ice dunng the Late Wisconsin maximum (Nissouri 

Stadial; 22-16 ka) when iœ reached the Ohio River (Karrow and Occhietti. 1989). 

3.7.2 Origin of Erosion Surfaces 

Data presented herein suggest that erosion surfaces and associated sediments 

within the upper Northem till record the presence of subglacial meltwaten flowing 

beneath the ice base. Analogous surfaces and sorted sediments have been described 

within the Late Wisconsin Vashon tiII (Cordilleran Ice Sheet) by Brown et al. (1 987) and 

were athbuted to winnowing of the till surface by meltwater sheet fiows at times when 

the ice became separated from its bed. It can be noted that giant subglacial sheet 

floods have been invoked to explain sculpted bedrock forrns, drumlins and deeply 

incised tunnel channels cut across Late Wisconsin tills elsewhere in southem Ontario 

(Kor et al., 1991; Brennand and Shaw, 1994). The erosion surfaces in the Northem till 

lack evidence of deep channelling that might accornpany high magnitude meltwater 

flows, but nonetheless, they record the presence and erosional activity of subglacial 

meltwaters (e-g., Eyles et al., 1982; Brown et al., 1987; Shaw, 3987). Boulder 

concentrations similar to those within the upper Northem till have been variously 

attributed to selective subglacial erosion (Miller, 1884) or lodgement of boulders 

(Boulton, 1982), winnowing by subglacial meltwater (Shaw and Ashley, 1988) and the 

gravity settling of clasts in defonning till (Clark, 1991). Given that boulder 

concentrations in the Northem till are associated with erosion surfaces and sorted 

sediments (Fig. 3:11A), meltwater erosion and winnowing may have played an 

important role in their formation. The consistent alignment of boulder striations with 



other ice flow indicators (Fig. 3:78) probably records abrasion of clasts below the ice 

base subsequent to winnowing of the till surface by subglacial meltwaters. 

3.7.3 Implications for Hydrogeological Investigations 

The presenœ of erosion surfaces and associated sediments in the Northern till 

is of considerable significance for hydrogeologiml site investigations. Hydrogeologic 

assessments of the Pleistocene deposits of the Durham Region have hitherto assumed 

that the Late Wisconsin till wver can be modeled as an extensive aquitard restriding 

recharge to underlying aquifers (Singer, 1974; Sibul et al., 1977; Ostry, 1979). On the 

basis of their supposed low permeability, such substrates have been favoured for 

landfilfing (see Introduction). The work reported here shows that the Late Wisconsin 

till stratigraphy of Durham Region not only contains regionally-extensive sand and 

gravels lying between the Northem and Halton tills (Fig. 35) but in addition, is 

characterized by the presence of thin, sand and gravel beds associated with erosion 

surfaces within the Northem till (Fig. 3:13). 

The seismostratigraphic mode1 developed here (Figs. 3:8, 3:13) provides a 

framework for understanding the hydrostratigraphy of the P l  site and the movement 

of groundwater and cuntaminants through thick Northem till. Laboratory obtained 

values of hydraulic conductivity for the upper Northem tiII range from 1.6 x 1 O4 cm/s 

to 6.2 x Io4 cm/s and predict iengthy groundwater travel times through the till of the 

order of least 103 years (M.M. Dillon Ltd.,, l99Oa). In wntrast, the hydrogeochemistry 

of till pore waters indicates much greater groundwater velocities (see Introduction) 

involving active recharge through the till into underlying aquifers in the Thomclifïe 

Formation; the nature of recharge and transport paths, however, are at not well 

understood (Gerber and Howard, 1992; Gerber, 1994; IWA Ltd., 1994b). 

Erosion surfaces and associated sand and gravel interbeds identified within the 

Northem till (Fig. 3:13) represent potential pathways for lateral and vertical 

groundwater rnovement Quantitative estimates of groundwater flux along tiII interbeds 

are not yet available but adive flow is suggested by the presenœ of extensive seepage 



FIGURE 3:13 

Conceptual mode1 showing stratigraphy and internai architedure of Late Wisconsin tills 

and older sediments below site P l  based on seisrnic reflection, borehole and outcrop 

data. 1. Dnimlinized surface of Halton Till. 2. Sorted (interstadial?) sediments 

separating NoNiem and Haiton tills. 3. Gently dipping erosion surfaces and associated 

sorted sediments within the upper Northern till sub-unit. 4. Glaciotedonized sediments 

comprising a distinct lower Northem till sub-unit. 
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faces which crop out along West Duffins Creek (Fig. 3:11 D). The low angle dip and 

lateral continuity of erosion surfaces seen on seismic profiles (Fig. 3:8) suggests that 

they are likely in hydraulic communication with underlying aquifers (e-g.. Thorncliffe 

Formation). The data reported here, together with the seismostratigraphic mode1 (Fig. 

333) may be applicable to many other existing landfill sites in the Durham Region and 

surrounding area (Fig. 3:1) where problems are emerging with higher than expected 

rates of contaminant migration through allegedly low pemeability Late Wisconsin till 

(e-g., Hydrology Consultants Ltd., 1 981 ; Kaye, 1986; Proulx and Farvolden, 1 989). 

ACKNOWLEDGEMENTS 

This work was supported by an Natural Sciences and Engineering Research 

Council of Canada Research Grant to Eyles and an NSERC Postgraduate Scholarship 

to Boyce. Postdodoral support for Pugin was provided by the Swiss National Fund for 

Scientific Research (Grant no. 8220430690)- We thank W. Wildi of the Department 

of Geology, University of Geneva, for the Ioan of seismic equipment, R. Mickevicius 

and M. Doughty for field assistance. John Westgate is thanked for generously 

providing unpublished field data and for ongoing discussions. We are particularly 

grateful to M.M. Dillon Ltd. and the lnterim Waste Authority for allowing publication of 

the data on which this paper is based and for their coaperation in this project We 

thank David Winfield, Rick Gerber, Kerry Rowe, Stan Feenstra. Murray Gomer and 

Maurice Goodwin for ongoing discussions and comments on the manuscript; the 

interpretations however, remain those of the authors. The manuscript has benefitted 

from cornments by reviewerç W.R. Cowan and J. Shaw. 



CHAPTER 4: ARCHITECTURAL ELEMENT ANALYSE OF A DRUMLlNlZED TILL 

SHEET, SOUTHERN ONTARIO, CANADA 

ABSTRACT 

Glacial deposits are charaderized by sedimentological wmplexity and 

stratigraphic heterogeneity. Existing stratigraphic descriptions, and resulting 

Wst~eneration' facies models, are still based on one- or ho-dimensional borehole or 

outcrop data. Reconstruction of depositional environments, hydrogeological 

investigations of Pleistocene glacial deposits and hydrocarbon exploration in 

pre-Pleistocene glaciated basin fills, requires a more detailed understanding of the 

fom and heterogeneity of lithofacies sequences in three dimensions. 

Architectural element analysis (AEA) is widely used for categoriu'ng intemal 

stratigraphic heterogeneity in sandstones, particularly those of fluvial origin. This paper 

demonstrates the broader application of the methodology to glacial deposits. Outcrop, 

borehole and a broad range of subsurface geophysical data were collected and 

integrated from a thick (60 m) till sheet present across an 80 km2 study area near 

Toronto, Canada. The till sheet is wmposed of three distinct architectural elements 

and associated lithofacies viz: diamict elements (DE); interbeds (1) and deformed zones 

(DZ). Application of AEA to these subglacial strata not only provides a clearer 

comprehension of the origin of drumlin bedfoms and subglacial processes below the 

Laurentide Ice Sheet but also mates a framework for hydrostratigraphic modeling of 

groundwater and contaminant movement to underlying aquifers. 

Broader application and further development of the AEA methodology to other 

glacial deposits is now required; the principal limitation of the rnethod deswïbed here 

is that it can only be wrnpleted where detailed three-dimensional subsurface and 

outcrop data are available. 



4.1 INTRODUCTION 

The last decade has seen the emergence of a wealth of information regarding 

the sedimentology of glacial deposits. Such information has been used to construct 

facies models where the inferred lateral extent and geornetry of lithofacies in the 

subsurface are depicted in general quasi-three-dimensional fom, most often in the 

form of a block diagram (e.g., Brodzikowski and Van Loon, 1991; Eyles and Eyles, 

1992). This approach has resulted in a much improved understanding of Pleistocene 

and pre-Pleistocene glacial depositional systems and strata (Eyles, 1993; Menzies, 

1996). Nonetheless, the major limitations of such socalled Yirst generation' facies 

models is that they incorporate Iimited subsurface data and that stratigraphic 

descriptions are still based largely on vertical profiles that portray lithofacies 

successions in one-dimensional boreholes or two-dimensional outcrops (Eyles et al., 

1983). These models are partiailady inadequate with regard to modeling groundwater 

(and contaminant) flow within Pleistoœne glaciated terrains because they fail to predict 

in sufficient detail, the subsurfaœ extent and geometry of Iithosomes, particularly 

coarse-grained materials that control bulk permeability (Anderson, 1989; Sminchak et 

al., 1991). The same problem is also being encountered with regard to detailed 

analysis and modeling of oil and gas reservoirs in Late Paleozoic glacial deposits 

(Franca and Potter, 1 991 ; Eyles et al., 1995). 

4.1.1 Purpose of this Paper 

The purpose of this paper is to demonstrate the application of architectural 

element analysis (Allen, 1983; abbreviated as AEA below) to describing 3-dimensional 

heterogeneity in glacial strata. AEA is now widely used for categorizing heterogeneities 

in fluvial sandstones (e-g., Miall, 1988a, b; Bromley, 1992, Davis et al., 1993; Dreyer. 

1993; Sanchez-Moya, et al., 1996). Regardless of the precise classification scheme 

used (see below), the AEA methodology emphasizes the description of lithofacies 

assemblages and their bounding surface geometry. 

The AEA methodology has not, to date, been applied to glacial deposits with the 



exception of glaciofluvial sands and gravels (Dawson and Bryant, 1987). This 

methodology is applied here to a Late Pleistocene till sheet near Toronto, Canada 

(Northem üII; Boyce et al., 1995). Because of its thicknesç (op to 60 m), regional extent 

(hundreds of km2), apparent low permeability and high level of wnsolidation, it is 

widely employed as a substrate for waste sites. The till foms a regional aquitard unit 

that confines several aquifer complexes (Boyce and Eyles, 1997). Recent work has, 

however, demonstrated rapid transport of contaminants through the till to underlying 

aquifen (Gerber and Howard, 1996) prompting subsurface, outcrop and geophysical 

investigations (seismic refledion, borehole logging) to identify the geometry and 

interconnectedness of intratill heterogeneities. 

This paper will show that AEA is an effective framework for describing 

heterogeneity in glacial deposits such as tills and provides a framework for 

hydrogeological evaluations. This work also sheds new light on subglacial sedimentary 

processes wntrolling drumlin formation. The drumlinized Northem till is of particular 

significance as it lies within an area where drurnlins have been interpreted previously 

as the result of subglacial meltwater 'megafloods' (Shaw and Gilbert, 1990; Brennand 

and Shaw, 1994). Data assembled here allow geological testing of this hypothesis. 

Many published AEA studies, though purporting to be three-dimensional, are in fad, 

still based on twodimensional outcrop data only (see Miall, 1985, 1988a; Davis et al., 

1993). A further contribution of this paper is to provide an example of a fully 

three-dimensional AEA approach using both subsurface and surface outcrop data. 

4.2 GEOLOGIC SETT'ING 

The study area (80 km2) is centred on the community of Whitevale, 40 km east 

of Toronto (Fig. 4:lA). The area has been the focus of govemment- and university- 

funded investigations regarding the suitability of the Late Pleistocene Northem till as 

a substrate for several municipal waste disposal sites (designated Pl ,  M6, EEI O, EEI 1 

on Fig. 4:iA) (M.M. Dillon, 1990; IWA, 1992a, b, 1994a. b; Eyles and Boyce, 1997). A 

very substantial database has been assembled with regard to the outcrop, drillcore, 



downhole geophysical and high-resolution seismic reflection characteristics of the 

Northem till (Boyce et al., 1995; Boyce and Koseoglu, 1996). 

The study area is located in a low-relief drumlinized till plain that extends 

northward from Lake Ontario to the Oak Ridges Moraine (Fig. 4:l C). Across this area, 

a thin (< 10 m), poorly-consolidated till (Halton Till) and underlying interstadial sands 

and gravels (Mackinaw Interstadial; Bamett, 1991) rest on the thick (up to 60 m) 

NoNiem till (Boyce et al., 1995). The Northem till, in tum, rests erosively on 

glaciolawstrine silty clays and sands of the Thomcliffe Formation. The total thickness 

of Pleistocene sediments is about 100 m and rests on a low relief bedrock surface 

(Eyles et al., 1993). Bedrock below the region consists of Paleozoic shales and 

limestoneç (Johnson et al., 1992) which extend north of the study area for some 100 

km to the edge of the exposed Proterozoic basement (Canadian Shield; Easton, i 992). 

4.2.1 Geology and Hydrogeology of the Northem Till 

The Northern till is a very poorly-sorted and heavily overconsolidated diarnict 

consisting of clasts, including large boulders, within a silty-sand matrix. The average 

textural composition of the till is 15% clay, 47% silt and 38% sand. The till was 

deposited below the southward-flowing Laurentide Ice Sheet (Fig. 4: 1 B) sometime af&er 

22 and prior to 13,000 years ago (Nissouri Stadial; Karrow and Occhietti, 1989). The 

Northem till consists predominantly of massive diamict facies which are interpreted as 

deformation tills (Randall and Boyce, 1993) fomed by aggradation of water-saturated 

defoming debris transported en masse below the ice base (the 'soft bed' of Boulton, 

1996). Such subglacial conditions were widespread across the Great Lake basins as 

ice moved rapidly across readily deforniable unlithified sediments (Hicock and 

Dreimanis, 1991 ; Boyce and Eyles, 1991 ; Clark et al., 4996). Heterogeneity in the 

Northem till results principal ly from the presenœ of interbeds of g laciofl uvial sediments 

and inclusions of pre-existing sediments within deformation till units. 



FIGURE 4:1 

A. Whitevale study area showing location of detailed site investigations. B. 

Generalized flow lines of Laurentide Ice Sheet durhg Late Wisconsin maximum 

advance which deposited the Northem till. C. Location of study in southem Ontario. 

Arrows indicate flow lines of final readvance (Port Huron Stadial; ca. 13 ka) which 

deposited the Halton Till and temiinated at the southern margin of the Oak Ridges 

Moraine. 





Previous hydrogeological investigations in the region (Sibul et al., 1977; Ostry, 

1979) were based on limited subsurface geological data and assumed that till sheets 

in general, act as aquitards restficting recharge to underlying aquifers. These 

assumptions gave rise to the widespread practice of siting landfills in such terrains 

(Eyles and Boyce, 1997). Recent geochemical and isotopic investigations show that 

contarninants move through the Northern till at rates much greater than that expected 

from consideration of laboratory testing of permeability (Gerber and Howard, 1996). A 

major objective of the present study waç to better resolve the intrafomational 

stratigraphy and 3-dirnensional distribution of heterogeneities within the Northern till 

to delineate potential groundwater pathways. 

4.3 DATABASE AND METHODS 

Detailed borehole and downhole geophysical data are available from four candidate 

landfill sites in the Whitevale area (Pl, M6, EEI 1, EEI O; Fig. 4: 1 A). Outcrop data were 

also colleded where the Northern till is exposed along the sidewalls of incised valleys 

(Rouge River and West Duffins Creek; Figs. 4:3, 4:4). 

4.3.1 Borehole Data 

Subsurface investigations included drilling of over 21 0 continuouslycored 

boreholes to depths of more than 11 0 m b.g.s. (below ground surface) and recovery of 

more than 3000 m of 10 cm diameter drillcore. Recovery rates in the highly 

overconçolidated Northern till are good to excellent and permit detailed bed-by-bed 

logging of core using the lithofacies classification schemes of Miall (1978) and Eyles 

et al. (1 983)(Fig. 424). Plotting of percentage core recovery against depth provides 

additional stratigraphic information regarding intratill heterogeneity, in partiwlar, the 

presence of poorly-rewverable, coarse-grained, sandy sediment (Fig. 4:ZA). 

Grain-size determinations were performed on selected core samples at various depths 

using standard sieve-hydrometer methods (ASTM, 1994). 



FIGURE 4:2 

A. Lithofacies, grain-size, are recovery and geophysical logs (natural gamma EM 

condudivity) for representative borehoie from P l  site (BH-16; Fig. 4: 1 ). Localized peak 

in gamma response at 32 m is related to presence of granitic boulder concentration at 

base of DE,. B. Temperature gradient log collected at €El 1 site showing anomaly at 

15 m which identifies active groundwater flow along interbed within Northem till. 





4.3.2 Geophysical Data 

Downhole geophysical logs were collected in a number of deep boreholes using 

Geonics EM-39 and MLS MX45 logging systems (Fig. 4:lA). Boreholes were 

geophysically logged through drill casings or in PVC monitors using gamma, EM 

conductivity and fiuid temperature probes (Fig. 4:2). 

The gamma tool measures the gamma emissions of naturally ouwrring 

radioactive isotopes of K, U and Th in formation sediments. In glacial strata, the 

gamma probe responds principally to the presenœ of K~ bound in days (primarily illite) 

and is used to estimate the relative clay content of the sediments (Doveton and 

Prensky, 1992; Hesselbo, 1996). Variability in the gamma response in the Northern till 

is related principally to the matrix clay content (Fig. 4:2A) and locally to the presence 

of concentrations of granitic, gneissic and shale lithologies which are a source of K, U 

and Th (Pehme, 1984). 

The condudivity sonde measures the apparent conductivity of the sedimentary 

formations and their porewaters using the principles of electromagnetic induction 

(Doveton, 1986). Clay-rich sedirnents are typically more conductive than clean sandy 

formations and as a result the conductivity log tends to be subparallel to the gamma 

response (Fig. 42A). Local deviations in the conductivity response c m  be related to 

changes in the formation porewater conductivity (i.e., total dissolved solids). 

Temperature logs record the downhole change in the borehole water column 

temperature. The probe is wn in undisturbed PVC cased boreholes which are at 

thermal equilibrium with the surrounding formation. Deviations from the undisturbed 

thermal gradient are used to identify zones of horizontal groundwater flow (Fig. 4:28) 

and changes in thermal conductivity of sediments (see Pullan et al., 1992; IWA, 

1 994a). 

Correlation of geophysical logs involved matching of characteristic log 

responses or 'eledrofacies' (Doveton, 1986; Schneider et al.. 1997) between borehole 

locations with reference to drillcore lithostratigraphic boundarîes (Fig. 4:5A). The 

gamma log was found to be the rnost useful tool for discriminating lithologic type, with 



FIGURE 4:3 

Architectural drawing of 30 m high outcrop of Northem till exposed in West DuffÏns 

Creek showing tabular diamict elements separated by interbeds and boulder 

pavements (locality WD-3; Fig. 411). Pebble fabrics, boulder striations and other 

kinematic indicators (e-g., sub-till thrusts) indicate Northem till was deposited below 

southward-flowing ice. 





FIGURE 4:4 

Photomosaic and architectural drawing of 35 m high outcrop showing laterally 

extensive sand and grave1 interbed resting on well defined (4th order) erosion surface. 

Note groundwater seepage from base of interbed. 











FIGURE 4:5 

A Correlation of gamma eledrafacies along north-south point-to-point profile (parallel 

to A-A' in Fig. 4:lA). Note tnincation of DE, below DE, between boreholes P l 4  9 and 

Pl-17 and tnincation of DE, B. Fenœ diagram showing subsurfaœ geometty of diamict 

elements DE, to DE, in Northem till. 
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the exception of sands fmm gravels (see also Pehme, 1984). Five principal gamma log 

electrofacies are identified which can be correlated across the study area (Fig. 4:SA). 

4.3.3 Outcrop Data 

Extensive outcrops occur along the steep sidewalls of Duffins Creek which is 

entrenched as rnuch as 40 m into the surrounding till plain (Fig. 4: 1 A). Detailed outcrop 

drawings and representative vertical profiles were wllected (Fig. 4:3, 414). 

Lithofacies and electrofacies analysis identifies the presence of a welldefined 

intrafonnational stratigraphy within the Northem till wnsisting of sheet-like diamict 

beds separated by interbeds of sorted sediment (Fig. 4:5B). The geometry of these 

Iithosomes and their bounding surfaces were mapped across the study area using 

geophysical and borehole data. Bounding surfaces and classified accarding to their 

lateral continuity, and nature (e.g., erosional or conforniable) using a hierarchical 

ranking system modified from Miall (1 988a, b; 1992)(Table 4:lB). 

