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Nothing in the world can take the place of PERSISTENCE,
Talent will not; nothing is more common than the unsuccessful
man with talent.

Genius will not; unrewarded genius is almost a proverb.
Education aione will not; the world is full of educated derelicts.
Persistence and Determination alone are omnipotent...

Calvin Coolidge
1872-1933



Abstract

The 160 km long Oak Ridges Moraine in southern Ontario has been interpreted as an interlobate moraine,
a subaerial braidptain-deltaic deposit, a subgiacially formed ridge, or a polygenetic landform of subglacial
and proglacial deposits. Because of these significant differences a detailed sedimentological study is
needed in order to provide an improved depositional model. This study of the western 40 km of the
moraine in the Humber River watershed challenges the concept that it was deposited from seasonal
meitwater discharges, climatic modulated ice-marginal fluctuations or in an interlobate position. instead
it is interpreted to have formed in response to changes in the ice-sheet during deglaciation associated
with subglacial ponding, episodic and catastrophic subglacial jokulhiaup discharge and seasonal
meitwater discharge. The moraine probably formed as the ice-sheet profile and glacial hydraulic system
re-equilibrated to the presence of a thinned ice-sheet and a subglacial lake in the Lake Ontario basin.

The Oak Ridges Moraine is interpreted to have been deposited in three discrete stages that record
sedimentation from both high-energy and low-energy depositional processes. Stage | consists mostly
of massive and diffusely-graded sand that is up to 50 m thick and forms the lowest tunnel channe! infill.
It was deposited rapidly from hyperconcentrated flows some distance downflow of a hydraulic jump that
developed as jokulhlaup flow discharged from tunnel channels into a subglacial lake in the Lake Ontario
basin. Low energy basinal sedimentation of Stage Il is recorded by the upward increase in thin normally
graded fine-sand, silt, and clay laminae forming varves. Stage lll is characterized by rapid facies changes
associated with subaqueous fan, esker and basinal sedimentation. Proximal fan sediment consists of
heterogeneous gravel with sand intraclasts and planar-stratified gravel. Immediately downflow the
supercritical to subcritical flow transition is recorded by steep-walled scours and diffusely-graded infill.
Farther downflow the subcritical flow region of the fan is dominated by planar cross-stratified medium
sand, climbing medium scale cross-stratified sand and small-scale cross-laminated fine sand.

Based on an incomplete varve chronology and general evidence of rapid and voluminous sedimentation
it is estimated that the moraine was deposited over a short period of time, maybe as little as 100 years.
This study provides an additional demonstration of the value of detailed sedimentological studies to
advancing understanding of Laurentide meltwater and deglacial processes.



Résumé
L'origine de ia moraine d’Oak Ridges, élément topographique de 160 km de long au sud de 'ontario,
suscite la controverse. Elle a été interprétée comme une moraine interiobaire, un dépét deltaique a
'embouchure d’'une riviére proglaciaire en tresse, une créte sous-glaciaire, ou un dépét polygénétique
sous-giaciaire et proglaciaire. La présente étude a été entrepiis afin de développer un modéle de
deéposition et d’apporter des éléments nouveaux permettant d'en éclaircir son origine. Elle porte sur la
partie ouest de la moraine Oak Ridges, soit le bassin hydrographique de |a riviére Humber. Les résultats
remettent en question les processus de formation de la moraine proposés uitérieurement; soit qu'elle a
été mise en place par décharge saisonniére d'eaux de fonte, des fluctuations climatiques influengant les
marges glaciaires, ou dans un contexte interiobaire. L'analyse sédimentologique détaillée révéie plutdt
que la moraine d’Oak Ridges a été formée suite aux changements de la calotte glaciaire engendrés par
la formation de lacs sous-glaciaires, par des déversements d’'eaux de fonte épisodiques et
catastrophiques (jokuihlaup), et des variations saisonniéres du régime hydraulique. Plus précisément,
la moraine a probablement été formée lors du rééquilibre des calottes glaciaires et systéme hydraulique
suite a F'amincissement de 'extrémité de la calotte et a la présence d'un lac sous-glaciaire dans le bassin

du Lac Ontario.

La moraine d’'Oak Ridges a été déposée en trois phases témoins des processus de deposition de haute
et de basse énergie. La premiére phase, avec un dépot atteignant 50 m d'épaisseur, remplis la partie
inférieure du chenal sous-glaciaire ( ou intra-glaciaire ?) et est constituée presque entiérement de sables
massifs et a8 granoclassement diffus. Les sables ont été mis en place rapidement par un écoulement
saturé en sédiments en aval d’'un ressaut hydraulique. Ce saut hydraulique résulte d’'un écoulement
jokuihlaup provenant de chenaux sous-glaciaires se déversant dans un lac sous-glaciaire du bassin du

Lac Ontario. La deuxiéme phase, marquant une sédimentation de faible énergie, est caractérisée par
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'augmentation de Ia stratification fine varvée de sables fins, silts, et argiles. Des changements rapides
de facies associés aux cones alluviaux subaquatique, aux eskers, et a la sédimentation du bassin,
caractérisent la troisiéme phase de déposition. Les sédiments des cones proximaux sont constitués de
graviers hétérogénes avec intraclastes de sable et de gravier a stratification planaire. Un peu plus en
aval, des marques d'érosion a versants abrupts remplis par des dépdts a granoclassement diffus
dénotent la transition d’'un écoulement supercritique a un écoulement subcritique. Encore plus en aval,
la section a écoulement subcritique du cone alluvionnaire est dominée par du sable moyen a stratification

entrecroisée tabulaire et du sable fin a stratification entrecroisée ascendante de moyenne et petite taille.

D’aprés la chronologie sédimentaire des varves la moraine d'Oak Ridges a été mise en place en peu de
temps, soit peut-étre aussi peu que 100 ans, ce qui indique taux de sédimentation rapide et élevé. Cette
étude démontre une fois de plus I'importante contribution des études sédimentologiques détaillées a
l'avancement des connaissances sur les eaux de fonte de la calotte Laurentide et sur les processus de

déglaciation.
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CHAPTERI

Introduction

1.1 Rational

Moraines form along ice-margins under a wide range of conditions and are morphologically and
compositionally diverse. They extend up to 100s of kilometres in length and are commonly the largest
depositional landforms in a glacial landscape. Because of their widespread occurrence and
morphological and sedimentological variability there is general confusion concerning the origin and stratal
characteristics of moraines. For example, are moraines composed of till (e.g. Karrow 1974; Mickeison
et al. 1983), or stratified sediment (e.g. Hillaire-Marcel et al. 1981)? Much of this uncertainty relates to
the general approach to mapping glacial deposits that is based largely on the dominant sediment
characteristic at a shallow subsurface depth, commonly 1 m, and terrain analysis. In part, this can be
attributed to the general poor exposure of unconsolidated sediment that makes up Pleistocene moraines
and also the predominant interest of researchers in moraine geomorphology and their predisposed
interest to studying glacigenic diamicton (till). This reflects a longstanding interest by researchers in the
reconstruction of regional deglacial histories based on airphoto interpretation and till sheet stratigraphy
(e.g. Karrow 1974). For example., in the over 100 year history of investigations of the Oak Ridges
Moraine in southern Ontario, less than ~10 percent of all studies have investigated the stratigraphy of the
moraine below several metres of the surface. As a consequence, the moraine has long been identified
as aninteriobate moraine based on geomorphology, surface geology and reconstructed regional ice-flow

indicators (Chapman 1985; Chapman and Putnam 1984).

The inability of the proglacial environment to disperse debris from the glacier terminus faster than it is
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delivered resuits in a wide range of moraine types. Moraines are generally classified according to ice-front
position (e.g. terminal), depositional environment (e.g. subaerial, subaqueous) and depositional
processes (subaqueous fan, push moraines) (e.g. Benn and Evans 1998; Bennett and Glasser 1996).
Where ice-margins terminate in a body of water and there is significant glacifiuvial discharge, a variety
of moraine types form, including subaqueous fans (Powell 1981; Rust and Romanelli 1975) and deltas
(Price 1973). Where there are muitiple efflux points and/or accommodation space is limited, polygenetic
moraines form as deposition changes from subaqueous to deitaic (Barnett et al. 1998; Fyfe 1990).
Subglacial or englacial conduit fiow emerges from the glacial margin as a jet-efflux. The fluid dynamics
of jet-effluxes have been investigated experimentally (Albertson et al. 1948) and applied to both deltas
(Bates 1953; Wright 1977) and subaqueous fans (e.g.Gorrell and Shaw 1991; Powell 1990). Similarly,
sediment facies and stratal architecture of deita and subaqueous deposits have been extensively studied
in both marine (e.g. Poweil 1990) and lacustrine environments (e.g. Gorrell and Shaw 1991). The
character of these deposits, however, has been less extensively investigated within the context of large
moraines (e.g. Fyfe 1990; Sharpe and Cowan 1990). Large moraines can be >200 m thick, > 10 km wide,
and 100s km long (e.g. Barnett et al. 1998; Fyfe 1990; Sharpe and Cowan 1990), aithough both thickness
and width may vary extensively along the moraine length. In fact, moraines are commonly discontinuous
with individual moraine segments being 100s m to ten’s km long, whereas the entire moraine length
maybe 100s km long. Long moraine sections are commonly the resuit of the lateral coalescence of
multiple discrete subaqueous fan or deita deposits (e.g. Fyfe 1990; Sharpe and Cowan 1990) or
alternatively formed by broad sheet flood discharge deposits (Powell 1990; Sharpe and Cowan 1990).
Additionally, moraines may extend several kilometres beyond their topographic expression beneath

younger glacilacustrine basin strata and till sheets (e.g. White 1975).

Moraine formation has been interpreted to be controlled by variations in the rate of glacier retreat related

to climate change (e.g. Hunter et al. 1996; Powell 1991), changes in ice sheet dynamics that are
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unrelated to climate (e.g. Hillaire-Marcel et al. 1981), and, or aiternatively a combination of both factors
(e.g. Fyfe 1990). Where moraines have consistent spacing and are small in size, annual climatic
modulated deposition by seasonal meit is a plausible mechanism (e.g. Hunter et al. 1996). In the case
of larger moraines, such as the Oak Ridges Moraine, due to a lack of detailed sedimentological
information, the events controlling the depositional history are more poorly understood. Current
understanding of large moraines suggests that they form in response to a number of events involving
regional ice sheet dynamics (e.g. Barnett et al. 1998; Hillaire-Marcel et al. 1981; Sharpe and Cowan
1990). For example, Barnett et al. (1998) discuss four depositional stages for the Oak Ridges Moraine,
each involving markedly different meitwater discharge fluxes ranging from large-scale jokulhlaup
discharges, associated with tunnel channeils to diurnal seasonal meltwater discharge and varve formation

(see Gilbert, 1997).

Smail to moderate meltwater discharges may be controlled by climatic-related seasonal ablation,
anomalous precipitation events (Cowan et al. 1988; Warburton and Fenn 1994), or the draining of small
supraglacial lakes (Kirkbride 1993; Russell 1993). By contrast, iarger discharge events may be related
to ice-sheet dynamics that invoived the draining of large supraglacial reservoirs or subgiacial reservoirs.
Discharge may range from relatively small volumes of diurnal steady-state discharge to nonsteady-state
large-scale reservoir meltwater releases that are regional in scale and significant in volume, for example

8.4 x 10* km® (Shaw 1996).