4.4 ARCHITECTURAL ELEMENT ANALYSIS 

As recognized by Allen (1983, p. 249), sedimentary strata are not homogenous 

and monolithic but are composed of distinct 'packets of genetically related strata' 

recording aggradation during depositional events or phases of basin filling. These 

packets forrn threedimensional bodies having intemallyansistent facies or facies 

assemblages (Le., Iithosomes). The terni 'architectural element' was defined by Miall 

(1 992, p. 21 0) as 'si lithosorne ~Iaracterized by its geometry, facies, composition, and 

scale, and ... is the product of a particular process or suite of processes occurring 

within a depositional system.' An architectural element can therefore, be regarded as 

the basic 'building block' of any one stratigraphic succession. Architectural element 

analysis has emerged as a successor to conventional methods of sedimentary facies 

analysis which have emphasized description of the vertical succession of lithofacies 

in core or outcrop, at the expense of lateral variability. The shortcomings of 

conventional approaches were discussed at length by Miall (1985) and Bridge (1993) 



who emphasized the need for a fully three4imensional approach to the description and 

quantification of sedimentary successions. 

The AEA approach is rooted in earlier work which recognized the existence of 

a hierarchy of bounding surfaces and becifomis in clastic sedirnentary deposits (e.g., 

McKee and Weir, 1955; Allen, 1966; Jackson, 1975; Brooldield, 1977). Allen (1 983) 

formalized these concepts by erecting a three-fold hierarchy in which 1* and 2* order 

surfaces defined the boundaries between individual bedform sets and cosets (McKee 

and Weir, 1955) and 3" order surfaces represented more extensive lag surfaces. 

Allen's system was modified by Miall (1 988a, b, 1992) who expanded the number cf 

bounding surfaces to seven in order to include large-scale fluvial macrofoms and 

major unwnfomities of basinal extent (Table 4:lA). Acronyms were employed to 

identify each hierarchical level recognized within the architectural element analysis. 

Using this scheme, Miall (1985) demonstrated that most fluvial deposits could be 

characterized by eight principal architectural elements. 

4.4.1 Application to Glacial Deposits 

Miall's hierarchical scheme for fluvial deposits (Table 4: 1 A) and the earlier 

schemes on which it is based (Brookfield, 1977; Allen 1983) have been criticized on 

the basis that they are difficult to apply in the field and are based on simplistic models 

of fluvial depositional processes (Bridge, 1993, p. 809). Nonetheless, heterogeneity 

within the Northem till is the result of superimposition of strata at different scales and 

is amenable to description using a hierarchical scheme of bounding surfaces. from 

small to large scale. The 1" through 3" order surfaces in Miall's (1988a, b; 1992) 

scheme relate specifically to fluvial deposits and are modified here to accommodate 

a range of glacial deposits (Table 4:lB). 4" order and higher rank surfaces, culminating 

in 7m order surfaces that define entire basin fills, are directly applicable to the infill of 

glaciated basinç and remain unchanged from Miall's scheme (Table 4:lB). 

The geometry and hierarchy of bounding surfaces identified in the Northem till 

is illustrated in Figure 4:6. As in earlier schemes, Oh through 2"4 order surfaces are 



TABLE 4: 1 

A. Classification of bounding surfaces developed for fluvial deposits by Miall (1 988a). 

B. Hierarchical scheme used for classification and description of bounding surfaces in 

Northem till (after Miall, l988a and Bromley, 1992, with modifications). 



RANK 

1 st order 

2nd order 

3rd order 

4th order 

5th order 

6th order 

7th order 

1st order 

2nd order 

3rd order 

4th order 

A set (McKee and Weir, 1953) boundary, separating simlar lithofacies; 
minor emsion, does not cross-cut underlying set 

Defines boundaqr between cosets (McKee and Weir, 1953); typically erosional 
surfaces, separating cosets of dissimilar lithofacies. 

Minor erosionaf scouts which crosç-ait sets and cosets. 

Non+rosional surface, representing boundary between stacked depositional 
units. 

Gosional surface rnarking the base of an assemblage of genetically-related 
architectural elements. 

Laterally extensive surfaces marking boundaries of rnappabie stratigraphie 
units such as members or sub-membeis, 

Surfaces bounding major depositional systems in a basin fiIl cornpiex, 

DEFINITION 

a-@-, Bovndary separating like lithofacies within a lithosorne. 

Boundary defining dissimiiar lithofacies within a lithosorne -O- fe-g. rninor sandlsilt stringers in diamict element). 

-@- Minor emsion surfaœ: lateally disccntinuous. 

__6_ 
bterally mntinuous surfaœ defining boundary between 
individual architectural elements (e-g. diamict elernents 
in Norihem tilI). 

Laterally mntinuous erosion surfaœ demarcating 
base of genatically-related architectural elements. 

Sudaces marking boundaries of mappable 
sfratigraphis unils (e.9.. top and base of Northern tiII). 

Surfaces bounding major depositionai systems in a 
basin fiIl cornplex (e.g.. basa of Pleistocene succession). 



reserved for description of confomable facies boundaries resulting from more or less 

continuous deposition. Erosional hiatuses are indicated by 3* and higher order 

surfaces. 

orn order boundaries (introduced by Bromley, 1992) are used to define the 

smallest-scale surfaœs resolvable in outcrop and drillcore. In subglacial tills these are 

represented by cnide laminations produced by a range of processes such as 

deposition of thin diamict 'increments'. syn- and post-depositional shearing (Menzies, 

1989; Hart, 1995) or winnowing of diamid by low energy subglacial meltwaters (Muller, 

1983). ?" and 2& order boundaries are defined simply as surfaces separating like and 

dissimilar facies wi t hin a lithosome respectively. These boundaries are typically 

conformable and of local extent (ca. c 10 m). Examples include the conformable 

superimposition of thin diarnict beds (1" order) and the presence of thin silt and sand 

stringers within an otherwise massive diamict unit (2"d order). 

3d order surfaœs describe minor erosion surfaces occum'ng within lithosomes. 

These are laterally diswntinuous surfaces which cross-cut lower order bounding 

surfaces and are frequently marked by the presence of minor gravelly lags and clast 

concentrations in diamicts (Fig. 4:6)(e.g., Dreimanis et al., 1986). 

4m and 56 order surfaces are major bounding diswntinuities which define 

architectural elernents (Table 4:1A, 4:lB; Fig. 4:6). In the Northem till, 4m order 

surfaces cansist of laterally extensive erosion surfaces and their correlative 

conformities wtiich subdivide the till member into a multi-storey sequence of diamict 

beds (Fig. 4:5B). 56 order surfaces are indicated by crossatting of 4& order surfaces 

and erosional truncation of diarnict elements (Fig. 4:5B). 

Higher ranking 6~ and order surfaces define major erosional unconformities 

of regional or basinal extent which reflect cyclic changes in basin depositional 

processes (Table 4:lB). The base and top of the Northem till is defined by regionally 

extensive erosional unwnformities (6m order surfaces; Figs. 4:5B, 6). The interface 

between Pleistocene sediments and the underlying Paleozoic bedrock surface can be 

classified as a order surface, marking the base of the glaciated basin fiIl (Miall, 



4.5 ARCHITECTURAL ELEMENTS WITHIN THE NORTHERN TILL 

Three architedural element types are present within the Northem till: 1 ) diamict 

elements, 2) interbeds and 3) defomed zones (Fig. 4:6). These elements are defined 

on the basis of the geometry of their bounding surfaces, scale and lithofacies 

assemblages and are summarized in Table 4:2. 

4.5.1 Diamict Element (DE) 

A diamid element (DE) is a planar tabular bed of diamid defined top and bottorn 

by 4* or 5m order bounding surfaces (Table 4:2; Figs. 4:3, 4:4, 4:6). Elements are 

dominated by massive facies (90% of the cumulative diamict thickness examined in 

core and outcrop) consisting of poorly sorted, clast-rich and heavily overconsolidated 

diamid (facies Dmm; Figs. 4:3, 4:4) with a sandy-silt to silty-sand matrix and a distinct 

'conmete-like' appearance (Fig. M A ) .  Crudely-stratified facies (40% of cumulative 

diamid thickness) are distinguished by the presence of crude diamict laminae (defining 

Oa and l a  order surfaces), sub-horÏzontal in SITU (< 5 an) silt and sand lenses (2"6 order 

surfaces) and minor (3d order) erosion surfaces that define broad channels within any 

one diamict element (Figs. 416, 4:8A-C; Table 4:3). Other small-scale heterogeneities 

within diamid elements indude nawow (< 2 cm), sand-filled dikes, inclusions of sorted 

sediment and localized clast concentrations (Table 4:3). Inclusions were most likely 

derived by erosion and incorporation of glacio!acustrine facies (Le., ThorncliHfe 

Formation) lying below the Northem till or by erosion of sorted sediments that form 

interbeds between diamict elements (see 4.5.2). Dikes most likely result frorn 

subglacial over-pressuring and injection of sand from interbeds into surrounding 

diamict (Fig. 4: 1 0). 

Diamict facies contain abundant glacially-faceted and striated clasts, up to 1.5 

rn in diameter, composed of far-traveled Proterozoic gneisses, granites and locally 

derived Paleozoic limestone. The upper surface of diamict elements are wmmonly 



FIGURE 4:6 

Schematic diagram illustrating principal architedural element types identified within the 

Northern till and hierarchy of bounding surfaces (see text for description). 



Diamid Eiement @mm, ûms, Sm, Sr) 

1 Coarse-grained sheet-like intertred (Sm, Sr, Gm, Gp, Dmm) 

l Coarsegrained intefixf with pinch and sweil geometry (Sm, Sp, Gm, Gcm) 



TABLE 4:2 

Summary of architectural element types and facies assemblages identified in NoNiern 

tiII member. Characteristic sale of architedural elements given as length (L), thickness 

(T), area (A), and L/T ratio. 



ARCHITECTURAL 
ELEMENTS IN 1 CODE 1 OUTCROP 

NORTHERN TILL (2-0) GEOMETRY 
APPROX. 

SCALE 

tabular dlamlct beds, planar to gently 
Dlamict Elernent I OE I undulatlng boundlng contacts; boulder 

pavement d e n  maiking upper surface 

laterally discontlnuous sand grave1 
body, with pinch and swell geometry 

102 m2 (A) 

* (L) 
< rn 
>103m2(N 

Coarse 

1 1 undulatory m e  al defmed UII and 1 n i ia~ .  RI 

!-ci 

Fine 1 III 1 laterally mntlnuous tabular sllt and mud 
units separatlng dbmlct elements 

Deformed Zone îhnisted sedlments at base of tlll sheet; < IO m fi' 1 Dz 1 variable thlckness and spatlel extent 1 10zn2(~) 

: :" 
i 02 m2 (A) 

D m ,  Dm,  
Dms, Sm, Sr 

laterally cantlnuous, sheet-llke sands 
and gravels sapatating diamlct 
elaments 

Dmm, Dms 
+ kicluded subîill 
sadlmenki 

> 100 m (L) 
.5rn(T) 
103m2(~) 

INFERREDPROCESSES 

subgladal aggradation of deformation 
UII units 

lm-bed separation; erosloci and deposltion 
by subgladofluvlal mekaler sheet-flow 

lce-bed separatlon; locallzed lnclslon 
by subgladofluvlal mekater sheet-f ow 

ice-bed separatlon, low energy 
sedlmsntatlon In subglecial water body 

subglaclal defomatlan of pm-axistlng 
s h t a  

FIGS. 



marked by discontinuous, linear concentrations of boulders one or two clasts in 

thickness (boulder pavements; Figs. 4:3, 4:6, 4:9). Gneissic and granitic clasts are a 

source of radioactive K, U and Th and are recognized in the subsurface as isolated 

'spikes' in downhole gamma logs (Fig. 424). The upper surface of diarnict elements 

also show slickensides and small-scale flutes with amplitudes of a few centimetres 

which indicate minor glacial swuring of surfaces (Westgate, 1968; Ehlers and 

Stephan, 1979). Striation directions on boulders, pebble fabrics and the orientation of 

Rutes and slickensides record southeast to southwest ice flow directions (Figs. 4:3, 

4:9C) (Westgate, 1979; Boyce et al., 1995). 

Successive diamict elements either rest diredly on the underlying element or are 

separated by laterally discontinuous boulder pavements andlor interbeds of silt, sand 

and grave1 (elements I-c and 1-f; defined below)(Figs. 4:3, 4:4). In the absence of 

boulder pavements and interbeds, the contact between one element and the underlying 

element can be subtle as a result of amalgamation of diarnict facies (Fig. 4:3). 

Recognition of amalgamated contacts can be diffiailt in drillcore but can be inferred on 

the basis of electrofacies and the presence of stratigraphie discantinuities at similar 

elevations in neighboring boreholes. The Northem till is wmposed of five diamict 

elements (designated DE, to DE, on Fig. 4:58) which have a sheet-like geometry and 

Vary in thickness from 2 m to over 22 m (average ca. 9 rn; Fig. 4:11). Correlation of 

diamict elements across the study area is based on recognition of characteristic 

electrofacies, bounding surfaces in drillcore and outcrop and the presence of interbeds 

of sorted sediment which are cmmonly identified by zones of poor core recovery (Figs. 

4:2A, 4:5). 

Small-scale bounding surfaces within diamict elements (Om and 1" order; Figs. 

4:6, 4:8A) likely represent primary aggradational surfaces rewrding successive 

deposition of thin diamict 'increments' that compose larger diamict elements (e-g., 

Muller, 1983). Higher order surfaces (2"d and 3d order) are interpreted to record 

periods of nondeposition and localized erosion below the ice base. 4m order surfaces 

record more widespread phases of non-deposition and minor erosion traceable across 



TABLE 413 

Summary of the outcrop charaderistics of srnall-scale heterogeneities identified within 

individual diamict elements in the Northem tiII. The approximate scale is given as 

length (L), thidviess (T) and area (A). Such intradiarniict elemenf heterogeneities are 

bounded by 3d order and lower surfaces as defined in Table 4:l. 





FIGURE 4:7 

k Northem till massive diarnict facies in drillcure. Excellent core recovery results from 

high level of overconsolidation and silt-rich texture of till. B. Finegrained interbed (1-f) 

composed of fine sand and laminated clayey silt. Note sharp contacts with diamict 

facies above and below. 





FIGURE 4:8 

A. Individual diamict increments in Northem till defined by shear laminae (Om order). 

B. Thin, discontinuous sand lense within massive diamict defining 2" order surface. 

C. Minor dipping discontinuity defining 3d order erosion surface within diarnid element. 





FIGURE 419 

A. Diamict element (DE) bounded by 4'h order surfaces marked by planar boulder 

concentrations (indicated by arrows). B. Planar boulder pavement consisting of 

glacially-shaped granitic and carbonate boulders. Note ernbedding of dasts in 

underlying diamict element. C. Striated upper surface of limestone boulder (from 

pavement in B. above). Mean direction of striae is 038-21 8. 





FIGURE 4: iO  

A. Coarse-grained gravelly sand interbed (type I%, see Figure 4:6) with well defined 

vertical clastic dike. Dike records upward escape of pore-waters as a result of 

subglacial over-pressun'ng of interbed. B. Overiay of photo showing detailed geometry 

of interbed and dike. Note finger-like projections along margins of dike where sands 

have been squeezed laterally into diamid 





FIGURE 4:11 

Frequency distribution of A. diamid element thickness (n=31), and B. interbed 

thickness (n=85), based on outcrop and drillcore data. 





the entire study area and are associated wiih the deposition of interbeds by subglacial 

meltwaters. 

4.5.2 Interbeds (Ic, 1-f) 

lnterbeds of sorted sediment, deposited by subglacial meltwaters, separate 

individual diamid elements and in places, pass laterally into boulder pavements (Figs. 

4:3,4:4). Distinct sub-types of interbeds can be identified based on texture, lithofacies 

composition and geometry (Table 4:2). 

Coarse-grained interbeds (Ic) ocair as sheet-like beds of audely-bedded sands 

and gravels (Fig. 4:6). Cross-stratified, massive and graded pebbly sand facies can be 

identified but for the most part prirnary bed structures have been destroyed by post- 

depositional deformation (Fig. 4:12A). These facies rest across underlying diamict 

elernents along a wnformable planar contact and suggest relatively low energy 

meltwater fiows. Other coarse-grained interbeds, composed largely of very poorly- 

sorted bouldery gravels, fiIl shaliow (< 1 m) erosive scours wt into diamict and have 

a distinct 'thickening and thinning' outcrop f o m  (Figs. 4:3, 4:6). Heterogenous scour 

fils contain striateci and glacially-shaped clasts and were Iikely fonned as Iags from the 

reworking of underlying diamict. Coarse-grained interbeds are associated with zones 

of active groundwater flow in the Northem till which are identified in outcrops by the 

presence of groundwater seeps (e-g., Fig. 4:4) and on geophysical logs by localized 

inflections in EM conductivity and changes borehole fiuid temperature (Fig. 4:2). 

Fine-grained interbeds (1-f) consist of thin (ca. < 1 m) tabular beds of sand, silt 

and mud containing dispersed dropstones and dots of debris (Fig. 4:6). Lithofacies 

include thin bedded (c 0.1 m) andor massive silty sands and rhythmicaily laminated 

silt and mud (Fig. 4:7B). Facies are frequently glaciotectonically defomed and are 

erosively truncated below the base of overlying diamict elements. Fine-grained facies 

record relatively low-energy deposition in standing water bodies ponded between the 

ice base and underlying diamict elements. It was suggested above that erosion of the 

upper part of such interbeds accounts for rafts of defomed glaciolacustrine sediment 



FIGURE 4:12 

A. 0.25 m thick coarse-grained interbed (1%; Fig. 4:6) consisting of poorly-sorted fine 

to medium sand resting on a gently undulating 4n order erosion surface. B. Defonned 

zone (DZ) at base of Northem till comprising airusteci and defomed sub-till (Thomcliffe 

Formation) sediments intemiixed with diamid resüng on 6* order erosion surface (bold 

dashed line). Direction of thrusting towards SE. Solid arrows indicate boulder 

pavement rnarking the upper surface of overlying diamict element (DE). 





within diamict elements (see above). 

Many authors have describeci the interbedding of subglacial meltwater deposits 

(tenned here subglaciofluvial) within tills (e.g., Eyles et al., 1982; Muller, 1983; Brown 

et al., 1987; Shaw, 1987). The dorninantly sheet-like f o m  of interbeds within the 

Northem till suggests lowenergy subglacial sheet-flows. The plan f o m  of interbeds 

demonstrates that such flows were extensive and non-channelized . Such fiows have, 

elsewhere, been linked to the syndepositional expulsion of porewaten from 

over-pressured deforming sediments, resulting in the formation of broad, shaliow 

meltwater channels (the 'canals' of Clark and Walder, 1994; see Discussion). 

4.5.3 Defomed Zone (DZ) 

This element is only locally present and is restricted to the basal part of the 

lowemost diamict element (DE,) where it rests on underlying silts and sands of the 

Thorncliffe Formation (Figs. 4:6, 4:12B). Element DZ has a maximum thickness of 

about 5 rn and consists of stacked thmst slices of highly deforrned glaciolacustrine 

sediment and diamict (Figs. 4:3, 4328). In outcrop, this lithosome has a crudely 

wedge-shaped geornetry as a result of thnist stacking and thickening along northward- 

verging listricfaults. The base of element DZ is defined locally by a decollement plane 

which passes laterally into a well-defined 6m order erosional unconformity which 

defines the base of the Northem till elsewhere. The upper surface of the lithosome is 

defined by a gently undulating 4m order surface (Fig. 4:6). 

This lithosorne is associated with very poor core recovery (Fig. 42A) at the base 

of the Northern till and was given the designation 'lower Northem till' by Boyce et al. 

(1 995). It cannot, however, be recognized as a continuous stratigraphie interval across 

the study area and ocwrs only locally in the basal part of the Northem till (see below). 

The orientation of thnist faults is consistent with glacitectonism of the upper part of the 

Thorncliffe Formation by southward-fiowing ice. The Thomcliffe Formation consists of 

alternating laminated silty clays and beds of silty sand that are poorly recovered by 

drilling as a result of high pore water pressures and the tendency to liquefy when 



disturbed. Such materials are likely to have been readily defonned as a consequence 

of subg lacial over-pressuring . 

4.6 THREE-DIMENSIONAL FORM OF ARCHITECTURAL ELEMENTS 

The threedimensional geometry of architedural elements in the Northem till can 

be shown by a senes of contoured surfaces and isopach maps (Figs. 4: 1 3.4: 14,4: 1 5). 

Surfaces and isopachs were machine interpolated and contoured using a point kriging 

algorithm (issaks and SrÏvastava, 1989). Kriging parameters were estimated by spatial 

modeling of data with directional variograms prior to gridding (Pannatier, 1996). The 

3dimensional geometry of bounding surfaces and lithosornes are show schematically 

in a subsurface architectural mode1 in Figure 4:16. 

4.6.1 Till Sheet Geometry 

The thickness of the Notthern till varies across the study area and is 

systematically related to the form of the underlying 6m order erosion surface cut across 

the Thomcliffe Formation (Fig. 4:13A). The Northem till is thickest (> 52 m; borehole 

P l  -1 9) along a generally north-south axis in the eastem half of the study area. This 

axis lies above an elongate depression developed on the surface of the underlying 

Thomcliffe Formation. The contour map of this surface (Fig. 4:13A) shows a series of 

en echelon north-south oriented ridges and elongate depressions that are interpreted 

as drumlins and interdrumlin lows (swales) respectively. This surface has a maximum 

relief of about 30 m and the orientation of drumlins is consistent with south to south- 

eastward-fiowing ice. The most prominent dmmh ridge, lying in the centre of the study 

area, is coïncident with a north-south trending zone where the Northem till is thinnest; 

the till thickens in adjacent swales (Fig. 4:13A). Thus variation in thickness of the 

Northem till can be explained in ternis of infilling of the presxisting drumlinized 

topography on top of the underlying Thorncliffe Formation. A similar pattern of north- 



FIGURE 4:l3 

lsopach maps and contoured lower surface of Northem till for A. P1M6 site and B. 