Over the past 10-25 years the sedimentological criteria to recognize such events have progressively
emerged. For example, evidence of low energy suspension sedimentation in glacilacustrine
environments has been widely documented (e.g. Ashley 1975). By contrast, depositional evidence of
high energy episodic discharge events has been more poorly documented. Sedimentological studies of

Recent (Holocene) and modern Icelandic outwash deposits, however, provide detailed lithofacies
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descriptions and facies associations correlated with seasonal discharge events or catastrophic
jokulhlaups (Maizels 1989). Additionally, lithofacies deposited by hyperconcentrated dispersions (Powell
1990), supercritical flow (Brennand 1994), and hydraulic jumps (Gorrell and Shaw 1991) have been

described from esker and subaqueous fan deposits.

Moraines also form an important component in the complex socio-economic framework of industrialized
countries. During the past 20 years the fastest growing element of the Canadian mining industry has been
aggregate extraction. Moraines in addition to eskers form two important sources of sorted sand and gravel
used in the construction industry (e.g. Cowan 1984). Additionally, as upland areas, moraines serve an
importantrole as the headwaters of streams and as regions of groundwater recharge (Gerber and Howard
1997; Hinton et al. 1998). Also, moraines commonly form the principal regional aquifers that provide
potable water supplies for 10s to 100s thousands of people. As demand on the limited groundwater
resource continues to increase, there is a need to understand better the size and distribution of the
resource (Howard et al. 1995). Consequently, regional hydrogeological studies require the integration of
geological data and depositional facies models to improve the development of regional hydrostratigraphic
modeils, the determination of appropriate hydraulic parameters, and ultimately the construction and
interpretation of reliable numerical flow models. The importance of such integration has been highlighted
by Anderson (1989) for glacial deposits using sedimentological facies modelling techniques for
conceptualizing large-scale hydrogeological trends. The lack of such integration has been observed (e.g.
Fogg 1986; Fogg et al. 1998) to be a common problem with many site-specific and regional studies
(LeGrand and Rosen 1998).

As noted earlier by Karrow (1973), no deposit as thick as large moraines will ever be fully understood
from the study of 1-3 m deep road side-sections. To fully understand lithofacies variability, stratal

geometry and the origin of large moraines, plus the implications for deglacial and hydrogeological modeis,
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details of moraine stratigraphy and depositional mechanisms must be improved. To date, however, only
a small number of moraines have been investigated in sufficient detail, for example: Hartman Moraine
(Sharpe and Cowan 1990; Sharpe et al. 1992); Salpaussika | Moraine (Fyfe 1990), and the Oak Ridges

Moraine (Barnett et al. 1998).

1.2 Objectives

Because of the need for better stratigraphic and sedimentological control to constrain regional
hydrogeological and stratigraphic models for the western Oak Ridges Moraine (ORM) this project was
undertaken to complement the regional-scale Oak Ridges Moraine NATMAP and hydrogeology project

conducted by the Geological Survey of Canada. Three principal objectives of the study were to:

i) define the lithofacies of channel fill sediment beneath the moraine,
thereby establishing the relationship between earlier tunnel channel events and

formation of the moraine;

i) describe the lithofacies and stratal geometry of a subaqueous fan deposit in the moraine,
thereby providing a framework to better understand facies variability and stratal

geometry within the moraine and;

i) integrate objectives i and ii in order to understand the meltwater discharge flux responsible for
moraine formation,

thereby improving the understanding of the contribution of episodic jokulhiaups or

seasonal meltwater discharges to moraine genesis.



1.3 The Study Area

The Oak Ridges Moraine is located in southern Ontario north of Lake Ontario (Fig. 1). The moraine
extends ~160 km from the Niagara Escarpment eastward to Trenton. It forms the drainage divide
between Lake Simcoe and Georgian Bay to the north, and Lake Ontario to the south. The study area is
located in the western Oak Ridges Moraine, specifically that part of the moraine in the Humber River
watershed (Fig. 1). The Humber River watershed is the largest watershed draining the southern flanks
of the moraine, and extends 60 km from the Niagara Escarpment southward to Lake Ontario. The

geological setting of the study area is reviewed in Chapter Il.

1.4 Data

Data for this study consist of both, data collected by the author and archival data. These datasets consist
of field mapping sites, core logs, geotechnical logs, and water well descriptions (Table 1.2). The focus
of this study ig on the sedimentology of a small number of sites, principally sections measured in two
aggregate pits, three river sections, and eight cores (Fig. 1.2). The three river sections are located along
the Humber River between Woodbridge and Bolton. Seven cores were obtained from the interim Waste
Authority (IWA) site investigations (e.g. Golder and Associates 1994) and relogged. An eighth core was
collected by the Geological Survey of Canada (GSC) near Nobleton and logged. The archival datasets,
field site descriptions, core descriptions, geotechnical data, and Ontario Ministry of Environment (MOE)
water well data were used to provide a context for describing the spatial variability of moraine sediment
in the study area and to permit mapping of the Oak Ridges Moraine stratal thickness (Fig. 1.3). Additional

supplementary data consists of geological mapping by the Geological Survey of Canada (Russell and
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White 1997; Sharpe and Barnett 1997) and Ontario Geological Survey (Barnett and Gwyn 1997; Cowan
1984; Karrow 1991) and a digital elevation model (Kenny et al. 1999). A small number of grain size

analyses were completed and integrated with similar data from archival sources (Table 1.2).

1.5 Methods

A basin analysis approach (e.g. Miall 1984; Potter and Pettijohn 1963) was employed in this study of the
Oak Ridges Moraine. The field program was conducted during the summers of 1994, and 1995, with
minor data collection in the summer of 1996. Description of river and aggregate sections along with core
from eight drillholes was carried out in bed-by-bed detail. These data are the basis of the depositional
interpretations presented in this thesis. Moraine morphology was analyzed in a desktop GIS (Mapinfo
1998; Vertical Mapper 1999) using a Digital Elevation Model and digital geological map coverage.
Archival data were integrated with field data with the use of a simplified material code (Russell et al.
1998). Stratigraphic coding was completed manually in Mapinfo and MSAccess (1997) using Borehole
Mapper (Borehole Mapper 1998) as a viewing tool. This procedure permitted the production of the Oak
Ridges Moraine stratal surface in Mapinfo and Vertical Mapper. Grain size data were analyzed using
standard sieve techniques and a Brinkmann particle size analyzer for the < 0.063 mm size particles
(Lindsay etal. 1998). Archival grain size data from the IWA sites have been analyzed according to ASTM
standards using standard sieve techniques and hydrometers (ASTM 1994). Aithough grain size resuits
from different analytical teéhniques are known to differ no attempt has been made to quantify differences
obtained by these two different techniques (e.g. Syvitski 1991). All grain size data were piotted and
inclusive graphic parameters caiculated in Granu (Boisvert, 1999). Total organic carbon analysis was
completed using a Leco CR-12 Carbon Analyzer (Wang and Anderson 1998). Analysis for upward
thinning or thickening trends within boreholes was completed using the runs up and run down (RUD)

technique (e.g. Murray et al. 1996; Waldron 1987).



1.6 Thesis Organization

This thesis consists of six chapters, of which three are self contained chapters written in a paper format.
Chapter two provides an overview of the background geology and glacial history of southern Ontario.
Chapter three and four present lithofacies data of discrete depositional elements of the moraine. Chapter
three discusses drilicore data from two tunnel channel fills that occur at the base of the Oak Ridges
Moraine. Chapter four presents data from an aggregate pit and develops a model for the origin and
sedimentation history of a high-energy subaqueous fan deposit. Chapter five incorporates data from
chapters 3 and 4, plus data from other field and archival datasets, and landform analysis to discuss the
formation of the western segment of the Oak Ridges Moraine. The final chapter summarizes the principal

conclusions of the study.



Fig. 1.1 Location of the study area in southern Ontario with respect to other moraines in the area.

Modified from Chapman and Putnam, (1984); Barnett, (1992). Eskers from Barnett et al. (1991).
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Fig. 1.2: Location of principal study sites within the study area. Humber River watershed outlined

and course of the Humber River shown.
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Fig. 1.3. Location plots of secondary data sets used in this study to delineate the extent of the Oak

Ridges Moraine.
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Chapter i

Geologic Setting

2.1 Regional Geology

Southern Ontario is underiain by Paleozoic bedrock of Cambrian to Carboniferous age (Fig. 2.1) that
forms part of the western St Lawrence Platform (Johnson et al. 1992). The region north of Lake Ontario
occurs along the southern flank of the Algonquin Arch, a regional northeast-southwest trending structural
high separating the Michigan Basin from the Allegheny Basin. To the west of Georgian Bay and Lake
Ontario resistant Silurian dolostone of the Amabel Formation overlies more recessive strata of the
Ordovician Queenston, and Georgian Bay formations (Johnson et al. 1992). Differential erosion of
resistant dolostones and less competentunderlying Ordovician shale, siltstone and interbedded limestone
strata has formed the Niagara Escarpment (Fig. 2.1). This is a regional feature that can be traced from
Rochester, New York northwestward to Manitoulin Isiand (Johnson et al. 1992). it forms the divide
between Lake Ontario and Lake Erie wherein lake levels differ by ~100 m. The escarpment is cut by
numerous reentrant valleys (e.g. Dundas, Credit River) that were formed, or enhanced by giacial and

glacifluvial erosion (Kor and Cowell 1998; Straw 1968).

South of the Canadian Shield - Paleozoic margin (Fig. 2.1) glacigenic sediment thickness increases
dramatically, refiecting the significant decrease in the erosional resistance of the Paleozoic strata.
Consequently, southern Ontario is generally covered by up to 30 m (Karrow and Occhietti 1989) of
Quaternary sediment (Fig. 2.2) that locally is up to 200 m thick (Barnett et al. 1991; Russell et al. 1998).
The Quaternary succession consists of lllinoian and younger deposits. Pre Upper Wisconsinian strata,

are generally poorly exposed except in deep, lake and river escarpments (Barnett 1992). From water
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well logs, water quality surveys and river bank outcrops, these strata are known to occur extensively
across the Greater Toronto Area (Aravena and Wassenaar 1993; Karrow and Occhietti 1989). The oldest
Quaternary strata in southern Ontario is the lllinoian York Till (Bamnett 1992); however, this till is only
recognized where it is overiain by Sangamonian deposits. Sangamonian Don Beds have been described
from only two outcrops, the Don Valley brickyard and Woodbridge (Karrow and Occhietti 1989). Lower
and Middle Wisconsinian strata are documented from some dozen sites with the most extensively
described section cropping out in the Scarborough Bluffs along the shore of Lake Ontario. The Late
Wisconsin maximum occurred at ~20 ka BP and deposited the Catfish Creek Till (Barnett 1992) and east
of the Niagara Escarpment the Newmarket Till (Boyce et al. 1995). Overlying these diamictons and
exposed extensively across southern Ontario is a predominantly glacilacustrine silt and silt-clay till (Fig.
2.2). Locally, however, areally restricted glacifiuvial sand and gravel are associated with some moraines
(Fig. 1.1, 2.2). Of particular note is a series of moraines that extend from London toward the northeast
as far as Trenton (Fig. 2.2, Karrow and Paloschi 1996). The largest of these is the Oak Ridges Moraine,

which extends from the Niagara Escarpment eastward for ~160 km to Trenton (Chapman and Putnam
1984).