EE? 1 site. 





south oriented drumlinized ridges and swales is also present on the upper surface of 

the Thomdiffe Formation below site EE11,4 km to the east (Fig. 4:1 38). This suggests 

that drumlinization of underlying glaciolacustnne deposits is Iikely a regional feature 

of the base of the till sheet. 

Contouring of the uppermost 6th order erosion surface, defining the upper 

surface of the Northem till (top of DE,; Fig. 4:14), also identifies a drumlinized relief 

very similar to that developed at the base of the Northern till. In wntrast, however, 

drumlin ridges and swales are oriented northwest-southeast as a consequence of 

having been eroded by northwestward-flowing ice that deposited the Halton Till (Fig. 

4:l C). 

4.6.2 Diamict Elements 

Figure 4:l4 depids the three-dimensionai form of successive diamict elements 

DE, to DE, over an area of 9 km2. Diamict elements have a sheet-like geometry and, 

with two exceptions, are wnfonnable with underlying elements. Exceptions occur 

where DE, is cut out by the base of DE, and is not present beneath the northeast 

corners of the study area (in the vicinity of boreholes P M 7  and P1-4; Fig. 4:5B) and 

also where DE, is truncated below the base of element DE, and does not ocair over 

the northwest half of the study area (Fig. 4:14). As a consequence, the base of 

elements DE, and DE, are defined as 5m order erosion surfaces (Fig. 4:58). 

Contouring of the top of successive diamict elements (Le., 4# and Sm order 

bounding surfaces; Fig. 4:14) shows a consistent tgpography consisting of elongate 

highs (dnimlins) and flanking elongate depressions (swales). The position of these 

buried geomorphic features from one element upwards to another remains largely 

unchanged. Drurnlinized bounding surfaces are veneered by discontinuous boulder 

pavements and sheet-like subglaciofluvial interbeds. The drumlinized relief on these 

surfaces (Fig. 4:14) appears to be the result of largely conforniable draping of sheet- 

like diamict elements over the original dnirnlinized relief cut across the top of the 

Thomdiffe Formation (Fig. 4:13A). With the exceptions noted above, diarnict elements 



FIGURE 4:14 

Left. Topographic contours (in metres above sea leve!) on the upper surface of 

individual diamict elements showing streamlined relief composed of dnimlins and 

swales. Arrows show ice flow directions inferred from drurnlin long axes. 

Right lsopachs (in metres) of successive diamid elements DE, to DE, within Northem 

till aaoss 9 km2 study area (Fig. 4:l). The lowemost element (DE,) has been tnincated 

by a 5'h order erosion surface at the base of DE, and is preserved only in swales cut 

into the underlying Thorncliffe Fm (Fig. 4:13A). 
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are conformably draped by the next, such that the disposition of drumlins and swales 

at the base of the Northem till remains essentially the same throughout deposition (Fig. 

4:14). In this way, the antecedent drumlinized relief on top of the Thomciiffe Formation 

appears to have controlled subsequent deposition of diamict elements. Locally, 

individual diamict elements show thickening as a result of infilling of lows on the 

surface of underlying diamict elernents (e.g., DE,; Fig. 414). The geometry and 

disposition of successive diamid elements suggests rather simple vertical aggradation 

of diamict elernents to fom a composite till sheet. 

The overall orientation of drumlin long axes on successive diamict elements 

indicates flow from the north to northwest (Fig. 4:14). Small changes in long axis 

orientation of dnirnlins is evident from one element to another and likely reflects 

changes in ice Row during accumulation of the Northem till. 

4-6.3 lnterbeds 

lsopach maps of interbeds show that spatial variation in thickness and extent is 

systematically controlled by the drumlinized topography of the underlying diamict 

element. lnterbeds cannot be traced as continuous lithosomes across the entire study 

area but are restrided to topographic lows (swales) on the underlying diamict surface 

and pinch out against the flanks of adjacent drumlins. Figure 4:15 shows an isopach 

map of an interbed resting on the surface of diamict element DE,. Sand and grave1 

facies thicken away from, and wrap around, d ~ m l i n  highs on the underlying diamict 

surface. The geometry of interbeds (in plan view resembling a perforated blanket) is 

consistent with the presenœ of standing or flowing meltwater in topographic lows (see 

Discussion). It is also likely, that the distribution of interbeds has been modified to 

sorne extent by subglacial erosion or incorporation of sorted sediments within overiying 

diarnict elements. 



FIGURE 4:15 

Perspective view of sand and grave1 interbed overlying interface between DE, and DE, 

(Fig. 458). lnterbed is absent over crest of north-south trending drumlin in upper 

surface of DE, and thickens to over 4 m within inter-drurnlin swale in northwest part of 

study area. 





4-6.4 Defomed Zones 

The 3-dimensional subsurfaœ geometry of deformed zones is difficult to resolve 

due the restricted lateral continuity and sedimentologic complexity of this lithosome 

(Figs. 4:3,4:12B). The lithosorne is recognized in borehole data by the appearance of 

complexly interbedded diamict and glaciolacustrine facies at the base of the Northern 

till (i.e., within DE,; Fig. 494). Geophysical log response is highly variable and does 

not permit identification of electrofacies. On seismic profiles, the Iithosome is 

associated with a zone of low seismic velocities and undulatory reflectors at the base 

of the Northem till (Boyce et al., i 995). Undulatory reflectors have been interpreted as 

evidence of thrusting and detachment of Thomcliffe Formation sediments. Thnisted 

zones c m  be traced up to 200 m along seismic profiles and Iikely have subsurface 

areal extents of several hundred m2 (Boyce et al., 1995). Resolution of the tnie 

subsurface geometry of this lithosome is likely dependent upon the use of high 

resolution 3-0 seismic imaging rnethods (e.g., Siakoohi and West, 1997). 

4.7 DISCUSSION 

This paper has show that a thick Late Wisconsin till, fomerly regarded as a 

intemally homogenous stratigraphie unit, is a composite sedimentary body that can be 

systematically subdivided into a number d architectural elements (Fig. 4: 16). The 

broader implications of these findings are identified in the following sections with 

respect to curent understanding of subglacial hydrologic and sedimentologic 

processes, the origin of drumiin bedfoms and hydrogeological investigations in 

glaciated terrains. 

4.7.1 Subglacial Drainage 

Much recent attention has focused on the nature of subglacial hydrologic 

processes below continental-scale ice sheets. Boulton and Hindmarsh (1 987) 

examined the case of a temperate ice sheet resting on a defoming ('soft') bed and 

argued that the discharge of meltwater within a defoming till layer was likely 



FIGURE 4:16 

Conceptual model showing geornetry of architedural elements in Norhem till and f o m  

of drumlinized 6n order erosion surfaces bounding top and bottom of till sheet 

Arrows show ice flow direction. Note change in direction associated with Halton Till 

readvance (Fig. 438). 



THORNCLIFF E 
FORMATION 



insufficient to balance rnelting at the ice base. They proposed that this would lead to 

the development of a distributed drainage network consisting of sediment-floored 

subg lacial conduits discharging as 'pipes' along the glacier terminus (Fig. 4: 1 7A). 

InfIow of groundwater and intrusion of defoming sediment into conduits was thought 

to lead to progressive lowering of the bed forming tunnel valleys (e-g. Sjorren, 1981; 

Eyles and McCabe. 1989) (Fig. 4:17A). Walder and Fowler (1 994) argued that low 

hydraulic gradients (i-e., for a low profile ice sheet resting on a deforming bed) would 

favour the formation of a braided subglacial drainage network, consisting of broad, 

shallow 'canals' incised into unlithified sediments (Fig. 4:17B). Rigid. crystalline 

bedrock substrates ('hard beds'). in contrast, would favour development of an 

arborescent network of ice tunnels (R-channels; Rothlisberger, 1 972)(Fig. 4A7B). 

Clark and Walder (1 994) argued based on this model, that the abundance of eskers 

across shield areas and their absence in sedimentary lowlands covered by thick till 

sheets, reflects a switch from Rchannel to canal drainage systems. A problem in this 

regard, is that supporting geologiml evidence for canal-type drainage is presently 

restricted to 2-dimensional outcrop examples (e-g.. Eyles et al.. 1982) which do not 

permit evaluation of the theorized geometry (Fig. 4:VB). 

The architectural model developed for the Northem till in this study (Fig. 4:16) 

provides a basis for evaluating theoretical subglacial drainage models. The sheet-like 

geometry of interbed elements within the Northem till (Fig. 4:16) is most consistent with 

the drainage model of Walder and Fowier (1 994)(Fig. 4:17A). The restricted thickness 

(average < 1 m; Fig. 4:11), texture and Iithologic composition of interbeds (dominantly 

sand and grave1 with glacially-shaped clasts) suggests that they were formed by 

winnowhg and reworking of the upper surface of diamict elements by subglaciofluvial 

meltwaters. The sheet-like geometry of interbeds indicates that such flows were 

extensive (Figs. 4:4,4:15) and most likely, involved sheet-flows moving at the ice-bed 

interface. The preferential thickening of interbed elements within inter-dnirnlin swales 

and their absence over drumlin highs further, suggests that drainage was constrained 

by local topographic gradients (Fig. 4:17C). The model of Walder and Fowler (1 994) 



FIGURE 4:17 

Cross-sectional geometry and drainage pattern (plan view) for subglacial drainage 

associated with A. sediment-floored tunnel valleys (after Boulton and Hindmarsh, 

1987), B. RGhannels developed over imperneable bedrock (upper) and sediment- 

Roored subglacial canals (lower) incised into unlithified sediments (after Clark and 

Walder, 1994), C. sheet-flows moving in broad inter-dnimlin swales during episodic 

non-deposition and ice-bed separation (this study). 
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does not wnsider the effects of bed topography on drainage; canals are modeled as 

fiat-bottomed channels with redangular cross-secüons and well-defined lateral margins 

(Fig. 4:17B). The geometry of interbeds in the Northem till is clearly inconsistent with 

incision of channels into underlying sediments as proposed by the latter model. The 

geometry of interbeds, resembling a perforated blanket in plan (Fig. 4:17C), is best 

explained in ternis of free meltwater drainage within pre-existing inter-drurnlin swales. 

Detailed interpretation of the hydrodynamic conditions which deposited 

interbeds is diffiwlt due to the absence of well-preserved bedfons. Flows were 

energetic enough to transport coarse gravels and boulders up to 20 cm in diameter and 

locally, to incise underlying diamict elements to depths of up to 0.6 m (1%; Fig. 4:6). 

The predominance of sheet-fom, sandy interbeds which lack evidence of fluvial 

incision, however, suggests that flow velocities were in general, insufficient to 

accomplish significant erosion of diamict elements. The presence of fine-grained 

interbeds, consisting of laminated silt and clay (1-f; Fig. 4:6) indicates, that at other 

times, interdrumlin swales were occupied by ponded (or slowly flowing) subglacial 

meltwaters. The on'gin of sheet-fiows is not yet understood but may involve de-watering 

duting deposition and consolidation of defoming bed tills (Muller, 1983; Brown et al., 

1987), or episodes of enhanced basal melting associated with ice margin oscillations 

(8roecker et al., 1992; Mullins et al., 1996). Regardless of their origin, it has been 

generally assumed that meltwaters will move principally in response to regional 

hydraulic gradients generated by the surface slope of an ice sheet (Alley, 1992; Walder 

and Folwer, 1994). It is argued here that topographic gradients (e-g., 0.0001 - 0.05; 

Fig. 4:15) on a drumlinized bed surface will have an important influence locally on 

meltwater flow and the resulting subglacial drainage pattern (Fig. 4:17C). 

With regard to the distribution of eskers, it is noted that these landfoms are 

conspicuously absent on the surface of the Northem till where it is exposed to the north 

of the study area (Gravenor, 1957; Gwyn and Dilabio, 1973)(Fig. 4:l C). This was 

previously interpreted by Boyce and Eyles (1 991) to indicate subglacial drainage by 

mass transport of meltwater within a deforming till layer. New evidence presented in 



this paper, shows that drainage by topographically-constrained sheet-flows was a 

significant process during hiatuses in till deposition. There are presently insufficient 

data to detemine which of these processes was most significant in ternis of total 

meltwater flux From a theoretical standpoint, however, it has been shown that free 

meltwater drainage within cavities is compatible with, and most likely required for 

deforming bed conditions below the last mid-latitude ice sheets (Boulton and 

Hindmarsh, 1987; Alley, 1992). Although data presented herein indicate non- 

channelized sheet-flows as a opposed to incised canals, they do provide geological 

evidenœ for the existence of a distributed subglacial drainage nehvork at the ice-bed 

interface as proposed by Walder and Fowler (1994). It is also emphasized that 

interbedding of till with sheet-like sands and gravels has been widely reported from 

Pleistocene subglacial deposits elsewhere (Sauer, 1963; Eyles et al., i 982; Brown et 

al., 1987; Hansel and Johnson, 1987; Menzies, 1989). This suggests that this drainage 

mechanism may have been typical over large sectors of former mid-latitude ice sheets 

resting on deformable beds as inferred by Clark and Walder (1 994). 

4.7.2 Subglacial Erosion and Deposition 

Boulton (1996) presented a conceptual mode1 for the large-scale areal 

distribution of erosion and deposition below large ice sheets resting on unlithified 'soft' 

beds. He argued that glacial transport of sedirnent occurs not englacially but 

subglacially below the ice base, as a over-pressured layer of deforming sediment ('A' 

horizon) that rests abruptly on undeformed strata ('B' horizon'). Deposition occurs by 

frictional retardation at the base of the 'A' horizon and results in the upward 

aggradation of deformation till. In contrast, subglacial erosion results in net lowering 

of the interface between the 'A' and 'Br horizons and the preferential accumulation of 

boulders as pavements resting on erosion surfaces (termed 'isochronous surfaces in 

till' by Boulton, 1996, p. 57). 

Laterally extensive 4m and 5m order bounding surfaces identified within the 

Northem till can be identified as isochronous surfaces which are equivalent in many 
"S .x- 



respeds to those predided by Boubn (1996). However, in contrast to Boulton's model, 

major bounding surfaces within the Northern till are largely conforniable. and are 

interpreted here to record hiatuses in till deposition which are punduated by minor 

erosion and reworking of till by subglaciofluvial meltwaters. Lowering of the ' N B '  

interface under Boulton's (1996) model should result in a relatively continuous boulder 

pavements in till. In contrast, isochronous surfaces in the Northem till are marked by 

discontinuous boulder pavements which p a s  laterally into interbeds and amalgamated 

contacts (Figs. 4:3, 44). Individual boulders within pavements are embedded in the 

upper surface of diamict elements and show deeply striated surfaces. Such features 

are consistent with plowing and lodging of boulders into a soft till surface followed by 

abrasion of clasts below the ice base (Clark and Hansel, 1989). Bounding 4m and 5m 

order surfaces can therefore, be regarded as sedimentologic 'snap shotsa of the former 

ice-bed interface (Le., the top of Boulton's 'A' horizon) and may be expected to have 

a much a larger areal continuity outside the study area. The preservation of 

isochronous surfaces is probably dependent upon conditions of net conformable 

deposition of diamict elernents (termed wnformable facies superimposition by Eyles 

et al., 1982) such as has been the case for the Northem till (Fig. 4:16). Minor, 

spatially-diswntinuous erosion surfaces within individual diamict elements (3" order 

surfaces; Fig. 4:6) can be defined as 'diachronous' surfacesin till. 

Boulton (1 996) further suggested that below the outer zone of ice sheets, any 

one deformation till deposit would show a bipartite intemal stratigraphy consisting of 

a lowermost unit deposited during the advance phase(s) of the ice sheet, overlain by 

till deposited during glacier retreat (decayphase till). No simple division into 'advance' 

andor 'decay-phase' tills is apparent in the Northem till most likely due to a complex 

history of ice margin advance and retreat along the eastem Great Lake margin of the 

Laurentide Ice Sheet (e-g., Karrow and Occhietti, 1989; Mullins et. al., 1996; see 

below). 

Variations in ice flow direction recorded by the changing long axes of dmmlins 

between successive diamid elements (Fig. 4: 14) may provide a simple explanation for 



differences in electrofacies (i-e., gamma ray logs) from one element to another (Fig. 

4:5A). Variation in gamma counts is related principally to changes in clay content of 

diamid elements (Fig. 42A) which in tum, reflects the amount of clay in sediments 

eroded and transported below the ice base. The lowerrnost diamict element (DE,) 

shows a higher degree of sedimentologic variability as a result of incorporation and 

incornplete mking of glaciolacustrine sediment inwrporated from the underlying 

Thomcliffe Formation (e.g., Figç. 4:5B, 4:8A). Overlying diamict elements (DE,-D&) 

are in general, less internally heterogenous and as a result, have a more consistent 

electrofacies. This can be explained in terrns of progressive 'sealing off of local bed 

materials as diamict elements are deposited. resulting in a higher content of 

homogenized far-traveled debris upwards in the stratigraphie sequence. Variation in 

eledrofacies between diamict elements may also reflect wmpositional stratification 

resulting from small changes in iœ flow diredion and shifts in the Iithologic composition 

of materials transported from shield source areas. In this regard, it is noted that 

airborne mapping using gamma-ray spedromatic coverage has identified major 

contrasts in the distribution of uranium, thorium and potassium between the various 

mid-Proterozoic temnes that comprise the shield (Easton, 1 992). As the position of ice 

streams changed during ice sheet thickening and thinning so compositionallydifferent 

diamict facies could be deposited at any one site. Upward variation in till lithology 

during a single but protracted phase(s) of subglacial deposition has been reported 

elsewhere by Eyles et al. (1982) and Broster et al. (1982). The former workers 

recognized wmpositional differences within multiple till successions implying tha! 

changes in ice flow direction were associated with episodes of erosion andor 

non-deposition at the ice base (temed unwnformable and conformable facies 

superimposition respectively by Eyles et al., 1982). The latter case describes the 

situation with regard to the Northem till. 

Recent work has shown, from the deep marine record. that the Laurentide Ice 

Sheet was highly dynamic and experienced repeated large changes in thickness and 

extent during the last glacial cycle (Bond et al., 1992; Broecker et al., 1992). Terrestrial 



records of such events have been identified from the deposits of former ice frontal 

lakes and associateci moraine ridges in upper New York State (Mullins et al., 1996) but 

not so far, in midcontinent till stratigraphies that were deposited subglacially below the 

ice sheet It can be speculated that repeated deposition of successive drumlinized 

diamict elements, bounded by 4* order surfaces (Fig. 4:l6), constitutes an 'event 

stratigraphy' racording glaciodynamic changes affeding the ice sheet Recognition that 

subglacial deposits are not homogeneous but wntain a hierarchy of mappable and 

perhaps widely correlatable, bounding surfaces may ultimately enable a detailed 

glaciological record to be established from midcontinent tills. The fundamental starting 

point for such work is systematic desaiption of the large-scale intemal structure of tills 

using architectural element analysis. 

4.7.3 Drumlin Bedforms 

Drumlins are common features of Pleistocene glaciated terrains but their origin 

and glaciodynarnic signifimnce are widely debated (Memies and Rose, 1987 and refs. 

therein). Current models view drumlins as products of either erosion or deposition 

associated with subglacial sediment deformation (Boulton, 1987; Boyce and Eyles, 

1991 ; Hart, 1992) or catastrophic meltwater fiooding (Shaw, 1989; Shaw and Sharpe, 

1 986). 

The architectural model presented in this paper (F ig. 4:16) provides valuable 

data for testing drurnlin formative models. It has been shown that a thick (> 50 m) 

drumlinized till sheet (Northem till) previously regarded as homogeneous, is a 

composite stratigraphic unit resulting from repeated aggradation of sheet-like diamict 

elements with drumlinized upper surfaces (Fig. 436). With local exceptions, each 

element was emplaœd mnformably on the underlying element. such that dnirnlins can 

be identified as composite bedfoms. A very similar stratigraphie geornetry has been 

reported from till exposed in drumlins of Upper New York State and has been termed 

a 'concentric' dnimlin structure (Slater, 1929; Muller, 1974, 1997, Pers. Comms.). The 

latter drumlins were attributed to accretion of till layers subglacially over a 'nucleus' of 



pre-existing sediment. 

Data presented here indicate that composite dnimlin bedforms in the Northem 

till are a produd of an initial phase of erosion and subsequent deposition. This finding 

is of considerable significance, given published geornorphological arguments that 

drumlins, including those of the study area, were cut by 'megafloods' of subglacial 

meltwater (Shaw and Sharpe, 1987; Shaw and Gilbert. 1990; Pugin et al., 1996). The 

composite intemal stratigraphy of drumlins within the Northem till (Fig. 4:16) is clearly 

not compatible with simple erosional sculpting of pre-existing sediment by flood waters. 