2.2 Late Wisconsin Glacial History

The deglacial history of southern Ontario first outlined by Chapman and Putnam (1984) has been
continually refined and most recently reviewed and updated by Karrow and Occhietti (1989) and Barnett
(1992). This deglacial model provides a general history of ice sheet retreat with an emphasis on ice-
marginal lakes. Consequently, the focus of the model is the documentation of ice-marginal positions and
proglacial glacilacustrine sedimentation rather than Late-Wisconsin ice-sheet dynamics and glacial or

glacifiuvial processes. Following on work of Shaw and Gilbert (1990), Barnett (1992) integrated regional
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subglacial meitwater erosion of tunnel channels into the deglacial framework. Additional interpretations
were presented by Shaw and Gilbert (1990) Who recognized large-scale meitwater events. These
interpretations have not been integrated into models of regional deglaciation. Accordingly, the traditional

deglacial model of Chapman and Putnam (1984) is reviewed first , followed by the meitwater model.

2.2.1 Deglacial model

The retreat of Laurentide ice from southem Ontario was not one of continuous northward migration but
instead was characterized by the development of thicker ice in individual Great Lakes basins, local ice
margin fluctuations and locally enhanced in situ wasting. Initial deglaciation was centered on high ground
of the Niagara Cuesta in the interiobate position between Lake Erie, Lake Huron, Georgian Bay and Lake
Ontario. Thin ice atop this bedrock high first melted near Orangeville (Chapman and Putnam 1984).
From ~20-15 ka BP (Table 2.1) the Orangeville, Waterioo and Dorchester moraines were deposited in
an interlobate glacilacustrine basin (Fig. 2.3). Ice margin fluctuations of Lake Erie, Lake Huron and
Georgian Bay lobes prior to 14 ka BP are indicated by a succession of interbedded till and glacilacustrine
and glacifluvial sediment (Table 2.1, Fig. 2.2). Where ice advanced over glacilacustrine siit the till is fine-
grained. As ice margins fluctuated, each ice lobe constructed several moraines that form a highly
complex stratigraphy (Fig. 1.1). These moraines have variable composition ranging from predominantly
till to predominantly sand and gravel (Karrow and Occhietti 1989). Ponding of meltwater in the Lake Erie
and Lake Huron basins formed a series of glacilacustrine lakes, Maumee | to Maumee IV, and
subsequently Lake Whittiesey and Arkona. (Fig. 2.3). With progressive ice retreat at ~14 ka BP these
lakes eniarged and drained into the Mississippi River system or southward across Michigan State (Barnett
1992). These and subsequent glacilacustrine lakes are significant because they permit shoreline trends
and positions to be mapped, and lacustrine fauna dated. Furthermore, shoreline deposits permit the
determination of the extent of ice-bounded and isostatic basins, which are key data used to caicuiate

rates of post-glacial crustal rebound.
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By ~14-13.5 ka BP the Ontario lobe had retreated to the Paris Moraine, a thick deposit of coarse gravel
fronted by outwash channeis (Cowan 1984; Fraser 1982) and overiain by a veneer of Wentworth Till
(Karrow 1974). The Oak Ridges Moraine has been interpreted to have been deposited in an interiobate
suture confined to the south and north by Ontario and Simcoe ice lobes and to the west by the Niagara
Escarpment (Chapman and Putnam 1984). High glacilacustrine base levels were maintained by ice
abutting against the Niagara Escarpment and outlet discharge that breached the escarpment in key
channels (Chapman 1985). Diminished melitwater discharge resulted in a change to predominantly
glacilacustrine and ice-marginal sedimentation and deposition of the Haiton and Kettieby tills. Minor
glacifluvial discharge was sustained from the Ontario Lobe as recorded by the Brampton Esker and
isolated interbeds of sand and gravel within the Haiton Till (Saunderson 1975). From about 14-13 ka, until
the collapse of the Ontario lobe around 12 ka, the central part of the lobe may have been floating on a
subgiaciat lake of ponded meltwater following earlier catastrophic discharges (Shoemaker 1991). Retreat
of the Simcoe lobe and in situ ablation of the Ontario Lobe are marked by a series of ice-supported lakes
following ~13 ka. South ofthe Oak Ridges Moraine, the Peel Ponds (White 1975) and subsequently Lake

Iroquois formed, and north of the moraine Lake Schomberg (White 1975) and Lake Algonquin.

2.2.2 Meltwater events

Subglacial meitwater discharge from episodic reservoir drainage north of the Great Lakes Basin drained
southward across the region. In the Georgian Bay area extensive bedrock erosion occurred (Kor and
Cowell 1998; Kor et al. 1991). These regional meitwater events have been reviewed by Shaw and Gilbert
(1990) and integrated into a regional outbreak event stratigraphy involving two major events, the
Algonquin and Ontarian (Fig. 2.4). The Algonquin eventis a south trending erosional discharge that most
probably sculpted regional drumlin fields and incised tunnel channels. The later Ontario event is
interpreted to have had a more westerly flow direction through the Lake Ontario and Lake Erie basins.

Downflow of Georgian Bay, these flows deposited extensive coarse sediment in Michigan (Fisher and
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Taylor 1999). In the western Lake Ontario basin erosion of Quaternary strata formed extensive erosional
drumiin fields along the top of the Newmarket Till (Shaw and Sharpe 1987) and broad, steep-walled,
southwest-trending tunnel channels (Barnett 1990; Sharpe etat. 1997; Sharpe etal. 1996). In the eastern
Lake Ontario basin, on the other hand, the same erosional surface consists of sculptured bedrock and
bedrock tunnel channels (Brennand and Shaw 1994; Pair 1997; Shaw and Sharpe 1987). Within central
Lake Ontario and Lake Erie, a very thin stratal succession is present, in addition to drumiins and scoured
bedrock (Lewis et al. 1999; Lewis et al. 1996; Lewis et al. 1997). These features can also be traced
across northern New York State (Pair 1997) and into the Finger Lakes region (Mullins et al. 1996) and
have been interpreted to have formed during a single meltwater event (Shaw and Gilbert 1990). Dating
of these events is poorly constrained, buttunnel channels in the Finger Lakes of New York State, located
up flow from the Valley Head Moraine, have been dated at ~14.5 to 14.0 ka (Mullins et al. 1996). These
dates compare favourably with the estimated time of formation of the Oak Ridges Moraine around 13.5
ka BP (Barnett 1992). Using these time estimates and sedimentological evidence Barnett et al. (1998)
suggested that the tunnel channel fill and moraine formation were reiated. The sequence of regional
meitwater events that formed drumiin fields and tunnel channels and deposited various moraines
illustrates the general lack of understanding of the deglacial event-sequence of southern Ontario and

probiems of integrating emerging meitwater evidence within the more established deglacial models.

2.3 Geology of the Greater Toronto Area

To facilitate regional subsurface mapping in the Oak Ridges Moraine and Greater Toronto (GTA) areas
a regional stratigraphic framework was developed by Sharpe et al. (Sharpe et al. 1996, 1999) based on
regional surficial geological mapping (Fig. 2.5), drillhole, and seismic studies (Pullan et ai. 1994). This

framework amalgamates all deposits between bedrock and overlying Newmarket Till into a single stratal
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unit informally termed the lower deposits (Table 2.2). Overlying the lower deposits, the model consists
of four elements (Fig. 2.6): Newmarket Till, regional unconformity, Oak Ridges Moraine, and Haiton Till.
Each of the elements is reviewed briefly below followed by a review of the Oak Ridges Moraine
depositional model developed recently by Barnett et al. (1998). Recent deposits, such as alluvium, are
notexplicitly treated in the framework because they are mostly restricted to river valleys and are generally

< 5 m thick.

2.3.1 Bedrock surface

The bedrock surface is a regional unconformity that is not exposed in southern Ontario but is exposed
to the north where it is concident with exposed surface of the Precambrian Shield (Fig. 2.1).
Physiographically the surface consists of a number of buried and exposed escarpments and valleys
(Karrow and Occhietti 1989). The most prominent topographic feature is the Niagara Escarpment, that
crops out along the western border of the area. Immediately to the east is the Laurentian Channel, a
buried bedrock valley that has been suggested to have connected Georgian Bay and Lake Ontario prior
to the Quaternary (Eyles et al. 1985; Spencer 1890). Along the north shore of Lake Ontario a number

of smaller valleys rise to the north from Lake Ontario (Brennand et al. 1997).

2.3.2 Lower deposits

This package of sediment consists of ~7 stratigraphic units described primarily from exposures in the
Scarborough Biuffs and Don Valiey Brickyards. These units are regionaily extensive and are composed
of a wide variety of iithofacies. The lowest unit is the York Till which has been identified in outcrop
(Karrow 1967; White 1975) and tentatively correlated with strata in drillhole core (Russell and Pullan
1998; Sado et al. 1983).This silty sand till is overiain by siit and sand of the Don Formation. The Don
Formation has been mapped along the Don Valley, in outcrop near Woodbridge (White 1975) and in core

from the Nobleton area (Russell and Pullan 1998). On the basis of macrofossils, peat, and pollen in sand
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and siit these sediment are assigned to the Sangamonian interglacial, (e.g. Eyles and Williams 1992;
Karrow 1967). The Don Formation is overiain by the Scarborough Formation which consists of a lower
silt-clay unit overiain by a sand unit (Karrow 1967). This formation has been correlated regionally on the
basis of drillhole geophysics (e.g. Eyles et al. 1985), and the presence of abundant organic debris (e.g.
Sharpe and Bamnett 1997a). High dissolved organic contents in water wells (Aravena and Wassenaar
1993) can be used to infer either Don or Scarborough formations at depth. The Scarborough is
interpreted to be a braided outwash and deltaic deposit (Eyles and Eyles 1983; Kelly and Martini 1986).
The Sunnybrook Till is a regionally extensive < 30 m thick silt diamicton unit that crops out along the
Scarborough Bluffs (Eyles et al. 1985; Karrow 1967). The depositional environment of this unit has been
much debated and may be of glacial (Karrow 1967) or lacustrine origin (Eyles et al. 1985). The
Scarborough Formation is in turn overlain by the Thorncliffe Formation. It has been most extensively
mapped along the West Duffins Creek and consists mostly of sand (Sharpe and Barnett 1997a). In
contrast, to the northwest beneath the Oak Ridges Moraine, it consists mostly of siit-clay rhythmites that
are bioturbated along bedding planes (Russell and Pullan 1998). The Thorncliffe Formation has been
variously interpreted as a deltaic deposit(e.g. Eyles and Williams 1992) or as a subaqueous fan deposit

(Sharpe and Barnett 1997a).

2.3.3 Newmarket Till

Newmarket Till is exposed north of the Oak Ridges Moraine (Gwyn and DiLabio, 1973), and to the south
(Sharpe et al. 1997). Beneath the Oak Ridges Moraine and Haiton Till it has been intersected by
boreholes, river sections, and interpreted from seismic data (Pugin et al. 1999). The base of the unit
typically occurs between 200 and 220 m a.s.l. (above sea level) within the Uxbridge wedge (Sharpe et
al. 1996). itis a dense, stony, silty sand till, that is 5-30 m thick in outcrop. Discontinuous sand horizons
< S mthick and cobble-boulder horizons are common. in addition Newmarket Till is characterized by high

seismic velocities, generally > 2000 m s™* (Boyce et al. 1995; Pugin et al. 1999).
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2.3.4 Regional unconformity
This surface is best exposed north of the Oak Ridges Moraine (Sharpe et al. 1996), where it overlies
Newmarket Till. Erosional features consist of drumiins and tunnel channels (Sharpe et al. 1996). Based
on downhole geophysics and seismic reflection surveys, the unconformity has been shown to extend
southward beneath the Oak Ridges Moraine (Gwyn and Cowan 1978; Pugin et al. 1999). Where the
Newmarket Till has been eroded the surface overlies lower deposits. In this case it is recognizable on
the basis of distinct changes in organic carbon content, macrofossil, trace fossil assemblages, lithofacies,

and geophysical properties (Eyles et al. 1985).