Other geological and geornorphological objections to the subglacial flood mode1 have 

also been voiced by Boyce and Eyles (1991), Muller and Pair (1992) and Brookes 

(1 995) and are not repeated here. 

The intemal architecture of drumlins identified in this paper is consistent with 

models which relate dnirnlins to erosion and deposition associated with subglacial 

sediment deformation below ice sheets (8oulton and Hindmarsh, 1987; Boyce and 

Eyles, 1991; Boulton, 1996). Figure 4:18 shows a conceptual mode1 for the formation 

of drumlins in the Northem till based on the AEA data presented in this paper. The 

lowermost drumlinized 6'h order surface cut across the Thomcliffe Formation can be 

explained in ternis of subglacial erosion and excavational deformation (Hart, 1995) of 

sediments during ice advance (Fig. 4:18A). The latter process would have occurred 

where low-strength, water-saturated sediments became overgressured, detached from 

the bed and were mobilized as a pervasively defoming layer of sedirnent below the ice 

base (deformation till; Hart, 1995; Boulton, 1996). Over-pressuring of Thorncliffe 

sediments was likely aided by the alternation of low peneability laminated clays with 

fine silt and sands Mich are prone to liquefaction (Boyce and Eyles, 1997). The early 

stages of bed avulsion and generation of deformation till are recorded by thrusted and 

highly defomed Thomdiffe sediments interrnixed with diamict occurring at the base of 

the Northem till (e.g., element DZ; Figs. 4:6, 4~128). This initial phase of erosion was 

followed by wnfomiable aggradation of deformation tills (Fig. 4188) across the 

dnirnlinized erosion surface. Hiatuses in deformation till accumulation till (Fig. 4:18C) 



FIGURE 4:l8 

Conœptual mode1 for formation of dnimlin bedforms within the Northem till. A. Erosion 

of pre-existing unlithified sediment to f o n  a dnimlinized 6n order surface during ice 

advance. B. Depositional phase with conforniable deposition of diamict elements 

(deformation tills) across dnimlinized surface. C. Hiatus in till deposition with 

subglaciofluvial reworking of diamict elements to form sheet-like interbeds and 

formation of boulder pavements. D. Continued net aggradation of diamict elements to 

fom composite till sheet; dnimlinized relief inherited from antecedent erosion surface 

becornes progressively attenuated. 
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were associated with deposition of subglacioflwial interbeds and formation of boulder 

pavements across 4" order surfaces. Continued aggradation of diamict elements (Fig. 

4: 1 8D) resulted in a composite dnimlinized till sheet more than 50 m in thickness. 

It can be seen from the wnœptual mode1 that continued aggradation of diamict 

elements eventually results in complete attenuation of the original drumlinized erosion 

surface, producing 'buned' dnirnlin bedfoms. Such is likely to be the case where thick 

sequenœs of deformation till accumulate within a zone af net deposition near to the ice 

sheet terminus as proposed by Boulton (1 987, 1 996). Boulton also argued for the 

existence of a zone of net erosion some distance further up-ice from the terminus, 

where deformation tills are likeiy to be thin or absent and dnimlins are largely erosional 

foms. Based on the AEA data presented in this paper, it can be speculated that the 

internai geometry of drumlins within these two zones would closely resemble that 

shown for the early and late phases of drumlinization of strata below the Northem till 

(Figure 411 8). Under conditions of negative defonning sediment fiux (net erosion), 

drumlins are likely to consist of cores of preexisting sediment draped by a thin mantle 

of deformation till which thickens within swales and thins (or is absent) over drumlin 

crests (Fig. 4:18A). Domglacier, where sediment Rux is positive and defonning tiII can 

accumulate, drumlins will consist of a much thicker till mantle which will conform in 

general with the underlying drumlinized erosion surface (Fig. 4:18B). Where till 

accumulation is prolonged, drumlins will be progressively bufied (Figs. 4:18C. 4:180) 

and eventually, a gently undulating or flat ice-bed interface will result. 

Boyce and Eyles (1 991) described a similar evolution of drumlin architecture 

along a 70 km flow line within the Peterborough drumlin field. They related the 

existence of undefomed cores of pre-existing sediments within drumlins to erosional 

streaming by ice and defonning debris. Erosion of cores was followed by a phase of 

deposition of deformation tills to fom a till mantle but it was not resolved whether this 

involved the de-watering of an entire subglacial debris stream or incremental deposition 

of deformation tills. Data from the Northem till confimi the latter case, and provide a 

mechanism (punctuated deformation till aggradation) for accumulation of thick till 



sequences below ice sheets. In this regard, it is noted that the average thickness of 

pervasively defoming till observed experimentally below modem ice sheets is about 

6 m (Alley et al., 1987; Engelhardt, 1990). This is comparable to the average thickness 

of individual diamict elements (Fig. 4:11) and may represent an average depth to which 

sedirnent can be mobilized by pervasive shearing below continental-scale ice sheets. 

4.7.4 Hydrostratigraphy of Till Deposits 

Several workers have demonstrated that facies models are a useful means of 

conceptualizing and predicting subsurface site conditions (Eyles and Dearman, 1981) 

and for estimating large-scale trends in hydrogeologic parameters in glaciated terrains 

(Anderson, 1987. 1989; Davis. 1987; Fraser and Huer, 1987; Stephenson et al., 1989). 

A major drawback, however, is that three-dimensional geometry of sediment bodies can 

only be inferred because facies models are ~ n s t ~ c t e d  largely using one- and two- 

dimensional vertical profile data (Eyles and Eyles, 1992). As a result, significant 

uncertainties can arise in determining the lateral continuity and spatial distribution of 

facies, in particular, coarse-grained heterogeneities which control bulk peneability 

(Sminchak et al., 1996). 

Architedural element analysis provides a superior 3-dimensional framework for 

heterogeneity mapping in glacial sediments which can be readily input into numerical 

groundwater models. Application of AEA to the Northern till reveals the presence of 

heterogeneities occu~ng over several length scales (Tables 4:2. 4:3). Subglaciofluvial 

interbeds, because of their thickness and sheet-like geometry (Fig. 4:15) can be 

identified as prirnary pathways for horizontal groundwater movement though the till. 

Pump and slug testing of individual interbeds yields hydraulic canductivities on the 

order of I O 6  to 1 0 ~  mls and observations at multiple weils conf in that they are 

hydraulically interannected (IWA, 1994b). The lateral movement of groundwater 

along interbeds is also clearly demonstrated by active discharge from groundwater 

seeps in outcrops (e-g., Fig. 4:4) and in the subsurface, by zones of increased EM 

conductivity and abrupt temperature changes on geophysical logs (Fig. 4:2). In this 



regard, recent work has demonstrated that modem tritiated waters no older than the 

early 1950'~~ have rnigrated through the full thickness of the Northem till (> 50 m) and 

are now present in underlying aquifen (Gerber and Howard, 1996). These data 

indicate vertical recharge rates in excess of 1 m/yr and strongly suggest the presence 

of vertical pathways in addition to horizontal fiow along interbeds (R. Gerber, Pers. 

Comms. 1996-1 997). Vertical groundwater rnovement through diamid elements is most 

Iikely controlled by small-scale intradiamict element heterogeneities defined by 3" 

order and lower surfaces. These include thin silty laminae, sand lenses, rafts of 

included sediment, clastic dikes and associated diapirïc structures (Table 4:3). The 

latter structures are of particular: importance given that they are commonly near vertical 

(e-g., Fig. 10) and wuld provide direct interconnection between interbeds. Their 3- 

dimensional subsurface geometry is however, dificult to determine at present since 

they are not resolvable with conventional downhole and surface geophysical methods. 

The possibility of pervasive vertical fractures, although not observed In core, has also 

not been niled out. Welldeveloped orthogonal joint sets and fractures are present at 

surface in the Northern till but their depth of penetration is not yet known. Given the 

likelihood of vertical pathways, individual interbeds are likely vertically interconnected 

and may represent important pathways for groundwater and contaminants through the. 

Nothern till. The architectural framework identified for the Northem till in this paper 

provides the basis for future quantitative modeling of groundwater flow paths and 

fluxes. 

The intemal architecture and heterogeneity identified within the NorViem till may 

be typical of many late Pleistocene tills. The widelyieported assumption that tills are 

homogenous and impermeable Iikely reflects the dearth of sufficiently-detailed 

subsurface and outcrop data, together with past emphasis on broad-scale, regional 

mapping of till sheets. 

As a final comment, it is emphasized that the scheme of hierarchical bounding 

surfaces and architectural elements presented here (Table 4: 1 8) is relatively simple 

and modified from previous work with fluvial strata. We anticipate further modification 



of the scheme as studies proceed of other glacial strata that record a wider range of 

depositional settings. It must be stressed that access to extensive outcrops and a 

sufficiently large multi-parameter subsurface database (e-g., Fig. 45) are essential 

prerequisites; la& of such data will be the main limitation on the wider applicability of 

the methodology to glacial deposits. 
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CHAPTER 5: HYDROGEOLOGICAL EVALUATION OF A PLEISTOCENE 

GLACIATED BASIN MING A GEOSCfENTiFiC INFORMATION SYSTEM 

ABSTRACT 

The hydrogeology of a thick (> 150 m), extensive (> 1300 km2) Laie Pleistocene 

glacial basin fiIl in southern Ontario has been investigated using a multiparameter 

subsurface data base employing basin analysis and GIS (Geoscience Information 

System) techniques. The study database consists of > 21 0 cored and geophysicaliy 

logged boreholes, shallow seisrnic reflection profiles (12 line km) and > 7000 digital 

water well records assembled for the rapidly-urbanizing Duffins Creek basin in the 

Greater Toronto Area. The basin stratigraphy consists of Late Wisconsin-age tills. 

ouhnrash and glaciolacustrine deposits that reach a maximum thickness of over 150 m. 

Similar terrains and sediments occur widel y across mid-latitude North America. 

Hydrostratigraphic units were identified through a GIS query of well penetration 

depths and interpolated lithostratigraphic bounding surfaces. This analysis reveals the 

presence of three principal aquifer systems including an upper sand and gravel 

complex (~240-340 m a.s.1.). an intemediate aquifer (=120-240 m a.s.1.) and a lower 

aquifer defined between bedrock and 4 4 0  m a.s.1. Aquifers are developed in outwash 

and lacustrine (deltaic) deposits and are wnfined by finer-grained till sheets. The 

upper and middle aquifer systems are regionally extensive and are primary targets for 

groundwater abstraction in the basin. The lower system consists of channel-bound 

bedrock valley aquifen which are of local importance in areas of thinner sediment 

cover in the southem part of the basin. Regional groundwater Row patterns and large- 

scale trends in aquifer hydraulic parameters (transmissivity, hydraulic conductivity) 

were estimated and mapped using a abundant water well data. This analysis better 

resolves the hydrogeologic function of Pleistocene strata and identifies primary 

recharge and discharge areas within the basin. The methods and results reported here 

have a broader applimbility for regional ground water evaluations across broad areas 

of mid-latitude North America that are underlain by similar glacial basin fills. 



5.1 INTRODUCTION 

Pleistocene glacial terrains are widespread across many heavily-populated 

areas of mid-latitude North America (> 13 million km2; Stephenson, 1989) and are host 

to highly-productive aquifers which provide groundwater supplies for many 

communities (Noms et al., 1966; Ritzi et al., 1 994; Howard et al.. 1 997). An increasing 

requirement for hydrogeological evaluations in glaciated terrains is the ability to 

characterize and conceptualize the subsurface geology as a series of layers (e.g., 

hydrostratigraphic units; Seaber, 1988) which can be assigned as aquifen or aquitards 

within numeriml models (Anderson, 1989; Anderson and Woessner, 1992). This task 

is frequently complicated however, by the high degree of stratigraphic variability 

(heterogeneity) and inherently wmplex geometry of glacial deposits. 

The purpose of this paper is to present a detailed case study demonstrating the 

application of Geoscience Information Systems (GIS) and basin analysis techniques 

to the hydrogeological evaluation of a thick (> 150 m) Pleistocene glacial basin fiIl in 

the Toronto region (Duffins Creek basin; Fig. 51). Pleistocene sediments here are host 

to extensive (> 3500 km2) aquifer systems and a significant groundwater recharge area 

(Oak Ridges Moraine; Fig. 5:1) which provides drinking water for more than 200,000 

residents. Continued urban expansion is a major threat to these resources (Howard, 

1997) but regional impact assessments are wrrently hampered by inadequate 

understanding of the 3dimensional subsurface geology and hydrogeology of 

Pleistocene strata. GIS-assisted hydrogeological evaluation better resolves the extent, 

geometry and hydrogeologic fundion of glacial aquifer and aquitard units and provides 

an improved framework for groundwater simulations. This analysis shows that multiple 

aquifers previously mapped as spatially separate water-bearing units are hydraulical ly 

interconneded and m n  be recugnized as components of larger regional-scale aquifer 

systems. GIS mapping of the large-scale trends in aquifer parameters, in particular the 

distribution of hydraulic conductivity and rechargeldischarge areas, provides a rapid 

means of region-scale assessrnent which complements and provides input data for 

groundwater modeling studies. 



FIGURE 5 1  

Location of DMns  Creek study area within the Greater Toronto Area of southern 

Ontario, The basin lies the on eastern limits of the buried Laurentian Channel which 

has acted to selectively preserve a thick Pleistocene infill below the Toronto area. 





5.2 PHYSICAL SETTING AND PRWIOUS WORK 

The study area indudes 1380 km2 on the eastem Iimits of the rapidly expanding 

Greater Toronto urban area (Fig. 5:1). This region is underlain by a thick (up to 240 m) 

Late Pleistocene basin fil1 deposited during two successive glaciations (Illinoian, 

Wisconsin) and an intervening interglacial period (Bamett, 1991; Berger and Eyles, 

1994). Late Pleistocene sediments are selectively preserved within an extensive 

system of broad, northwestward-trending bedrock valleys which record a pre-glacial 

drainage network (Laurentian Channel system; Fig. 5:1)(Eyles et al., 1993). The study 

area includes the Duffins Creek drainage basin which lies on the eastem margin of the 

buried channel system (Fig. 51.). The basin drains southward to Lake Ontario via two 

main tributanes which are sourced by headwater areas on the south slope of the Oak 

Ridges Moraine. 

More than two-thirds of the study area consists of a drumlinized till plain (Haltcn 

Till) which was deposited during a last (Late Wisconsin) ice advance into the region 

(ça. 13,000 Ka; Karrow and Ochietti, 1989)(Fig. 5:2). The Oak Ridges Moraine wnsists 

of a west-east belt of hummocky topography wred by outwash and ice-wntact 

stratified drift wfiich marks the former Iimit of the Halton ice advance (Oak Ridges 

Moraine; Fig. 5:2)(Dudoivorth, 1979). The till plain is veneered by thin glaciolacustrine 

sediments (Lake Markham deposits) and is partially eroded and covered by the near 

shore and lake bottom deposits of glacial Lake Iroquois south of the former shorelins 

(Fig. 5:2)(Westgate, 1979). 

Previous regional groundwater studies by Sibul et al. (1 977) and Ostry (1 979) 

delineated and mapped the distribution of 14 separate aquifer systems within the 

Pleistocene infill of the study area. They also recognized the importance of the Oak 

Ridges Moraine in providing baseflow to headwaters of streams and as a source of 

recharge for deeper regional aquifers. Subsequent work by Howard and Be& (1 986) 

showed a similarity in the hydrochemistry of groundwaters collected from these 

aquifers which they argued was evidence of hydraulic interconnection and the 

existence of a regional groundwater flow system. 



FIGURE 5:2 

Surficial geology of study area (after Westgate, 1979). 
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More recent work has foaiçed on quantifying recharge inputs to aquifer systems 

and regional groundwater fiow systems using numerical modeling (Smart, 1994; 

Gerber, 1994; Howard et al., 1997). Isotopic analysis of porewaters in Pleistocene 

sedirnents (Gerber and Howard, 1996) has also identified the presence of significant 

groundwater recharge through a regionally extensive till sheet (Northem tiIl; Boyce et 

al., 1995) previously considered as an impervious aquitard restricting recharge to 

underlying aquifers (Sibul et al., 1977). A major objective of the present study was to 

better resolve the spatial distribution and geometry of aquifer and aquitard units within 

the Duffins Creek basin and to identify their hydrogeologic function. 

5.3 DATABASE AND METHODS 

Geoscience Information Systems (GIS) are now widely used for basin analysis 

and reservoir charaderization in the petroleum industry (Martin, 1994). These systems 

permit storage, manipulation and visualization of large volumes of subsurface data as 

2-D maps, 3-D volumes and rnultidimensional (4-D+) geocellular models which 

incorporate temporal as well as spatial data attributes ( h m  and Johnson, 1993; Eyles 

et al., 1997). The requirement for increasingly sophisticated 3-dimensional numerical 

groundwater fiow and contaminant transport models is placing similar demands for 

detailed subsurface syntheses in hydrogeology. A recent review of case studies which 

apply GIS techniques to environmental problems is given by Eyles et al. (1 997). 

Hydrogeological evaluations described in this study involved compilation of a 

large volume of existing borehole information with field data collected during a 

collaborative program of deep drilling, seismic reflection studies and downhole 

geophysical logging wnducted by the University of Toronto and the Ontario Ministry 

of Environment and Energy (Boyce et al., 1995; Gerber and Howard, 1996; Boyce and 

Koseoglu, 1997; Howard et al., 1997)(Fig. 5:3). An important component of the study 

involved integration and analysis of these data within a GIS using some relatively 

simple rnap overlay and spatial querying procedures. These were carried out using a 

comrnercially available relational database engine (MS Accessm), a 2dimensional 



1 26 

vector-based GIS (MapMakerTU) and mapping and gridding sofhvares (SurferTU, 

UNCERTm) ninning on PC and UNlX platforms. Generation of cross-sectional 

information ernployed software which was developed in-house using Enigmam GIS 

development package (Boyce and Doughty, in prep). The study methodology is 

illustrated schematically in Figure 4 and described in the following sections prior to 

presentation of results. 

5.3.1 GIS-Assisted Basin Analysis 

The subsurface GIS database assembled for this study included more than 210 

cored and geophysically logged (gamma, EM conductivity, SP resistivity, temperature) 

stratigraphic boreholes, 72 line kilometres of shallow seismic profiles, outcrop logs and 

a large digital water well dataset (7096 records) obtained from the Ontario Ministry of 

Environment and Energy (Fig. 5:3). Drilling and geophysical surveys were canied out 

in wnnection with hydrogeological evaluations at several proposed landfil1 sites 

between 1990 and 1994. Methods, equipment and results are reported in detail 

elsewhere (Boyce et al., 1995; Gerber and Howard, 1996; Boyce and Koseoglu, 1996; 

Boyce and Eyles, 1997). Water well records provide generalized lithologic data and 

useful hydrogeologic information including static water levels, specific capacity, 

pumping drawdown and recovery and well construction details. These data were 

assembled within a relational database which pennits querying of data fields according 

to user-defined criteria (i.e., using boolean search strings). The database structure, 

shown in Figure 5:5 was developed to accommodate a large existing provincial digital 

water well database (>210 Mb; see Eyles et al., 1997) and to facilitate input of other 

geotechnical, stratigraphic and borehole geophysical information. 

Pleistocene strata were subdivided into lithostratigraphic units based on 

lithofacies, texture, bounding surface characteristics (Le., presence of erosional 

unconformity or conformity surfaces) and other defining properties in drillare and 

outcrop. Correlation of lithostratigraphic units in the subsurface involved analysis of 



FIGURE 53 

Map of study area showing distribution of water wells (n = 7096), detailed stratigraphie 

boreholes (n = 210), seismic refledion profiles and location of N S  cross-section show 

in Figurs 5:6. 
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FIGURE 5:4 

Schematic diagram showing approach used in this study for constnicting a 

hydrosbatigraphic framework using a multi-parameter subsurface borehole database. 



TABULAliON OF PIWS 
N RElATlONPL DA- 

I AQUITARD I 

r-- AQUITARD I 



21 0 stratigraphic boreholes and accompanying geophysical logs (Fig. 5:6). A number 

of Late Pleistocene lithostratigraphic units (e.g., the Northem till) have well-defined 

responses on gamma and resistivity logs which provide useful marker horizons for 

stratigraphic correlation. Depthmigrated shallow seismic profiles provide additional 

data regarding the continuity of strata and the presence of intrafomational 

heterogeneities (Boyce et al., 1 995; Boyce and Koseoglu, 1996; Siakoohi and West, 

1997). More generalized lithologic information from water well records was found to be 

useful in extending correlations across areas where detailed stratigraphic borehole 

information was lacking (Fig. 5:3). 

The depths of the tops and bases of lithostratigraphic units identified in borehole 

and geophysical logs were tabulated within the database and wnverted to elevations 

in metres above a reference datum (sea level)(Figs. 5:4A, B). These data were then 

used to generate basin-scale contour and isopach maps of individual Iithostratigraphic 

units (Jones et al., 1986) (Figs. 5:7, 5:8). Data were interpolated using the ordinary 

kriging method with a 100 or 200 m grid-line spacing (Davis, 1986; Isaakç and 

Srivastava, 1989). Spatial parameters used in kriging were estimated prior to gridding 

using semivariograms taken along three principal directions (N-S, W-E, NW-SE) with 

half angles of 45' (Pannatier, 1996). This approach allows for superior handling of 

spatial trends in data which are not accounted for using other deterministic 

interpolation algorithms (e.g., inverse distance method; Wingle, 1 992). 