2.3.5 Oak Ridges Moraine

The Oak Ridges Moraine is a large polygenetic landfcrm extending for 160 km eastward from the Niagara
Escarpment (Bamett et al. 1998). Itranges from 0.1 to 10 km wide and where it overlies tunnel channels
incised along the regional unconformity it may be up to 150-180 m thick. The moraine consists
predominantly of gravel, sand, and silt (Barnett et al. 1998; Duckworth 1979; Gilbert 1997; Paterson and
Cheel 1997). Based on surface morphology the Oak Ridges has long been interpreted as an interiobate
moraine (Chapman and Putnam 1984). The majority of investigations of the Oak Ridges Moraine have
been morphological with only a small number of sedimentological studies (Barnett et al. 1998; Duckworth
1979; Gilbert 1997; Paterson and Cheel 1997) (Tabie 2.3). The emphasis on morphology is largely
because of the recessive erosional nature of sand-rich, near-surface strata of the moraine. Only in the
past 30 years, principally because of extensive aggregate extraction and drilling, have sedimentological
studies been possible. Duckworth (1979) was the first to apply modern sedimentological analysis to the
western end of the moraine and concluded that the moraine was of braided fluvial origin and not an
interiobate feature. More recentwork, however, has suggested thatthe moraine is a polygenetic landform
(Barnett et al. 1998) composed of subaqueous fan deposits (e.g. Paterson and Cheel 1997), basin

sediment (Gilbert 1997) and that only the youngest strata were deposited by subaerial fluvial processes
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(Bamnett et al. 1998). The origin and depositional history of the Oak Ridges Moraine is discussed in

section 2.4.

2.3.6 Halton Till

This unit includes the Haiton and Wildfield tills south of the Oak Ridges Moraine and the Kettieby Till to
the north of the moraine. South of the moraine, the Halton Till extends from Hamilton (Karrow 1963)
northward across the GTA along the southern flanks of the Oak Ridges Moraine (Sharpe et al. 1997;
White 1975). Where it onlaps the Oak Ridges Moraine the terrain typically exhibits a hummocky
topography (White 1975). On the north side it is generally restricted to the Alliston and Newmarket map
areas. Within the southern Humber River watershed it is < 50 m thick, but eastward thins to generally <
10 min thickness (Russell and Amott 1997). The Halton Till consists of silt to clay-siit till interbedded with
lacustrine sediment and glacifluvial sand. The diamicton has been interpreted as subglacial debris flow

and rain-out deposits (e.g. Russell and Armott 1997; Sharpe et al. 1997).

2.4 Depositional Model of the Oak Ridges Moraine

Recent work by Barnett et al. (1998) suggests that the moraine is a polygenetic landform that formed
in four discrete depositional stages: subglacial, subaqueous fan, deitaic and ice-marginal sedimentation

(Fig. 2.8).

2.4.1 Stage I: subglacial sedimentation
Coarse gravel and thick deposits of sand were deposited by waning meltwater flows along the tunnel
channel network (Fig. 2.8). Deposition may have started during the waning stages of the erosional event

that formed the tunnel channeis or from flows that reoccupied pre-existing channels. Channel deposits
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consist of large mesoforms up to 10 m high and wavelengths of 200 m (Shaw and Gorrell 1990);
macroforms with similar dimensions have been documented from the Spokane outbreak floods of
Washington (e.g. Baker 1978). Similarly, clinoforms imaged on seismic reflection data from channel fills
beneath the Moraine also have comparable dimensions (Pugin et al. 1999). Several metre-high
mesoforms indicate relatively deep flows of 30-40 m or more and palechydraulic calculations from

boulders in these deposits suggest flow speeds of 2-10 m s™ (Shaw and Gorrell 1990).

2.4.2 Stage li: subaqueous fan sedimentation

Gravel and sand deposits, particularly massive sand and gravel deposits in addition to climbing bedforms
are key facies described from sections in aggregate pits in the central part of the Oak Ridges Moraine
(e.g. Paterson and Cheel 1997). In conjunction with the absence of topset and foreset beds, and the
extensive evidence of rapid flow expansion (e.g. climbing small-scale cross-stratification) these strata
have been interpreted as subaqueous fan deposits formed where a subglacial conduit entered a
glacilacustrine environment (Fig. 2.8). Proximal sand and gravel rich subaqueous fan deposits grade

rapidly into a rhythmic silt-dominated basin succession thatlocally consists of ~100 varves (Gilbert 1997).

2.4.3 Stage lli: subaqueous fan to delta sedimentation

Broad, low-relief landforms consisting of sand and gravel strata, and finer silt-clay rhythmites have been
interpreted as proximal and distal deita deposits respectively. Deitas formed due to a local fall of
baselevel or because aggrading subaqueous fans locally filled the basin (Fig. 2.8). Elsewhere locai

subaqueous fan sedimentation continued.

2.4.4 Stage IV: ice-marginal sedimentation
Thick successions of interbedded massive diamicton, laminated silt and sand, and gravel have been

interpreted as glacilacustrine ice-marginal deposits (Fig. 2.8). Meltwater discharge was dominated by
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diurnal meltwater fluxe and low rates of sedimentation. Intermittent grounding of glacier ice restricted
subglacial glacifluvial discharge to conduits and deposition of isolated glacifluvial deposits (e.g.Brampton
esker Saunderson 1976) that form interbeds in the thick glacilacustrine succession termed the Haiton

Till (Karrow 1963; Russell and Amott 1997; Sharpe 1987; White 1975).