Gridded surfaces defining lithostratigraphic units were then imported into the 

GIS as a series of layers which could be queried (Le., for elevation, thickness) and 

dissected along vaflous transects to produœ 2ilimensional cross-sections (Fig. 5:4C). 

The presence of zero thickness layers (Le., where units are erosionally tnincated) 

required modification of interpolated surfaces to allow representation of pinch-outs in 

cross-section. This condition was handled by blanking of grid nodes for the upper 

bounding surfaces over areas corresponding to zero thickness. Details of this 

procedure and other methods for numerical contouring and cross-section generation 

are given elsewhere (Jones et al., 1986; Camp et al., 1993). 



FIGURE 55 

Borehole record format used to store lithologic and hydrogeologic data and well 

construction details within a relational database (after Eyles et al., 1997). Downhole 

geophysical logs are stored as Rat files which are linked to the other borehole data by 

the primary key (borehole number). 



Borehole Aftribute - Identifier level 

[ ID 1 ID 1 Test Borehole 1 Water Well UTM Elevation Chmer CompMon t h t e  

j 
a 
;C 

w 

Borehole Athibute - Straügraphic l Geotechnical Data 

Materials 1 Substrats (5 Total) 

1 2 2 4 2 1  

b 

Formation (20 Total) 1 Samples (20 Total) (5 Water M., comment 

z - N Grain Size ? 
2 5 

Q) 

Borehole Altribute - Well Construction Details 

Borehole Attribut0 - Pump Test Data 



FIGURE 56 

North-south geologic cross-section through the Dufins Creek basin showing 

lithostratigraphic and downhole geophysical (resistivity, R and natural gamma, y) 

correlation of Pleistocene strata. Two principal depositional sequences are identified 

overlying Paleozoic shale bedrock. 
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5.3.2 Hydrostratigraphic Analysis 

Hydrostratigraphic units are defined as mappable roddsediment bodies 

characterized by their permeability, porosity and other identifiable hydrogeologic 

properties (Maxey, 1964; Seaber, 1988). Hydrogeologic properties are dependent to 

a large extent upon lithological charaderistics (Le., grain-size, porosity, pore geometry; 

Anderson and Woessner, 1992) such that boundaries between hydrostratigraphic units 

can often be related on a regional-scale to the sequence of lithostratigraphic units 

(Maxey, 1964; Anderson, 1989; Fogg, 1986). For practical reasons, hydrogeologists 

have generally preferred to use descriptive ternis (i-e., aquifer, aquitard and aquiclude) 

as opposed to erecting forrnalized hydrostratigraphic units. 

Hydrostratigraphic units in the Duffins Creek basin have a wider, but as yet 

poorly defined regional extent outside of the study area (Smart, 1994; Gerber, 1994). 

Consequently, informa1 names are used here in recognition that their extra-basinal 

extent will likely be better resolved by future work, at which time an appropriate 

regional nomenclature can be erected. In this regard, an aquifer is defined for the 

purposes of this study as a hydrostratigraphic unit capable of providing groundwater 

supplies sufficient to meet the needs of a domestic well (e.g., Sibul et al., 1977; Freeze 

and Cherry, 1990). Conversely, an aquitard is defined as a relatively low pemeability 

stratum which is incapable of providing domestic water supplies. 

Hydrostratigraphic units-were identified in this study by analysis of the spatial 

distribution and completion depths of more than 4500 water wells (Fig. 5:3). This 

procedure involved overlay of well screen elevations on a series of regional geologic 

cross-sections taken along north-south and west-east transects (e.g., Fig. 5:9). Cross- 

sections were first generated by 'slicing' of interpolated lithostratigraphic surfaces 

followed by a query of the database to locate and plot al1 wells occumng within a preset 

tolerance distance (generally 0.5 km) from each transect. This procedure pemits 

aquifers to be identified as horizontal zones or clusters of wells which are screened at 

similar elevations (Figs. 5:4D, 59). Overlay of well screen distribution on 

lithostratigraphic boundaries also pemits a rapid appreciation of the relationship 



FIGURE 5:7 

Surface contour maps of selected lithostratigraphic units (contour interval 10 m). 

Distribution of boreholes used to reconstruct surfaces and locations of places named 

in text also show (U = Uxbridge, C = Claremont, W = Whitevale, M = Markham). A. 

Bedrock surface with modem watercounes overlaid. Note presence of broad, 

noitheast- and northwest-oriented channels which control the thickness of lower aquifer 

unit B. Upper surface of Northem till showing welldefined northeastward trending high 

(extending from Whitevale to Claremont) wtiich foms a drainage divide in the 

subsurface. C. Upper surface of Thomcliffe Formation. D. Surface topographie 

contours. 





FIGURE 5:8 

lsopach maps of selected hydrostratigraphic units. Thicknesses include presence of 

intraformational low perrneability and high permeability materials within aquifers and 

aquitards respedively and represent a maximum thickness estimate. Contour interval 

1 O m, exœpt for map C wbich is plotted at 5 m intervals. A. Upper aquifer (Oak Ridges 

Complex). lsopach includes thin (ca. c 10 m) surficial Halton Till to south of Oak 

Ridges Moraine. B. Middle aquitard (Northem till). C. Middle aquifer (Thomcliffe Fm.). 

D. Lower aquifer (Scarborough and Don Fms.). 





between lithologic type and water-bearing zones. Because of the close dependency 

of permeability on grain-size a systematic relationship between well screen distribution 

and lithostratigraphy is obsewed (Fig. 59). This analysis thus provides a rapid method 

for assigning lithostratigraphic units to aquifer or aquitard çtatus. The presence of an 

aquitard can be inferreci where a Iithostratigraphic unit wntains no wells, or wells which 

have been abandoned due to insufficient yield. Histograms of well screen elevations, 

generated by a datôbase query of selected areal zones (e-g., westeast 'strips'; Fig. 

5 9 )  are also useful for identifying the more general occurrence of aquifers and 

aquitards. Histograms are most useful when the zones taken at right angles to the 

regional dip of the strata (Le., strike-parallel zones). 

The occurrence of well screens within characteristically 9ight1 formations (e.g., 

fine-grained till deposits; Fig. 5:s) can also yield valuable infomation regarding the 

presence of heterogeneities within aquitards. In some instances, this condition results 

from inamfacies in the location of interpolated lithosfratigraphic boundaries. The latter 

can occur where large distances exist between borehole control points resulting in 

over- or under-shoot of interpolated surfaces (Jones et al., 1986). Other effects include 

local thickening or thinning (erosion) of lithostratigraphic units which may not be 

resolved in 

insufficient 

where the 

interpolated data due to wide borehole spacings or conversely, due to 

grid line density where boreholes are very closely spaced. In situations 

distribution of aquifers is relatively predictable with respect to the 

lithostratigraphic sequence (e.g., Fig. 5:9) well screen elevations can be used to locate 

approximate lithostratigraphic boundaries between wideiy spaced borehole control 

points. 

5.3.3 Hydrogeologic Parameter Estimation 

In order for a hydrostratigraphic framework to be useful for groundwater 

modeling purposes, hydrogeologic parameters need to be assigned to 

hydrostratigraphic units (Anderson and Woessner, 1 992). Hydrogeologic information 

available from the digital water well dataset were used to estimate regional trends in 



horizontal hydraulic gradient (i,), transmissivity (T) and hydraulic conductivity (K) for 

aquifer units. The initial step in this procedure involved sorting of water wells according 

to the hydrostratigraphic unit (aquifer) in which they are completed (Fig- 5%)- 

Horizontal hydraulic gradients were then estimated by cuntouring of static water level 

data and were used to map groundwater flow directions within the basin. Flow vedors 

can be derived rapidly within a GIS environment by manipulation of interpolated 

horizontal gradient data. The algorithm employed calculates the first derivative of the 

interpolated hydraulic head data along the direction of maximum local gradient (Le., at 

a grid node) to obtain the diredion and magnitude of flow vectors. Calcu tated gradients 

can be contoured directly or arrows can be plotted with length proportional to hydraulic 

gradients (e-g., F ig. 530). 

Aquifer transrnissivity and hydraulic conductivity were estimated from water well 

specific capacity data using a cornputer algorithm described by Bradbury and 

Rothschild (1985). The latter employs the Cooper-Jacob rnethod (Cooper and Jacab, 

1946; Theis et al., 1963) and solves iteratively for T and K given an initial estimate of 

aquifer transmissivity and also the approximate aquifer storativity and saturated 

thickness (Table 5:l)(see Appendix 0.2 for program listing). The algorithm also 

inciudes correction factors for errors in drawdown resulting frorn well intake turbulence 

and partially penetrating wells (Csallany and Walton, 1963; Sternberg, 1973). A 

discussion of the methods and errors involved in estimating T and K frorn specific 

capacity data is given in Appendix D. Values obtained by this method compare 

favourably with data obtained by field pump testing of observation wells and provide 

a useful means for evaluating regional-scale trends in T and K (see section 5-4.2). 

5.4 RESULTS 

5.4.1 Basin Lithostratigraphy 

The Pleistocene stratigraphy of the study area is shown in a north-south cross- 

section in Figure 5:6. Six principal Late Pleistocene Iithostratigraphic units are 

identified which c m  be grouped into two main depositional sequences: an upper 



sequence of tills and intervening outwash deposits (Late Wisconsin glacial cornplex) 

and a lower sequence, consisting predominantly of glaciolacustrine sediments (pre- 

Late Wisconsin glaciolacustrine complex)(Fig. 56). 

5.4.1.1 La te Wsconsin Glacial Complex 

The uppermost sequenœ consists of two regionally*xtensive till sheets (Halton 

and Northem tills) separated by outwash sands and gravels (Oak Ridges Complex Fig. 

5:6). Intervening outwash sediments reach a maximum thickness of over A00 m within 

the Oak Ridges Moraine (Fig. 5:8) and thin rapidly northward and southward of the 

ridge. The Northem till consists-of highly overconsolidated diamid facies interbedded 

with sheet-like glaciofluvial sands and gravels which form a composite till sheet up to 

60 m in thickness. The uppermost Halton Till in contrast, is a thin (ca. c 10 m), 

heterogenous till deposit, consisting of complexly interbedded diarnicts and deformed 

glaciofiwial and glaciolacustrine sediments. The Halton and Northem tills have been 

erosionally tnincated by fluvial dissection and wave action south of the former 

shoreline of Lake Iroquois (Figs. 5:2, 5:8). 

5.4.7.2 Pre-La te Wsconsin Glaciolacustrine Complex 

Prdate Wisconsin glaciolacustrine sediments (Fig. 5:6) consist of thick deltaic 

sands and deeper water silt and clay facies deposited in a deep proglacial lake 

(Thomdiffe, Scarborough and Don Formations; Fig. 5:6)(Eyles et al., 1983; Eyles and 

Clark, 1986). The upper most glaciolawstrine unit (Thomcliffe Formation) is regionally 

extensive and reaches a maximum thickness of over 40 m within the study area (Fig. 

5:8). The Thomcliffe locally shows wmplex intemal heterogeneity resulting from 

altemation of sand with silt and clay units (Clark, 1986), but based on geophysical log 

response, can be subdivided into upper and lower sand members separated by an 

intervening siits and clays over a large area of the a basin (Fig. 5:6). Across the 

southem half of the basin, the ThomclifFe Formation rests across a thin pebbly mud unit 

(Sunnybrook Till; Berger and Eyles, 1994) which is transitional below with a thick 



sequence of deltaic sands, laminated silt and clays and thin fluvial gravels. Based on 

their stratigraphie position and facies composition, these deposits are most likely 

correlated with the Scarborough and Don Formations described from the eastem 

Toronto area (Karrow, 1967; Eyles and Clark, 1988). These older pre-late Wisconsin 

deposits are selectively preserved within a systern of broad (> 1 km) northwest and 

northeast trending bedrock channels below the study area (Fig. 5:7A). Shale bedrock 

(Whitby Formation; Fig. 5:6) below the basin is easily identified in geophysical logs by 

high gamma counts and low resistivity when compared to overlying Pleistocene 

sediments. Locally, the bedrock surface is capped by a thin sandy till unit (York Till; 

Karrow, 1967) which records an earlier (Illinoian) ice advance. 

5.4.2 Basin Hydrostratigraphy 

Figure 5:9 shows a reclassification of lithostratigraphic units as aquifers or 

aquitards based on an overlay of well screen data (n = 314) on the north-south cross- 

section show previously (Fig. 5:6). Histograms of well screen frequency versus 

elevation are also plotted for four west-east zones indicated on the cross-section. 

Analysis of this data and of other differently oriented transects, clearly identifies the 

presenœ of three primary overburden aquifer systems within the Dufins Creek basin 

(upper, middle and lower aqoifers; Fig. 5:9). Aquifers are developed in relatively 

coarse-grained outwash and lacustrine deposits and are wnfined by finer-grained tili 

sheets. lntra-formational ('local') aquifer and aquitard units with a more restricted extent 

can also be identified (Fig. 5:9). The following sections describe the geornetry and 

hydrogeologic properties of the principal hydrostratigraphic units within the study area 

with reference to Table 5:l. Values of transmissivity and hydraulic wnductivity 

estimated from specific capacity data for aquifers are surnrnarized in Table 5:2. 



FIGURE 5:9 

North-south cross-section showing principal hydrostratigraphic units identified by 

overlay of well screen elevations on lithostratigraphy. Histograms show well saeens 

elevations plotted for four westeast zones (indicated by red vertical lines) and clearly 

identify the presence of three aquifer units: upper aquifer ( ~ 2 4 0  - 340 m a.s.l.), middle 

aquifer (=140 - 200 m a.s.1.) and a lower aquifer defined between bedrock and il40 

m a.s.1. 
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FIGURE 5: lO  

Contoured hydraulic heads and calculateci groundwater flow directions for aquifer units 

(contour interval 10 m). Size of anows is Iinearly proportional to magnitude of 

horizontal gradient. A Upper aquifer. B. Middle aquifer. C. Lower aquifer. 





5.4.2.1 Aquifer Units 

Upper aquifer 

The upper aquifer system is developed in thick outwash sands and graveis 

which f o m  the care of the Oak Ridges Moraine (Fig. 56). This aquifer is clearly 

rewgnized on histograrns by wells screened at elevations between 250 and 340 m 

a.s.1. (Fig. 53) and was previously identified by Sibul et al. (1977) and mapped by 

Turner (1979) as the Oak Ridges Aquifer Complex The aquifer reaches a maximum 

thickness of >IO0 m below the crest of the moraine and thins rapidly north and 

southward of the ridge (Fig. 5:8). lsopach data show that the aquifer cunsists of two 

prominent sand and grave1 'lobes' (Fig. 5:8A) which are separated by a north-south 

trending high on the surface of the underlying Northem till (middle aquitard, section 

5.4.2.2; Fig. 5:7B). The upper aquifer can be traced southward of the moraine where 

it is in hydraulic communication with thin (< 5 m) sands and gravels which are 

intermittently present between the Halton and Northem tills (Fig. 56). The upper 

aquifer is largely unconfined across the top of the moraine (Fig. 5:6) and functions as 

an important groundwater recharge area (Gerber, 1994; see section 5.5 below). The 

aquifer is confineci elsewhere by surficial till units (Halton and Kettleby Tills; Figs. 512, 

5:6) which onlap the moraine fianks. producing artesian conditions and the occurrence 

of springs and flowing wells along the southern break in dope (Le.. between 260-300 

m a.s.1.; Fig. 5:7D). 

Hydraulic head data demonstrate the presence of a groundwater flow divide 

within the upper aquifer which corresponds closely with the crest of the Oak Ridges 

Moraine (Fig. 5:lOA). Flow directions are generally northward and southward away 

from the divide with local divergence toward the river vaileys, particularly at the 

headwater area of Duffins Creek, where horizontal gradients exceed 0.03. 

The upper aquifer is characterized by relatively high hydraulic conductivity 

values (up to 6 X104 mls; Table 5:l) which reflect the coarse-grained nature of 

outwash materials within the ridge. The estimated mean K value for the upper aquifer 

based on 1287 specific capacity tests is 5.2 x 1 OJ mls. 



Middle aquzer 

The middle aquifer is defined by wells ocairring between 120 to 240 m elevation 

which are completed in thick deltaic sands of the Thorncliffe Formation (Fig. 59). The 

middle aquifer is principal source of groundwater for wells drilled south of the Oak 

Ridges Moraine and was previously rnapped by Sibul et al. (1 977) as several separate 

aquifer systems with upper and lower subdivisions (e.g., Unionville, Markham, 

Brougham, Greenwood and Victoria aquifers). Improved subsurface resolution in this 

study (Fig. 5:9), indicates that such subdivisions refled the presence of intrafomational 

heterogeneities (Le., local aquitards) wifhin the Thorncliffe Formation. For example, 

across the central portion of the study region, the Thorncliffe contains two water- 

bearing subunits separated by a thick intrafomational silt and clay member (local 

aquitard; Fig. 5:9). These aquifer units are, however, hydraulically inter-connected 

across the basin and are defined here as a single hydrostratigraphic unit (middle 

aquifer). 

The middle aquifer reaches a maximum thickness of over 40 m below the Oak 

Ridges Moraine and thins southwards to less than 20 rn (Fig. 5:8). The aquifer is 

confined regionally by the overlying Northern till (rniddle aquitard) but is unconfined 

locally south of the Lake Iroquois shoreline, where overlying strata have been rernoved 

by erosion (Fig. 5:8). 

Groundwater flow directions within the middle aquifer are generally toward the 

south under gradients between 0.00001 and 0.025 with lccal deflections 

towards stream valleys. Relatively high horizontal gradients (> 0.05) occur to the south 

of Claremont (Fig. 51 OB), where the middle aquifer becomes significantly reduced in 

thickness as a result of truncation below the Northern till and thickening of 

intrafomational clays and silts (Fig. 5:9). Groundwater flow directions below the Oak 

Ridges Moraine are dficult to evaluate due the presence of few water wells completed 

within the middle aquifer below the ridge. Doming of the static water levels below the 

Oak Ridges Moraine however (Figs. 5:9), indicates the existence of a westeast 

groundwater drainage divide within the middle aquifer unit (see Section 5.5). 



TABLE 5: l  

Summary of the hydrostratigraphy of Duffins Creek basin with equivalent stratigraphie 

units. Hydrogeologic parameters T (transmissivity), K (hydraulic conductivity) and S 

(storativity) compileci from previous regional groundwater investigations by Sibul et al. 

(1 977), IWA, (1 994a, b) and Smart, (1 994). 
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TABLE 5 2  

S ummary of transmissivity and hydraulic conductivity values estirnated from specific 

capacity data. Values compare favourably with field pump test based estimates (Table 

SA). 
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The middle aquifer has a wide range of repurted hydraulic conductivity values (1 X 1 O4 

to 3 X I O 4  m/ç; Table 511) which reflects sedirnentologic variability within the 

Thorncliffe Formation. 

Lo wer aquifer 

The lower aquifer consists of a number of stratigraphically separate but 

hydraulically interconnecteci water-bearing geologic units. These include deltaic sands, 

silts and thin fluvial gravels of the Scarborough and Don Formations (Fig. 59) and 

underlying thin (W. < 2 m) gravels resting on the bedrock surface. The lower aquifer 

has a restricted extent in the subsurface and is wnstrained generally to topographic 

lows in the bedrock surface (bedrock valleys) occumng below 140 rn a.s.1. (Figs. 56, 

5:8D). The lower aquifer is wnfined across this area by the Sunnybrook Till (lower 

aquitard; section 5.4.2.2). The lower aquifer reaches a maximum thickness within the 

study area of over 40 rn within bedrock valleys underlying the Rouge River and Duffins 

Creek (Fig. 5:8D) and is the primary target for wells drilled in the southem part of the 

basin (Fig. 5:9). 

Hydraulic heads in the lower aquifer show steep gradients towards the Rouge 

River and Duffins Creek and dominantly southeastuvard flow (Fig. 5:l OC). The detailed 

hydraulic properties of the lower aquifer are not well understood due to its stratigraphic 

cornplexity and a lack of deep stratigraphic borehole information. Reported values of 

hydraulic conductivity for the deltaic deposits (Scarborough Formation) which 

wnstitute a significant stratigraphic thickness of the aquifer are in the range of 2 X 1 O4 

to 1 X 1 O3 Ws (Table 5: 1 ). 

5.4.2.2 Aguitard unifs 

Upper aguifard 

The upper aquitard consists of thin surficial tills (Halton and Kettleby Tills) and 

glaciolawstrine silt and clays (Lake Markham deposits; Fig. 5:2) which confine the 

upper aquifer north and south of the Oak Ridges Moraine (Fig. 5:9). The cornbined 



thickness of these materials is generally < 10 m. The upper tills are heterogeneous 

deposits, containing abundant gravel and sand horizons and locally form poorly 

transrnissive aquifers which supply a small number of shallow wells (Fig. 59). These 

deposits are also charaderized by an active vertical groundwater fiow system which 

provides significant areal recharge to the underlying upper aquifer (Gerber, 1994). The 

heterogeneity of the aquitard materials is reflected by their wide range of hydraulic 

wnductivity values (Table 5: 1 ). 

Middle aquita rd 

The rniddle aquitard consists of the dense, silty Northern till which has a wide 

regional extent in the subsurface of southem Ontario. The aquitard separates the 

upper and middle aquifer systems and reaches a maximum thickness of 60 rn below 

the Oak Ridges Moraine (Fig. 5:BB). The upper surface of the aquitard confoms 

generally with the contours on the top of the Thorncliffe Formation. showing a distinct 

northeast trending high which extends from Claremont to Whitevale (Fig. 5:7B). This 

feature foms an intra-basinal subsurfaœ groundwater drainage divide as indicated by 

the divergence of fiow vectors within upper aquifer away from the northeast-southwest 

axis of the divide (Fig. 51 OA). 

The middle aquitard is characterized by hydraulic conductivities which range 

over several orders of magnitude (Table 5:2). This reflects the presence of laterally 

extensive sand and gravel beds, boulder concentrations and fractures (joints) within 

the till which provide pathways for groundwater flow (Gerber and Howard, 1996; Boyce 

and Eyles, 1997). 

Lower aquifard 

The lower aquitard consists of fine-grained Sunnybrook Till and associated 

lacustrine silty clays. The aquitard has an maximum thickness of about 10 rn and 

confines the lower aquifer system over the southem half of the study region. The 

aquitard pinches out towards the north against the rising bedrock surface and is not 



found north of Brougham (Fig. 59). 

The lower aquitard is of moderately low permeability (Table 52). Locally, the 

aquitard contains sand and gravel horizons up to several rnetres in thickness which 

provide potential pathways for more rapid groundwater movement (IWA Ltd., 1994a). 

The movernent of groundwater and wntaminants through the lower aquitard has also 

been linked to the presence of pervasive fractures and jointing in the Sunnybrook Till 

(Eyles and Howard, 1988). 

Basal aquitard 

Whitby Formation shales underlying the study area constitute a basal aquitard. 

Locally, poorly transmissive zones are associated with fractured bedrock A small 

number of wells are completed in bedrock but groundwaters are comrnonly saline or 

sulphurous and are not generally suitable for drinking water purposes (Sibul et al., 

1 977). 

5.4.3 Basin-scale Trends in Aquifer Parameters 

Figure 5:11 shows the mapped distribution of transmissivity and hydraulic 

conductivity estimated from specific capacity data for the upper and middle aquifer 

systems. Values are log transformeci to facilitate wntouring. The spatial distribution of 

T and K in both aquifer systems shows a general correspondence with areas of thick 

sediments on isopach rnaps (Fig. 5:8). In the upper aquifer, zones of highly 

transmissive sedirnents occur below the Oak Ridges Moraine and in the southwestern 

part of the basin. These areas are characterized by the presenœ of thick, coarse sands 

and gravels which obtain a maximum hydraulic conductivity of > 1 O4 rds within a thick 

sediment lobe camprising the eastem part of Oak Ridges Moraine (Fig. 5:llB). 

Transmissivity and hydraulic conductivity distributions in the middle aquifer show a 

zone of high values trending northeastward from Markham to Uxbridge (Fig. 5:11 Cl D). 

This pattern can be related to the generalized distribution of silt and clay versus dean 

deltaic sandy facies within the Thomciiffe Formation. A marked decrease in T and K 



FIGURE 5: l l  

Maps showing spatial trends in transmissivity and hydraulic wnductivity for the upper 

aquifer (A and 8) and lower aquifer (C and D). T and K are plotted using a Log,, 

transfonn to facilitate contouring. T and K maps are contoured at 0.5 and 0.25 Log,, 

respectively. 
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FIGURE 5:f 2 

Histograrns showing frequency distribution of log transformed transmissivity (m2/s) and 

hydraulic condudivity (mis) data estimated from specific capacity tests. 
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is noted between Uxbridge and the town of Claremont (Fig. 5 1  IC, D) and reflects a 

southward increase in content of silt and clays within this unit. This is clearly 

recugnized on geophysical logs along the north-south cross-section by an increase in 

gamma counts within the Thomcliffe Formation (Fig. 56). 

Summary statistics for estimated transmissivity and hydraulic condudivity values 

are given in Table 32 and s hown in histograms in Figure 5: 12. The geometric means 

of estimates are comparable with those derived from field pump test data (Table 5:l). 

It can be seen that the overall range of T and K estimates for aquifers (Fig. 512) is 

smaller than that determined from field data (by up to 2 orders of magnitude). This 

reflects the bias of specific capacity-based estimates towards the more permeable 

facies within aquifers. 

5.4.4 Aquifer Recharge and Discharge Characteristics 

The areal distribution of groundwater recharge and discharge (baseflow) from 

the upper aquifer system has been estimated from static water levels (Fig. 5:13). This 

was done by calculating the difference in head between the static water level and the 

water table elevation. The water table surface was first approximated by interpolation 

of water levels in shallow (c 10 m) wells and the elevations of river courses across the 

basin. Positive head differences are interpreted to indicate downward vertical gradients 

(net groundwater recharge) whereas negative heads represent net upward vertical 

gradients (net groundwater discharge). This analysis indicates that more than 60% of 

the study area provides recharge to the upper aquifer system (Fig. 513). Significant 

downward gradients and groundwater recharge are indicated across the Oak Ridges 

Moraine and also to the south, on upland areas of the Halton Till plain (Figs. 512, 513). 

Areas of groundwater discharge occur within stream valleys and where topographic 

depressions occur between uplands on the till plain surface. The mapped distribution 

of discharge areas shows a good agreement with the location of flowing wells screened 

within the upper aquifer (Fig. 5:13). 

This simple analysis provides a rapid appreciation of the basinal distribution of 



FIGURE 5:13 

Hydraulic head difference map for upper aquifer. Areas of positive head difference 

delineate net dow17wafd vertical gradients (recharge) and negative values, net upward 

vertical gradients (discharge). 
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potential recharge and discharge. When wmbined with the mapped distribution of 

surficial materials (e.g., Fig. 5:2), infiltration capacities and knowledge of water balance 

cornponents, quantitative estimates of recharge and discharge can be obtained. 

5.5 BASIN HYDROGEOLOGIC REGIME 

Figure 5:14 shows a conceptual model summarizing the hydrogeologic regime 

of the D a n s  Creek basin based on synthesis of data presented in this paper with the 

results of recent groundwater modeling studies (Smart, 1994; Eyles et al., 1996; 

Gerber, 1998). 

The unconfined area of the upper aquifer (Oak Ridges Moraine) serves as the 

primary groundwater recharge area for the basin. Recharge on the moraine has been 

estimated using water-balance approach at between 300 to 400 mrnfyr (Gerber, 1994; 

Eyles et al., 1996). Recharge through the surface tills also is important north and south 

of the moraine and occurs at an average rate of 130 rnmlyr. Recharge to the middle 

aquifer system ocairs via vertical groundwater movement through the middle aquitard 

Mich contains an active flow system associated with the presence of coarse-grained 

heterogeneities in the Northern till (Gerber and Howard, 1996; Boyce and Eyles, 1997). 

Groundwater discharge ocairs along the topographie break in slope south of the 

moraine and within river valleys which are deeply entrenched in the till plain. Modeling 

indimtes that baseflow provides up to 60% of the discharge of streams draining the till 

plain (Eyles et al., 1996). Due to the progressive down cutting of rivers, baseflow is 

supplied prirnarily by the upper aquifer system within the upper and middle reaches of 

the basin (Fig. 5.14). Discharge from the middle and lower aquifers is significant in the 

terminal area of the basin, particularly south of the Iroquois shoreline where the rivers 

have tnincated the middle aquitard (Fig. 5:l4). 

Groundwater flow in aquifers is generally north and southward of the west-east 

drainage divide formed by the Oak Ridges Moraine. The configuration of the static level 

surface in the middle aquifer (Figs. 5:9, 5:10) indicates that this flow divide likely 

extends to depth. This implies that regional north-south groundwater flow below the 



FIGURE 534 

Conceptualized hydrostratigraphic framework with approximate groundwater Row lines 

and primary groundwater recharge and discharge areas identified. 





moraine is not significant within the Duffins Creek basin as predicted by groundwater 

mode1 ing results (Smart, 1994; Gerber, 1 998). 

5.6 DISCUSSION 

The purpose of this paper has been to demonstrate the application of GIS and 

basin analysis techniques to hydrogeological evaluation of a thick Pleistocene glacial 

basin fill. The broader significance of this work is two-fold. 

Firstly, the approach greatly facilitates reconstruction of the physical basin 

h ydrogeolog ic framework (i.e., spatial distri bution of aquifer and aquitards) and 

provides useful input data for groundwater modeling purposes. The procedures 

demonstrated involved simple graphical overlays and spatial queries which wuld be 

carried out on a nurnber of widely available 2-0 vector-based GIS packages running 

on personal cornputers. The use of more sophisticated fully 3dimensionaI GIS 

platfoms would greatly enhanœ visualization and analysis capabilities but the cost of 

such systems rernains prohibitive outside of the petroleum industry (Eyles et al., 1997). 

A major limitation which should be emphasized. it is that the approach is dependent 

upon the availability of a large multi-parameter subsurface database. The wider 

application of geophysical methods and stratigraphie drilling in glacial terrains (e.g., 

Cuny et al., 1994; IWA, 1994; Pullan et al., 1994; Boyce et al., 1995; Vanderburgh and 

Roberts, 1997), together with the increasing sophistication of 3dimensional 

groundwater rnodels, suggests that these methods will soon be widely adopted by 

hydrogeologists. It is noted that digital water well databases are being compiled for a 

number of northern U.S. çtates (e.g., Oregon, Kansas, Indiana) and other Canadian 

provinces (e.g., British Columbia, New Brunswick) and are available in formats which 

are readily input into relational database systems. 

Secundly, thick Pleistocene glacial basin fills are present below many other 

large urban centres across mid-latitude North America (Palmquist, 1974; Ritzi et al., 

1994). In many such areas, large volumes of subsurface data are being accumulated 

in the course of waste management and hydrogeological investigations (e.g., Morin, 



1975; Curry et al., 1994). This suggests that the methods and results reported here 

have a wider applicability for regional groundwater evaluations and subsurface 

investigations in other glaciated basins. With regard to the specific conceptual 

hydrogeologic model for the Duffins Creek basin (Fig. 5:14), it is noted that extensive 

moraine complexes are cornmon features of Pleistocene glacial tarrains across mid- 

latitude North Arnerica. This suggests that the hydrogeologic regime identified for the 

Oak Ridges Moraine in this paper may be typical of broad areas of the mid-continent, 

much of which has experienced a similar glacial history. 
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CHAPTER 6: DISCUSSION AND CONCLUSIONS 

6.1 RESULTS AND WlDER IMPLICATIONS OF RESEARCH 

This thesis has demonstrated alternative approaches to description and 

evaluation of stratigraphic heterogeneity in glacial deposits viz land-based, shallow 

seismic reflection profiling, architectural element analysis and basin-scale 

hydrostratigraphic modeling using GIS methods. These approaches have been 

illustrated through a detailed examination of the outcrop- to basin-scale geornetry and 

heterogeneity in thick Pleistocene strata underlying the Greater Toronto region. 

Emphasis has been placed on the resolving the detailed threedirnensional facies 

architecture and heterogeneity within the Northern till whidi forms an important 

regional aquitard within the Pleistocene infill. This work has lead to the recognition of 

a composite intemal stratigraphy within the till wfiich is made up of a number of distinct 

architectural element types. It has been shown how this architectural framework leads 

ta an improved understanding of formation of dnirniin bedforms, subglacial processes 

and the movement of groundwater and contaminants through tills. 

The purpose of this chapter is to surnmarize the conclusions reached in 

individual chapters and to discuss the broader relevance of such work. Possible 

directions for future studies are also identified. 

6.1.1 Land-based Seismic Reflection lmaging of Glacial Deposits 

This thesis has demonstrated the successful application of land-based, CDP 

seismic reflection profiling for high-resolution imaging of thick glacial strata. This work 

is of importance for hvo primary reasons. Firstly, it identifies the presence of laterally 

extensive coarse-grained interbeds within a till deposit that was previously considered 

'homogenous' and stratigraphically simple. Secondly, the method provides a much 

improved means of delineating the subsurface geometry and lateral continuity of glacial 

strata when wmpared to studies based on borehole data alone. 

The results of this study indicate that vertical seismic resolution d o m  to about 



1 m can be routinely achieved in till deposits where site conditions are favourable for 

collection of highiesolution data. Such conditions include the presence of a fine- 

grained substrate (e-g., till) at surface and a water table within 2 rnetres of the ground 

surface. High-resolution is also highly dependent under most conditions on the use of 

a high-frequency shot-gun source which ideally should be plaœd below the low 

velocity weathered layer. When compared to the various scales of heterogeneity 

identified in the Northem till (Fig. 6:l; discussed below) it can be seen that 4" order 

surfaces are the srnallest scale bounding surfaces whidi can be imaged with the CDP 

seismic method. Smaller-scale heterogeneities, represented by 3d order and lower 

surfaces, which are important for controlling the bulk pemeability of individual diamict 

elements, are not currently resolvabie. Enhanced geophysical resolution of 

heterogeneities at this scale represents an important area of future work. Techniques 

which might be profitably employed for this purpose include crosshole seismic 

tornography and downhole radar surveys (Olsson et al., 1992; Rowbotham and Goulty, 

1993). Surface ground-penetrating radar (GPR) surveys are capable of providing 

resolution an this scale but depth penetration in tills or other sediments containing 

signifiant amounts of clay minerals is generally limited to less than 5 m depth (M.M.. 

Dillon, 1990a; Huggenberger, 1993; Olsen and Andreason, 1995). 

Other areas for future work include further testing of seismic sources and 

optimization of field parameten for sites where the seismic response is less than 

optimal (e-g., Jeng, 1995). Such conditions are typically encountered in glaciated 

tenains where thick, coarse-grained materiais (e-g., outwash gravels) are present at 

surface andlor where the water table elevation is deeper than a few metres below the 

surface. Under these conditions, the seismic impulse is rapidly attenuated in the near 

surface leading to low depth of penetration and reduced signal frequency and vertical 

resolution. The use of shear-wave sources has been shown to improve resolution 

under such conditions since the Yramework waves' they generate are not affected by 

changes in water saturation (Pullan et al., 1991). Shear-wave methods have not been 

yet been systematically employed for continuous profiling of glacial sediments but 



should be further investigated. 

Significant gains are also to be made by use of 34imensional seismic profiling 

techniques which are now used routinely in the petroleum industry. The application of 

30 seisrnic profiling to engineering-scale investigations in glacial deposits has been 

recently investigated by Siakoohi and West (1997). 3-D data were acquired within a 

6.25 Ha area of the Pl  site investigated as part of this study (Fig. 23. The results of 

the 3-D survey confirm the presence of interbeds within the NoNiern till and provide 

further details on their wntinuity and geometry over a srnall-scale area. A particular 

advantage is that the seismic data volume generated can be sedioned and visualized 

along any number of planes with variable orientations, leading to a more complete 

understanding of the three-dimensional geometry of sediments. The main drawback is 

the signiticant increase in tirne required to colled and proœss the large number of data 

registered during a 3-D sunrey which makes this method uneconomic for sorne 

purposes. 

6.1.2 Architectural Element Analysis Applied to Glacial Deposits 

It has been shown that architectural element analysis (AEA) is an effective 

methodology for desuibing stratigraphie heterogeneity in glacial deposits. Application 

of AEA to the Northern till has resulted in recognition of a composite intemal 

stratigraphy consisting of three principal architectural element types: diamict elements 

(DE), interbeds (1) and deformed zones (DZ). Architectural elements are defined by the 

presence of laterally extensive 4n and 5'h order erosion surfaces and their correlative 

conformity surfaces within the till. Such surfaces represent the smallest-scale 

discontinuities which are currently resolvable with high-resolution seismic reflection 

profiling and downhole geophysical logging. The presence of heterogeneities within 

architectural elements is defined by smaller-scale 3" and lower order surfaces. The 

recognition of heterogeneities ranging over several length scales within the till is of 

particular importance for delineating groundwater and contaminant pathways; a stair- 

case flow model has been proposed, involving lateral flow along interbeds and vertical 



movement via intra-element heterogeneities (e.g., sand lenses, dikes and fractures). 

AEA analysis also provides important insights into the origin of drumiin 

bedfoms and the nature of erosional and depositional processes beneath large mid- 

latitude iœ sheets. An important conclusion reached is that deposition of the Northem 

till involved incremental accumulation of diamid elernents punctuated by periods of 

non-deposition and erosional reworking of till by low energy subglaciofluvial sheet- 

flows. It has been spewlated that the resulting composite till stratigraphy may 

represent a terrestrial record of periodic oscillations in the ice sheet recognized 

elsewhere in manne sediments (Heinrich events; Broecker et al., 1992). This possibility 

clearly warrants further investigation as it may yield an important terrestrial record of 

iœ sheet dynarnics. A particular need is to better resolve the nature of compositional 

stratification within diamict elements which results in the presence of strikingly 

consistent electrofacies. The use of electrofacies together with compositional 'finger- 

printing' could provide an improved method for regional correlation of till sheets in the 

subsurface. 

With regard to the origin of drumlins in the NorVIem till, it has been 

dernonstrated that these are composite bedforms resulting from an initial phase of bed 

erosion followed by conformable aggradation of diamict elements. This data does not 

support widely held views that such dnimlins are the erosional product of catastrophic 

subglacial meltwater outbursts (Shaw and Sharpe, 1986; Shaw, 1989). The architecture 

of dnimlins in the Northem till is most consistent with models which invoke erosional 

streaming by ice and deforming debris below ice sheets (Boulton, 1987; Boyce and 

Eyles, 1991 ). Further work is required to detemine whether the architecture of dnirnlins 

described from the Northern till is representative of other areas; well exposed 

'concentric' drumlins described from upper New York State (Slater, 1929; Muller, 1974) 

have similar internai geometry and provide a possible opportunity for comparative 

studies. 



6.1.3 Basin-scale Geometry and Hydrogeologic Function of Glacial Deposits 

Evaluation of basin-scale geometry of glacial deposits is an increasingly 

important wrnponent of regional groundwater assessrnents in glaciated terrains. This 

thesis has demonstrated an approach to hydrogeological evaluation of a thick Late 

Pleistocene infill in the Toronto which emphasizes integration of multi-parameter 

subsurface data using GIS techniques. The primary advantages of this approach are 

four-fold: 1) it facilitates the integration, analysis and visualization of a wide range of 

subsurfaœ data types, 2) yields output data which are readily imported into 2- and 3- 

dimensional numerical groundwater models, 3) leads to improved resolution of the 

basin-sale geometry and heterogeneity of glacial strata and 4) facilitates estimation 

and mapping of large-scale trends in key hydrogeologic parameten (e-g., hydraulic 

head, transmissivity and hydraulic conductivity). GIS-assisted hydrogeological 

evaluation of the Duffms Creek basin has delineated the presence of three principal 

aquifer systerns which are developed in thick glaciolacustrine (deltaic) strata. 

Assignment of aquifers and aquitards was carried out by overlay and cornpanson of 

well screen distributions with lithostratigraphic bounding surfaces. This analysis also 

identifies silt and clay-rich till units within the basin fiIl as principal confining layers. 

An important outcome of this work is that it illustrates the high degree of 

complexity which hydrogeologists can be faced with in evaluating thick glacial basin 

fills. Growing ernphasis on the use of sophisticated 3-D groundwater modeling 

techniques (e.g., Anderson and Woessner, 1992; Gerber, 1998) suggests that the 

meüiods illustrated here are likely to bewme an increasingly important component of 

regional groundwater studies. It is important, however, to re-emphasize that this 

approach is dependent upon the availability of a large multi-parameter database. The 

large volume of data available for the Duffms Creek basin however, is probably not 

atypical of many other large urban centres in North Arnerica where subsurface data are 

being rapidly acaimulated (Eyles et al., 1997). In situations where detailed subsurface 

data are lacking, geostatistical methods offer much promise as a means for estimating 

hydrogeologic parameters using ancillary 'soft' geologic information (e.g., Ritzi et al., 



1994; Poeter and McKenna, 1995). A much needed area of further work in this regard, 

is to assess the level of uncertainty which is associated with various types of 

subsurface data and derived hydrogeologic parameter estimates prior to the use of 

numerical modeling. 

With regard to the Pleistoœne infill of the Toronto area, further work is required 

to assess the importance of spatial variability in heterogeneity within individual 

hydrostratigraphic units. A primary objective of this thesis was to identify and rnap the 

basinal extent and geometry of the principal hydrostratigraphic units; it is recognized, 

based on detailed analysis of the Northem till, that significant intra-fornational 

heterogeneity occurs over several smaller length scales. The importance of such 

heterogeneity has been identified in this study by the presence of systematic trends in 

transmissivity and hydraulic conductivity of aquifers. lrnproved resolution of intra- 

formational heterogeneity, particularly of aquifer units, is clearly a direction for further 

work in the basin. 

6.2 SYNTHESIS: BOUNDING SURFACE HIERARCHY IN GLACIAL DEPOSITS 

This thesis has shown that a hierarchy of bounding surfaces exists within till 

deposits. These have been classified using a simple hierarchical scheme modified from 

earlier work with fluvial deposits (Miall, 1 985; 1 988a; Brornley, 1 992). In keeping with 

earlier work, this scheme recognizes eight orden of bounding surfaces (Oh through p) 
which are shown in a conceptual diagram in Fig. 6:l. This mode1 attempts to 

çumrnarize the various physical scales of depositional elements, from small- to large- 

scale, within the subglacioterrestrial depositional systern. Depositional elements are 

classified following terminology originally proposed by Jackson (1 975) for fiuvial 

systems. Jackson's classification subdivided river systems based on their physical 

'dimensions and the characteristic time scales of fiuvial processes. 

The largest depositional element which can be recognized is the basin fil 

cornpIex which is bounded at its base by a 7'" order basin-wide unconfomity surface. 



FIGURE 6:i 

Conœptual model showing scales of depositional elements and hierarchy of bounding 

surfaces used to subdivide glacial deposits. 
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An example of a 7" order surface is the erosion surface rnarking the base of the Late 

Pleistocene basin fiIl examined in chapter 5. Basin fil1 complexes have scales of 

thousands ta millions of km2 (Fig. 6:lA) and can be subdivided into a number of 

separate depositional systems which are defined as "assemblages of genetically- 

related facies that record major paleogeomorphic basin elements" (Eyles and Eyles, 

1992). The spatial and temporal linkage of such elements defines two distinctive 

systems tracts, the glaciotenestnal and the glaciomarine (Fig. 6: 1 A). The 

glacioterrestrial system tract is further subdivided into four main depositional systems 

(subglacial, supraglacial, glaciolacustrine and glaciofluvial; Fig . 6: 1 8). 

Within the subglacial depositional system, the major depositional elements are 

till sheets which have areal extents of up to several hundred thousand km2 and can be 

regarded as megaforms (Fig. 6:1 C). Where a till sheet records a major advance of an 

ice sheet, its base is Iikely to be represented by a regional (6m order) unconfonity 

surface, such as is found at the base of the Northern till. As demonstrated in this thesis, 

till sheets are composite strata made up of a nurnber of stacked architectural elements 

(Fig. 6: 1 D). Following Miall (1 985) drumlins, cornprising multi-storey sequences of 

streamlined diamict elements, can be rewgnized as macroforrns. Data from the 

Northern till suggest that the growth of drumlin macroforrns involves the vertical 

aggradation of diamict elements across a pre-existing drumlinized erosional 

topography (Le., a 5* or 6* order surface). Individual lithosomes, such as diamict 

elements and interbeds represent mesofoms which have areal extents of up to several 

km2 and are bounded by 4m and/or 5m order surfaces (Fig. 6:l E). The smallest scale 

depositional elernents, defined by 3d and lower order surfaces, can be terrned as 

micmfoms (Fig. 6:1 F). Microforms have areal extents ranging from several cm2 to tens 

of m2 and in the Northern till, include small flutes, individual shear laminae (diarnict 

'increments') and other small-scale heterogeneities. 

Large-order surfaces defining the depositional systems tracts (6m order) and 

basin fiIl complexes (fh order) record major phases in the growth and decay of 

Laurentide ice sheet. These boundaries represent tirne-scales on the order of I O 4  to 



I O 5  years respedively and are directly comparable to major surfaces defining the 

growth of large alluvial fan complexes, deltas, and entire river meander belts (Miall, 

1992). 4& and order surfaces record the growth of drumlin macroforms and may 

represent erosional and depositional processes occurring over hundreds to tens of 

thousands of years. 

It is emphasized that the conceptual architectural model shown in Figure 63 

should not be confused with a facies model, which is an environmental summary based 

on distillation of facies successions from a number of local examples (e-g., Walker, 

1992). Parts C through F of the diagram can be regarded as an 'architectural summary' 

which is specific to the Northem till. Although similar geometries have been described 

for Pleistocene till deposits elsewhere (e.g., Sauer, 1963; Eyles et al., 1982; Broster 

et al., 1982), many other examples need to be investigated using AEA in order to 

determine the wider applicability of this model. An important goal for future work is the 

development of a general architedural model for till deposits based on synthesis of the 

architectural features of a range of till types. It could be argued, however, that for 

hydrogeological purpases, distillation of local examples to a generalized rnodel may 

be undesirable as it could lead to loss of important local detail as discussed by Brornley 

(1 992). 

As a final comment, it is likely that the scheme presented here for till deposits 

will undergo further modification as AEA is applied to a wider range of depositional 

environments. Regardless of the specific methods adopted, it is now clear that three- 

dimensional approaches to evaluation of glacial deposits are fundamental to further 

progress in understanding glacial sedimentary processes and products and their 

hydrogeologic function. As wncluded by Miall (1 W2), 'the key to further progress will 

be an evolution of methods from the essentially one-dimensional approach of the 

vertical profile to a fully quantitative threedimensional system of facies description." 
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APPENDIX C: WATER WELL DATA FORMAT AND DATA VERlFlCATlON 

PROCEDURES 

C.1 DIGITAL WATER WELL DATASET 

C. 1.1 Description 

The water well database used in this çtudy consists of over 7000 digital records 

containing well construction details, generalized stratigraphie information, water level 

and pump test information for private well drilled since 1943. The database was 

obtained from the Ontario Ministry of the Environment and Energy as fixed length (532 

character record) ASCII file. The OMEE water well data structure is show in Figure 

Cl  .1. The database was encoded by the Ministry beginning in 1 973 using 1 :25000 and 

1:50000 NTS maps as a base for well coordinates. It is known that significant errors 

have been introduced in both the georeferencing (UTM Easting, Northing) and 

elevation assignment for some wells as a result of the manual plotting process. As a 

result, a number of data verification and error checkhg procedures are required before 

the data can be used for geologic mapping and hydrogeologic parameter estimation. 

These procedures are outlined briefly in the following section. 

CA -2 Data Verification Procedures 

The water well dataset was uploaded into a relational database to facilitate 

querying and verification of the data. The general data processing flow is shown 

schematically in Figure C.1.2. Verification of water well data included the following 

procedures: 

1. Wells lacking UTM coordinates or wells which plotted in aberrant locations (e-g., 

in water bodies) were discarded or Ragged for future recovery. 

2. Borehole elevations were wrrected to a digital terrain model (DTM) generated 



from 1:50,000 NTS digital data supplied by the University of Toronto Map 

Library. The DTM and borehole elevations were quen'ed to locate wells with 

residuals (Z, - Z ,,) of I2 m. These holes were flagged and assigned 

a corrected elevation from the DTM. 

3. The elevation corrected water well dataset was used to generate bedrock 

surfaces and hydraulic head contour maps. The general procedure involved 

estimation of kriging parameters (sill, range, nugget) using directional 

variograms followed by gridding using the ordinary kriging interpolation method. 

Surfaces were then visually inspected for anomalous peaks or lows to identify 

potential data outlien. Residual maps were also generated (LTA - &,,) to 

inspect how dosely the interpolated surfaces honoured the data control points. 

Boreholes containing erroneous information were flagged and rernoved from the 

dataset. 

4. Mapping of other surfaces followed similar verifkation steps as in 4 (Fig. Cl. 1 ) 



FIGURE C1:l 

OMEE digital water well record format. 



1 I 1 1 
t 

I 
om*lbn Pb?. UTM &, Elevatlon Zgd, Datr Indlc Basin 

m r r r r  f i  
g "1 - " L N W I I  

Well No. 1 Munlclpality 1 Con-Range 1 Lot 1 Owner 1 c 

t ~ i r s t  Formation 1 ~ o c o /  
I 

1 24th Formation 1 1st Water 12nd W/ bJ 

6th Casing 2nd Screen 1st Plug ( 2nd Plug 13rd Plug 2nd Casing 3rd Caslng 1 1 st Screen 4th Caslng 

2 1 4  

5th Casing 

2 1 4  

1 

P i i i ~ ~ ~ i n g  Levels Leveb Ounng Pumplng (PI 
Or Recoverv IR) 

Recommended 

RECORD LENGTH n 532 CHARACTERS 



FIGURE C t 2  

Schematic diagram showing procedure for verification of water well dataset and steps 

in production of geologic and hydrogeologic mapping using a Geoscientific 

Information Systern. 
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C.2 LISTING OF FORTRAN PROGRAMS FOR MANIPULATION OF WELL DATA 

The following FORTRAN programs were written to facilitate extraction of 

geologic information from the OMEE water well dataset. The prograrns were created 

during the early stages of the research prior to implernentation of a relational database 

for storage and retrieval of the water well dataset. While the latter is more flexible, the 

FORTRAN prograrns remain an efficient way of handling the more common tasks such 

as generating bedrock elevation data files for input into contoufing packages. 

C.2.1 Listing of Program =FOR 

XYZ-FOR reads digital water well files (532 character format) and outputs a 

space-delimited ascii files containing borehole coordinates (EASTING, NORTHING, 

ELNATION), bedrock elevations and drift thickness. The program also permits output 

data to be subdivided into a number of equal-area quadrants with variable boundary 

overlap to facilitate gridding and mapping within SURFERM. 

C Program XYZFOR; produces bedrock elevation and drift thickness 
C point data from OMEE water well data. 
C Declare and dimension input and output variables 

CHARACTER FILIN*11 ,ANS1 .FNAMB(2000)*li ,FNAMD(2000)*11, LOG*63 
INTEGER EAST,NORTH,ELEVlDEPTH(24),F(24),QCOUNT,CBED,CDRF, 

+TCOUNT, L(?6),WELLNOlXMAX,XMIN,YMAXlYMIN,QU(,QLYIAXtAY,CLR(24),N 
+QX,NQY,NQA,OVL,DQX,DQY,QAR,QXMIN,QXMAX,QYMIN,QYMAX,FNUM,M, N, 
+EST,NRTH,TCBED,TCDRF 

REAL MELEV,MDEP(24),ELEVBtFDEP(24) 

NT* 
NT*,' ,** XYZ.FOR *"" 
NT* 
NT*,' 1 

NT,'Searches MOE well data (WELLGTA-EXE output) and extracts' 
NT*,'surface and bedrock elevation, drift thickness, minimum' 
NT,'overburden thickness (drift wells), unit lithology and' 
NT*,'colour. Data are sorted into a gridwork of rectangulat 
NT*,'quadrants of equal dimensions. Depths and thicknesses' 

P R I N T * , ' ~ ~ ~  in meters. The 
PRINT*,'to file QUAD.LOG. 
PRINT*,'I6 bedrock types:' 
PRINT* 

results of each mn are wn'tten' 
The search routine currentiy contains' 



PR1 NT*,' L(I)=LMST, L(Z)=DLMT, L(3)=SHLE, L(4)SN DS' 
PRIW,' L(5)=ROCK, L(G)=GRNT, LO=GNSS, L(8)=BSLT 
PRINT*,' L(S)=MRBL, L(l O)=MARLt L(3 1 )=SLTE, L(l2)=SCHT 
PRINT,' L(IQ=GRWK, L(14)=GRST, L(l 5)=CHRTt L(16)=QRT-C 

1 PRINT",' 1 

C Get input file, quad input data 
PRINT' , 'E~~~~ nameof input file containing data file names:' 
READ(*,Z)FILIN 
OPEN(? ,FILE=FILlN,STATUS='OLD') 
FORMAT(AI1) 
PRINT,' # 

PRIW,'Enter UTM coordinates of region to be qÜaded! 
PRINT 
PRINT",'Easting lower left corner (Xmin):' 
READ(*,6) XMlN 
PRINT*,'Easting upper right corner (Xmax):' 
READ(*,G) XMAX 
FOR MAT(I6) 
IF(XMAX.LT.XMIN) THEN 
PRINT,'Xmax cannot be < Xmin - again!' 
GOTO 5 

END IF 
PRINTI1Northing lower left corner (Yrnin):' 
READ(*,8) YMlN 
PRINT,'Northing upper right corner (Ymax):' 
READ(*,8) YMAX 
FO RMAT(17) 
IF(YMAX.LT.YMIN) THEN 
PRINT,'Yrnax cannot be < Ymin - try again!' 
GOTO 7 

END IF 
PRINF,' 1 

PRINT*,'Enter quad dimensions (must be a multiple' 
PRINT,'of the lengths of the quaded region).' 
PRINT 
PRINTltQuad length in X direction (meters):' 
READ(*,8) QU< 
PRINT,'Quad length in Y direction (rneters):' 
READ(*,8) QLY 
PRINT",'Enter quad boundary overlap (meters):' 
READ(*,8)0VL 
AX=XMAX-XMI N 
AYzYMAX-YMI N 
NQX=AX/QiX 
NQY=AY/QLY 
NQA=NQX*NQY 



OQY=QLY+2*0VL 
QAR=(Q Wl OOO)*(QLY/l 000) 
PRINT" 
PRINT 
PRINV,' Input Surnmary 1 

PRINT",'Quaded region coords: L.L=',XMIN,T,YMIN 
PRINT",' U-R.=',XMAXJ"YMAX 
PRINT,'Quaded region dimensions: X=',AX, ' m, Y=',AY,' m' 
PRINTl1Quad dimensions: X=',QU,' rn, Y=',QLY,' m' 
PRIN7,'Quad area: ',QAR,' square km' 
PRINT,'Quads along x-ais: ', NQX 
PRINT,'Quads along y-axis: ',NQY 
PRINT,'Total nurnber of Quads: ',NQA 
PRINT,' t 

PRINT* 
PRINT,'Continue (C) or reinput values (R)?' 
READ(*, 1 O) ANS 

1 O FORMAT(A1) 
IF (ANS.EQ.'R') THEN 
GO TO 3 
END IF 

C Loop to mite output file names to disk; 
OPEN(2.FiLE='FNAM.DA~,STATUS='UNKNOWN') 
FNUM=O 
DO l3,l=i ,NQA 
FNUM=FNUM+l 
WRITE(ZJ2)FNUM 

12 FORMAT('QBt, 14.4,'. DAT') 
13 CONTINUE 

I= 1 
FNUM=O 
DO l5,l=l ,NQA 
FNUM=FNUM+I 
WRITE(2.14)FNUM 

14 FORMATCQD', 14.4,'. DAT) 
.15 CONTINUE 

CLOSE(UNIT=Z) 
I=1 

C Loop to read in filenames to charader arrays; FNAMB(I),FNAMD(I) 
0PEN(2,FlLE='FNAM.DAT1STATUS='OLD') 
DO 17,1=1,NQA 
READ(2,16,END=l 8)FNAMB(I) 

16 FORMAT(AI0) 
17 CONTINUE 
18 I=1 

DO 20,1=1, NQA 



READ(2,1G1END=21)FNAMD(I) 
20 CONTINUE 
21 CLOSE(UNIT=2) 

C Assign values to variables 
22 L(1)=15 

L(2)=16 
L(3)=l7 
L(4)=l8 
L(5)=26 
L(6)=S 1 
L0=41 
L(8)=36 
L(9)=45 
L(l O ) = S  
L(11)=19 
L(l2)=47 
L(l3)=42 
L(I4)=22 
L(15)=37 
L(I6)=2O 
QCOUNT=O 
TCOUNT=O 
EST=O 
NRTH=O 
TCBED=O 
TCDRF=O 

C Open log file 
OPEN(7.FILE=QUAD.LOG',STATUS='UNKN~ 

C Open data output files, process and output data 
J=l 
QYMIN=YMlN-OVL 
QYMAX=YMIN+QLY+OVL 
0PEN(3,FILE='QUAD.LOG',STATUS=1UNKNOWN1) 

C Loop to move quads in Y-direction 
DO 135, J=1 ,NQY 
K=l 
QXMIN=XMIN-OVL 
QXMAX=XMIN+QLX+OVL 

C Loop to move quad in X-diredon 
DO 130, K=l ,NQX 
CBED=O 
CDRF=O 
TCOUNT=O 
QCOUNT=QCOUNT+? 
OPEN(3,FlLE=FNAMB(QCOUNT),STATUS='UNKNOVr') 
~PEN(4,FlLE=FNAMD(QCOUNT)1STATUS='UNKNOWN1) 



C Loop to read in data 
LOOP 

30 READ(1 ,40,END=125)WELLNO,EAST,NORTH,ELEV,(DEPTH(M),M=l .24), 
+(CLR(M),M=I .24).(F(M),M=1.24) 

40 F0RMAT(17,47Xl l6,l7, IX, l4,I 99~24(1417)olTL2~124(4X, I i 16X)l 
+TUW,Z4(SX1 l2,4X)) 
TCOUNT=TCOUNT+I 
M=i 

C Loop to search data by quad, write data to outfiles 
50 DO 120, M=1,24 

N=l 
C MELEV: surface elevation (m),MDEP: depth (m) to formation bottom 
C FDEP: depth (m) to formation top, ELEVB: elevation (m) of rockhead 
C for bedrock wells; elevation of hole bottom for overburden wells 

MDEP(M)=(FLOAT(DEPTH(M)))*3.048E-1 
MELEV=(FLOAT(ELEV))t3.048E-1 
IF(M.GT.1) THEN 
FDEP(M)=MDEP(M-1 ) 
ELEVB=MELEV-MDEP(M-1) 
ELSE 
FDEP(M)=O 
ELEVB=MELEV 
END IF 

C Wiîte bedrock elevations to outfile; 
DO 100,N=I,i6 
IF(L(N).EQ.F(M).AND.EAST.GT.QXMIN.AND.EAST.LT.QXMAX. 

+ AND.EAST.NE,EST.AND.NORTH.GT.QYMIN.AND,NND.  
+ NORTH.NE.NRTH.AND.ELEV.NE-O) 
+ THEN 

WRlTE(3,60)EAST,NORTH,MELEV,ELNB1FDEP(M). F(M),CLR(M), 
+ WELLNO 

60 FORMAT(l6,lX,I7,1X,F5.1 ,1X,F5.1 ,lX,F5.1 ,1X112.2,1X,11 ,lx, 
+' 17') 

EST=EAST 
NRTH=NORTH 
CBED=CBED+I 
ELSE 

C Write minimum drift thickness from overburden wells to outfile; 
IF(M.GT.1) THEN 
lF(F (M).EQ.O.AND.F(M-i).NE.L(l).AND.F(M-l).NE.L(2).AND. 

+ F(M-l).NE.L(3).AND.F(M-1).NE.L(4).AND.F(M-l).NE.L(S).AND. 
+ F(M-l).NE.L(6)AND.F(M-l).NE.L~.AND.F(M-I).NE.L(8).AND. 
+ F(M-1).NE.L(9).AND.F(M-1).NE.L(1O)~AND.F(M-1).NE.L(I 1). 
+ AND.F(M-l).NE.L(12).AND.F(M-l).NE.L(l3).AND.F(M-l).NE. 
+ L(14).AND.F(M-l).NE.L(15).AND.F(M-1).NE.L(16).AND.F(M-l). 



+ NE.O.AND.EAST.GT.QXMINNAND.EAST.LT.QXMAXAND.NORTH~GT~ 
+ QYMlN.AND.NORTH.LT.QYMAX) 
+ THEN 

WRITE(4,80)EASTlNORTH,MELNIELEVBlMDEP(M-1),F(M-1), 
+ CLR(M-l), WELLNO 

80 F0RMAT(I6,1X,17,1~F5.1,1X,F5.1,1~F5.1.1X,12.2,1~I1, 
+ 1x171 

CDRF=CDRF+l 
GO TO 120 
END IF 
END IF 

90 END IF 
100 CONTINUE 
120 CONTINUE 

END LOOP 
125 CLOSE(UNIT=3) 

CLOSE(UNIT=4) 
PRINT,' I 

TCBED=TCBED+CBED 
TCDRF=TCDRF+CDRF 

C Write quad output summary to screen 
WRITEC, 126)QCOUNTlQXMIN,QYMIN,QXMAX,QYMAX 

126 FORMATCQuad: ',14.4,'(LL.=',l6,T,17,', U.R.=',I6, 
+Y, 17,')') 
WRITE(*, 127)CBED 

127 FORMATCNumber of wells completed in: bedrock ->',l6) 
WRITE(", l28)CDRF 

128 FORMAT(' dn'ft ->',16) 
C Wtite run stats to output log file 

WRITE(7,129)QCOUNT,QXMIN,QYMIN,QXMAX,QYMAX,CBEDlCDRF 
129 FORMAT('Quad:', 14.4,' (',16,'r, 17 ,',', l6,'f, 17,') Bed:', 

+B.' Drf?, 16) 
WCOUNT=O 
REWIND(UNIT=I) 
QXMIN=QXMIN+QLX 
Q x W = Q X W + Q u c  

130 C(>NTINUE 
QYMiN=QYMIN+QLY 
QYMAX=QYMAX+QLY 

135 CONTINUE 
C 140 CONTINUE 

C Output nin stats 
999 PRINT 

PRINT*,~ output Summary 1 

WRiTE(', ? OOO)QCOUNT,FILIN 
1000 FORMAT(14,' quadrants searched from file: ',Al 1) 



PRINT 
WRITE(', 1 1OO)TCOUNT 

11 00 FORMAT(2XlTotal number of records searched:',16) 
PRINT* 
WRiTE(*, 1200)TCBED 

1200 F ORMAT(7otal number of wells completad in: bedrock ->', 16) 
WRITE(*, 1300)TCDRF 

1300 FORMAT(' drift ->',16) 
PRINT,' I 

PRINT 
CLOSE(1) 
CLOSE(2) 
CLOSE(3) 
CLOSE(4) 
PRINTlfView run log file (il) or continue (C)?' 
READ(*, 1350)ANS 

1350 FORMAT(A1) 
IF(ANS.EQ.'V.OFI.ANS.EQ.'v') THEN 
REWIND(UNIT=7) 
l=-l 
DO 1500, I=l,NQA 
READ(7,1400,END=I 55O)LOG 

1400 FORM(A63) 
WRITEr, l4OO)LOG 

1500 CONTINUE 
1550 END IF 

ClOSE(7) 
PRINT 
PRINT,'Run again (R) or Quit (Q)?' 
READ(*, 1 0)ANS 
IF(ANS.EQ.'R'.OR.ANS.EQ.'r') THEN 
GO TO I 
END IF 
PRINT* 
PRINT* 
PRINT,' - End of Job **' 
PRINT* 
STOP 



C.2.2 Listing of Program LiTHXFOR 

The FORTRAN program LITEKFOR exûads borehole lithologic infornation from 

the MO€ digital water well records (532 char. ASCII format). 

CHARACTER*? 1 FILIN,FILOUT 
CHARACTER*2 CIN,CO 
CHARACTER*20 OWN 
CHARACTER'G DATE 
CHARACTER'I 3 UTM 
CHARACTER'4 ELEV,ZEROD,D(24) 
CHARACTER'I 1 L(24) 
CHARACTER*I Y,ANS 
JNTEGER KOUNT,COUNT,N 
u- 

PRINT*,' "" PROGRAM LITHXFOR ""' 
PRIN7 
PRINF,' 8 

PRINT,THIS PROGWMS READS OMEE WATER WELL RECORDS' 
PRINT,'(RECL=532 CHAR) AND PRODUCES OUTFILES CONTAINING' 
PRINT*,'COUNTY, OWNER, DATE, UTM CO-ORDS, ELEVATION AND DEPTHS' 
PRINT,'TO TOP OF FORMATIONS. NOTE: COUNTIES MUST BE READ IN' 
PRINT,'ASCENDING ORDER' 
PRINF,' , 
PRINT 
PRINT,'ENTER INPUT FILENAME:' 
READ(*, 1)FILIN 
PRINT,'ENTER OUTPUT FILENAME:' 
READ(*, 1) FllOUT 
FORMAT(A11) 
PRIN'T",'ENTER COUNW NUMBER (2 DIGITS):' 
READ~,lO)CIN 
PRlNr  
FORMAT(@) 
N=2 
OPEN(UNIT=l ,STATUS='OLD',NAME=FlLlN) 
OPEN(UNIT=N,STATUS='NEVIP,NAME=FILOUT,CARRIAGECONTROL='LlST) 
REWIND(UNIT=I) 
ZEf?OD='0000' 
KOU NT=-1 
COUNT=O 
DO J = 1,20000000 
KOUNT=KOUNT+I 
READ (lS100,ERR=998,END=999) CO,OWN,DATE,UTM,ELEV, 



1 O0 FORMAT(A2,23XA20,A6,3X,AI 3.lX1A4. 1 8X,24(A4,7X).TD64, 
=4(4)CA7)) 
IF(CO.GT.CIN) THEN 
GO TO 310 

END IF 
IF(CO.EQ.CIN) THEN 
COUNT=COUNT+l 
GO TO 120 

ELSE 
GO TO 40 

END IF 
12 WRITE (N.200)C0,0WNlDATE.UTM,ELNlZERODl L(l),D(I). L(2),D(2). 

&~(3),D(3),L(4),D(4).~(~),~(5).L(6).D(6).Lm,Dm,L(8).D(8).L(9),D(9). 
&L(1O),D(IO),L(I 1),D(1 ~),L(~2),D(12).L(13),D(l3),L(14),D(14), 
&L(l5),D(15),L(l6),D(16),L(17),D(17),L(18),D(18),L(l 9),D(19), 
W20). D(20), L(21). 11, W2) ,  D(22), W3). D(23), L(Z4) 

200 FORMAT(A2,IX.A2O1A6,1X,A13.lX,A4,24(/A4,A7)) 
300 ENDDO 
310 PRINf" 

WRITE(",400) KOUNT 
400 FORMAT(1X'CUMULATIVE NUMBER OF RECORDS READ:rtl6.'I1) 

PRINP 
WRlTE(*,410) CIN,COUNT 

410 FORMAT(lX.'TOTAL NUMBER OF WELLS IN COUNiY.IX.A2,1X,'IS:~, 
W) 

PRfNT* 
PRINT,'READMIRITE DATA FOR ANOTHER COUNTY? (Y/N)' 
READr,420) ANS 

420 FORMAT(A1) 
IF(ANS.EQ.'Y) THEN 
CLOSE(UNIT=N) 
PRINT*,'ENTER OUTPUT FILENAME:' 
READ(*, 1) FILOUT 
N=N+I 

OPEN(UNIT=N.STATUS='NEW,NAME=FILOUT,CARRIAGECONTROL='LIST) 
PRINT,'ENTER COUNTY NUMBER (2 DIGITS):' 
READ(*, 10) CIN 
PRINT* 
GOTO 30 
ELSE 
GOTO 999 
END IF 

9 Ç 8  PRINT" 
PRINT*,'*** ERROR READING INPUT FILE - PROGRAM ABORTED -*' 

999 PRINT* 
WRITEÇ, 1000) KOUNT 

1 000 FORMAT(lX,'CUMULATIVE NUMBER OF RECORDS READ:rl16,~') 
PRINT 



WRITE(*,1010) CIN.COUNT 
1 O 1  O FORMAT(1X.TOTAL NUMBER OF RECORDS IN COUKPT,lX,A2,1X,'IS:r. 

&I6,1') 
PRINT 
PRINT*,' "" END OF JOB "" 
PRINT 
CLOSE(UNIT=l) 
CLOSE(UN lT=N) 
PRINT 
STOP 
END 



APPENDIX D: PROCEDURE FOR ESTIMATION OF TRANSMISSMTY AND 

HYDRAULIC CONDUCTIVIN FROM SPEClFlC CAPACIT'Y DATA 

D.1 PROCEDURE 

In Chapter 5 specific capacity data were used to derive maps showing regional 

scale trends in aquifer transmissivity T, and hydraulic conductivity, K. These 

pararneters were estimated from specific capacity data using a BASIC prograrn 

(KVAL-BAS, Appendix D.2) which was modified from an earlier code (TGUESS) 

developed by Bradbury and Rothschild (1 985). The algorithm is described here briefly 

along with the underiying assurnptions, required input data and some potential sources 

of error in the derived T and K estimates. 

The algorithm developed by Bradbury and Rothschild (1 985) employs the Jacob- 

Cooper equation: 

where T = transmissivity (L2/t) 

Q = discharge (L3/t) 

s = drawdown in well (L) 

t = pumping time (t) 

S = storage coefficient (dimensionless) 

r,,, = well radius (L). 

Theis et al. (1 963) had earlier demonstrated a method for solving the Jacob- 

Cooper equation in which specific capacity tests are treated as short nonequilibrium 

pump tests. As T occurs on both sides of the equation, the relation cannot be solved 

directly Mich led Theis et al. (1963) to propose a graphical solution involving fitting of 

specific capacity data to a farnily of wrves. The primary drawback is that a different set 



of curves is required for each combination of well radius and pumping tirne and storage 

coefficient Use of the Jacob-Cooper fundion also requires several assumptions which 

include the presence of confined conditions, a homogeneous, non-leaky aquifer of 

infinite extent, full aquifer penetration and a known storage coefficient. 

Bradbury and Rothschild (1 985) demonstrated an iterative method for solving 

the Jacob-Cooper equation which also incorporates corrections for partially penetrating 

wells and well loss due to iurbulenœ at the well intake. The correction factor for partial 

penetration S, (Brons and Marting, 1961 ; Sternberg, 1971 ) is given by: 

1 -Ub b 
sP = (in - - G[Ub]), 

fw 

where L = Length of open interval 

b = aquifer thickness 

r, = well radius 

G[Ub] = function of the Ub ratio. 

Bradbury and Rothschild (1 985) show that the function G(Ub) can be estimated 

using a best fit 3<d order polynomial equation: 

G(Ub) = 2.948 - (7.363 U b )  + 11.447(Ub)* - 4.675(Ul1)~ . 

Well loss, which is the component of drawdown in a well associated with 

turbulence at the well intake, is corrected for using the relation given by Csallany and 

Walton (1 963): 



where s, = well loss 

C = well loss constant (t?~') 

Q = pumping rate (L3/t). 

Csallany and Walton (1963) provide an equation which allows calculation of the well 

loss constant C from stepilrawdown data. 

Estimates of T which are correcteci for well loss and partial penetration are 

obtained using the modified Jacob-Cooper equation given by Bradbury and Rothschild 

The overall range of T and K estimates calculated with the above method 

compares well with regional T and K data derived from pump testing (see Tables 5:l 

and 5:2). Hydraulic conductivity estirnates derived in this study also compare 

favourablywith the results of a 3-D MODFLOW simulation of the Duffins Creek basin 

constructed by Gerber (1998). K values obtained by Gerber show similar regional 

trends and are of the same order of magnitude as specific capacity derived estimates. 

This suggests that such data may be useful for the purposes of parameter estimation 

in regional groundwater modeling exercises. 



0.2 PROGRAM LISTING 

The prograrn KVALBAS was modified from the BASIC program TGUESS by 

Bradbury and Rothschild (1985) which iteratively solves for T and K using an initial 

estimate of transmissivity. KVAL.BAS employs their algorithm and includes several 

additional routines which facilitate input and output of large ascii data files, error 

checking and calculation of summary statistics (e-g., standard deviation, geometric 

DECLARE SUB KTcalc 0 
' Pro gram KVAL-BAS 
'Calculates transrnissivity and hydraulic conductivity using 
'Jacob equation for non-equilibrium pumping test 
'Modified from program published by Bradbury and Rothschild in 
'Groundwater, 1985, v. 23, p. 240-246. 

'INPUT VARIABLES (ordered as in space-delimited input file) 
'Weltno = identification number of well 

. 'East = UTM easting 
'North = UTM northing 
'Elev = Well head elevation 
'Dia = Diarneter of well rn 
'Slvl = Static water level (negative for fl owing well) m 
'Plvl = Pumped level m 
'Phn = Length of test hrs 
'Pump = Pumping rate mA3/s 
'Aqff = Thickness of aquifer rn 
'LScr = Well screen length m 
'DScr = Well screen depth m 
'S = Estimated or measured storage coefficient (dimensionless) 

1 C = Well Ioss coefficient (use i if unknown) 

'PROGRAM VARIABLES 
'Spcap = Specific capacity corrected for well loss mA2/s 
'T = Transmissivity mA2/s 
'K = Hydraulic conductivity mls 
'ZScr = Elevation of screen mid-point 
'LgT = Log1 O transfom T (for contour plotting of data) 
'LgK = Log10 transfom K 
'GeomK = GeometB'c mean of K 
'Em = Convergence critenon for T estimate mA2/s 
'Tguess = Initial T estimate 



'Projnarn$ = Project name 
'Infile$ = input file 
'Outfile$ = data file 
'Enfile$ = separate output file for records with errors 

' lnitialize variables 

Erro = .O00001 
Tguess = -1 
Tini = Tguess 

CLS : KEY OFF: SCREEN O, 0, O: COLOR 15,l: CLS 
LOCATE 2,30: COLOR 14,l :  PRINT ; "PROGRAM WALBAS" 

LOCATE 5, 3 :  COLOR 15, 1: PRlNT STRING$(79,205) 
LOCATE 7,s 
PRINT , "ESTIMATION OF T AND K FROM SFECIFIC CAPACITY DATA" 
PRINT , "USING THElS SOLUTION WlTH CORRECTIONS FOR WELL LOSS " 
PRINT , "AND PARTIAL PENETRATION. ALGORITHM FROM BASIC CODE' 
PRlNT , "BY BRADBURY AND ROTHSCHILD (1985; GROUND WATER, 23,240-246)" 
PRINT "" 
PRINT , "PERFORMS BATCH PROCESSING ON ASCII SPACE-DELIMITED INPUT FILE." 
PRlNT , "OUTPUTS LOG TRANSFORMED T AND K VALUES WlTH X,Y,Z WELL UTM 

ANDf' 
PRINT , "SCREEN ELEVATION) CO-ORDINATES FOR 3-D SPATIAL MODELLING." 
PRINT , "GEOMETRIC MEAN AND VARIANCE OF K ESTIMATES ALSO CALCULATED." 

'Get input filename 
LOCATE 17, 5: PRINT , "Enter path to data files (including closing backslash): " 
LOCATE 18, 15: INPUT ">>", Path$ 
DirFiles$ = Path$ + "'."' 

CLS 
LOCATE 9, 1: COLOR 15, 1: PRlNT STRING$(79,205) 
LOCATE 10, 10: PRlNT , " Directory listing:" 
REM PRlNT ?il$ 
FI LES Difiifes$ 
LOCATE 5, 5: PRlNT , "Enter input file name (e.g., inputdat):" 
LOCATE 6, 15: INPUT ">>", InfilNam$ 
Infile$ = Path$ + InfilNam$ 

'Get output file name 
CLS 
LOCATE 9, 1: COLOR 15, 1 : PRlNT STRING$(ï9,205) 
LOCATE 10, I O :  PRlNT , "Directory listing:" 
PRlNT Pil$ 
FILES DirFile$ 
LOCATE 5, 5: PRlNT . "Enter output file name (e.g. outputdat)" 



LOCATE 6, 15: INPUT "»", OutfilNam$ 
Outfile$ = Path$ + OutfdNam$ 

'Error output filename 
Enfile$ = "Errors.log" 

'Select values for S and C 
CLS 
LOCATE 15, 1: COLOR 15, 1: PRlNT STRING$(79,205) 
LOCATE 5, 5: PRINT , "Use S, C coefficients in input file (y or n):" 
LOCATE 6, 15: INPUT "=", Select$ 
IF Select$ = "y" OR Select$ = "r' THEN 

GOTO 1000 
ELSE 

LOCATE 8, 5: PRlNT , "Enter stoage coefficient (e-g. 0.001 -.00005)" 
LOCATE 9, 15: INPUT "=", Use6 
LOCATE 10, 5: PRINT , "Enter welI loss coefficient (C):" 
LOCATE 1 1, 15: 1 NPUT ">>", UserC 

END IF 

'Input data from file 
f 000 OPEN Infile$ FOR INPUT AS #l 

OPEN Ouffile$ FOR OUTPUT AS #2 
OPEN Enfile$ FOR OUTPUT AS #3 
LlNE INPUT #1, Dummy$ 'First Iine in header 
LlNE INPUT #Il  Projnam$ 'Project name 
INPUT #l, Units 'Unused 
INPUT #i, NumwelIs 'Number of wells in input file 

'Intialize values and wunters 
iter = O 
Maxlter = O 
MinK = 10 
MaxK = O 
NotSolv = O 
AvgLgK = O 
SumLgK = O 
GeornK = O 
N=O 
NegDraw = O 
SuiEror = O 

CLS 
FOR I = 1 TO Numwells 
INPUT #dl Wellno, East, North#, Elev, Dia, SM, Plvl, Phrs, Prate. Aqff, Lscr, Dscr, S. C 
LOCATE 7, 3: PRlNT , "Processing record:"; I 
IF Select$ = "nn OR Select$ = "Nu THEN 



S = Use6 
C = UserC 

END IF 

'Convert to consistent metric uni& (m. s) 
Fi = Dia / 2 'well screen radius m 
Q = Prate 'pump rate, m3/s 
Pt = Phrs 3600 'purnp test length, s 
DD = Plvl - Slvl 'drawdown, m 
'check for e m r  conditions 
IF (DD <= O!) GOTO 1290 
IF (R <= O!) GOTO 1290 

'Correct drawdown for well loss using SW = C*Q'Q (Cssallany and 
'Walton, 1963) 
'C is estimated using step drawdown data; set C=l where parameter 
'is unknown. 

S W = C e Q ' Q  
DD = DD - SW 'corrected value of drawdown 
Spcap = Prate / DD 
Zscr = Elev - (Dscr - (5 'Lscr)) 'Z mord = centre of screen 

'Calailate aquifer transrnissivity using the Theis solution 
'applying correction factor SP for partial penetration given by 
'Sternberg (1 973) 
B = Lscr / Aqff 
IF (8 > 1) GOTO 1292 'error check for screen length > aquifer thickness 
HRW = A q f f  / R 
GB ~ 2 . 9 4 8  - (7.363 '8) + (11.447 '8 ' 8) - (4.675 *B 'B -8) 
SP = ((1! - B) 18) ' (LOG(HRW) - GB) 
lter = O 
'Loop to solve for T (algorithin, Bradbury and Rothschild, 1985) 

F O R W = l T O 2 5  
FI = Q / (12.56637 ' DD) 
F2 = (2.25 * Tguess a Pt) / (R a R *S )  
Tcalc = F I  ' (LOG(F2) + (2! "SP)) 
Tdiff = ABS(TcaIc - Tguess) 
Tguess = A B S m l c )  
IF (Tdiff <= Erro) THEN GOTO 1250 'solution meet error criterion 
lter = lter + 1 
IF Maxlter < lter THEN Maxlter = lter 

NEXTW 

1250 'Count instances where no convergence 
IF W = 25 THEN 

NotSolv = NotSolv + ? 'count number not meeting error criterion 
GOTO 1300 



1260 'Calculate log transfomed T. K and geometric mean K 
T = T a l c  
K = T / A q f f  
LgT = (LOGO) I LOG(I0) 'log base 10 
LgK = (LOG(K)) / LOG(1 O) 
N = N + I  
SurnLgK = (LgK + SumLgK) 
Avg LgK = SumLgK / N 
GeomK = I O  A (AvgLgK) 

'Get minimum and maximum K values 
IF MaxK < K THEN MaxK = K 
IF K < MinK THEN MinK = K 

'Write output to screen for debug 
1270 REM GOTO 1280 'unrem this line to bypass screen output 

LOCATE 2,28: COLOR 14,l: PRINT , "PROGRAM 3DK.BAS V. 1 .O" 
LOCATE 4, 5: PRlNT , "Project data: "; Projnam$ 
LOCATE 5, 1: COLOR 15, 1: PRINT STRING$(79,205) 
LOCATE 10'3 
PRINT , "Wellnumber ="; Welfno 
PRINT , "UTM coordinates : X ="; East; 'Y ="; North#; '2 ="; Zscr 
PRINT ., "Screen diameter ="; Dia, "(rn)" 
PRINT , "Screen Iength ="; Lscr, "(m)" 
PRlNT , "Static level ="; Slvl, "(rn)" 
PRINT , "Pumped tevel = "; Plvl, "(m)" 
PRINT , "Drawdown = ", DD, "(m)" 
PRINT , "Test length ="; Phn. "(hrs)" 
PRINT , "Pump rate ="; Q, "(mA3/s)" 
PRINT , "Aquifer Thidmess ="; AqfT. "(m)" 
PRlNT , "Storage coefficient ="; S 
PRlNT , "Weil loss coefficent ="; C 
PRINT , "Specific capacity ="; Spcap, "(mA2/s)" 
PRlNT , "Transmissivity ="; T, "(mA2/s)" 
PRlNT , "Hydraulic conductivity ="; K, "(m/s)" 
PRINT "" 
PRINT , "Error mitefion ="; Erro 
PRINT , "Intial T estimate ="; Tini 
PRlNT , "Partial penetration factor ="; SP 
PRlNT "" 
PRlNT "" 

1280 'Write data to outfile 
PRlNT #2, East, North#, Zsu, LgT, T, LgK, K. Wellno 



GOTO 1300 
END IF 

'Error handling messages 
1290 LOCATE 30,s: COLOR 14 , l  

PRlNT , "Waming - zero or negative drawdown, well number"; Wellno 
NegDraw = NegDraw + 1 
PRINT #3, "Drawdown enor.", Wellno, Slvl, PM, DD 
GOTO 1300 

1292 LOCATE 30,s: COLOR 14 , l  
PRINT , "Waming - screen length > aquifer thickness!" 
ScriError = SrdError + 1 
PRINT #3, "Scr. L > aquifer T:", Wellno, ScrL, Aqff 
GOTO 1300 

1300 NEXTl 
CLOSE #il #2, #3 

1 320 'Output statistics 
LOCATE 32.5: COLOR 15, 1 
PRINT , "Maximum iterations:"; Maxlter 
PRINT , "Number records no convergence ="; NotSolv 
PRlNT , "Minimum K ="; MinK 
PRINT , "Maximum K ="; MaxK 
PRlNT , "K geometric mean ="; GeomK 
PRINT , "Number of wells with drawdown error ="; NegDraw 
PRlNT , "Number wells sueen L < aquifer thickness ="; ScrlError 
PRlNT , "Number of records output to file ="; N 

END 
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