2.5 Geological Setting of the Humber River Watershed

Most of the western Oak Ridges Moraine occurs in the Humber River watershed, which is the focus of
this study. The watershed covers an area of 900 km? (Fig. 2.9) and is the largest watershed in the GTA.
Itdrains from headwaters along the Niagara Escarpment and flows southward into Lake Ontario. Detailed
geological investigations in the area have been limited. The most extensive publically available work are
regional surficial geological maps (1:50,000 scale Barnett and Gwyn 1997; Cowan 1976; Russell and
White 1997; Sharpe and Barnett 1997b; White 1973; White 1975). In addition, local subsurface site
investigations were conducted during the early 1990s for the Interim Waste Authority by R. Blair (Golder
and Associates 1994) and by M. Gomer (Fenco MacLaren 1994). These studies focused primarily on
the vertical changes in sediment grain size with littie attention to other sedimentological characteristics.
The following reviews watershed physiography, bedrock topography and the thickness and lithofacies of
the key stratal units in the lower deposits, Newmarket Till and Haiton complex. The Oak Ridges Moraine,

glacifluvial, glacilacustrine, and alluvial units, are summarized in (Table 2.2).

2.5.1 Physiography and landforms
The headwater of the main branch of the Humber River rises along the Niagara Escarpment in the
western margin of the watershed at 390 to 440 m a.s.| (Fig. 2.9). Along the crest of the escarpment are

a number of small moraines, including the Singhampton and Gibraiter moraines. Eastof the escarpment
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and north of the East Humber River are two areas of hummocky topography associated with the Oak
Ridges Moraine (Unit 5, Fig. 2.5, 2.9). These areas are aiso extensively dissected by modern fluvial
erosion. On the basis of the digital elevation model it is difficult to determine whether previously mapped
hummocky terrain (White 1973) is a depositional landform element or the resuit of post-depositional
erosion. South of the Oak Ridges Moraine an area of low-relief Halton Till has been incised by post-
glacial drainage. This is due to changes in base level associated with Lake Iroquois and subsequent Lake

Ontario water levels.

2.5.2 Bedrock geology, topography and drift thickness

The Ordovician Queenston and Georgian Bay formations (Liberty 1969), subcrop at the base of the
Niagara Escarpment and crop out along the Humber River (White 1975). Silurian Amabel Formation and
the Clinton and Cataract groups form the Niagara Escarpment (Sanford and Baer 1981). The Paleozoic
bedrock has a highly variable surface topography (Fig. 2.10b). Some tributary valleys can be traced from
the escarpment eastward to a buried bedrock valley extending from Georgian Bay to Lake Ontario,
previously named the Laurentian Channel by Spencer (1890; see also Brennand et al. 1997; Eyles et
al. 1985). Relief between the base of the Laurentian Channel and the crest of the Niagara Escarpment
is ~300 m. Quaternary sediment s up to 200 m thick in the northeast corner of the watershed (Fig. 2.10b).
The sedimentis thickestin the northeast where the Oak Ridges Moraine overlies the Laurentian Channel;
it thins both toward the Niagara Escarpment and southward toward the Humber River. Southwest of the

Humber River a broad bedrock high commonly has a sediment cover of <20 m.

2.5.3 Lower deposits
These strata have long been recognized to outcrop in a railroad embankment near Woodbridge (White
1975). Based on their stratigraphic position, organic content, and fossil content, York Till, Don Beds and

Scarborough Formation sand have been described from this section (White 1975) or locally from drilling
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(Kelly 1994).These strata, in addition to the Thorncliffe Formation, are aiso present in core DH-Nob
(Russell and Pullan 1998). Thorncliffe Formation rhythmites have aiso been recognized during field
mapping in river bank outcrop from east of Kleinburg, and possibly along the bottom of the Humber River.
The continuous core from DH-Nob provides the most complete record of the lower deposits in the

watershed and the following description is of that core (Fig. 2.1; Russell and Pullan 1998).

The York till overlies bedrock and is an~5 m thick unit of silt-sand till with ~10 % pebble size clasts. Near
the base of the unit clasts are predominantly shale butigneous and metamorphic lithologies become more
common upward. The tillis mostly massive with minor sand interbeds and based on texture, and massive
structure is interpreted to be a lodgement till (Russell and Pullan 1998). As it underlies Sangamonian

strata it has been interpreted to be deposited during the lllinoian Stadial (White 1975).

The Don Formation abruptly overlies the York till and is ~23 m thick and consists of ~60 units that are up
to 30 cm thick. It consists of pebbie gravel, cross-bedded sand and silty fine sand. Organic material
consists of shells, wood fragments, and mm-iong detrital organic fibres dispersed in fine to coarse sand
(Fig. 2.12). The Don Formation is interpreted to represent deposition in a shallow, high-energy, littoral

environment (Eyles and Clark 1988).

The Scarborough Formation is ~39 m thick and consists of ~1260 units of fine sand to clay. Fine sand
and siit are horizontally micro-laminated or smali-scale cross-laminated and detrital organic debris is
commonly dispersed throughout (Fig. 2.12). The succession has an overall upward-fining trend with
secondary upward-coarsening cycles. On geophysical logs, particularly the gamma and conductivity logs,
a well-defined asymmetric signature is interpreted to indicate an upward-coarsening trend (Fig. 2.11).
Strata of the Scarborough Formation are interpreted to have been deposited in a proximal deitaic

environment.
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The Thorncliffe Formation is 65 m thick and consists of ~2300 units of fine sand, silt or clay (Fig. 2.13).
The fine sand-silt part of couplets average ~5 cm thick and are capped by clay strata generally < 1 cm
thick. Sedimentary structures are dominated by horizontal micro-laminations and small-scale cross
laminated fine sand. Horizontal trace fossils are common along silt and clay bedding planes. The unit
comprises a number of stacked upward coarsening cycles that become sandier and consist of thicker
varves upward. This trend is well defined on borehole geophysical logs (Fig. 2.11). Based on lithofacies
and lithofacies-association these strata are interpreted to have been deposited in a distal proglacial delta

setting.

2.5.4 Newmarket Till

Newmarket Till crops out in the lower southeastern part of the watershed, locally along the Humber River
(e.g. Kleinburg), and atop Mount Wolfe. Where observed in section the iower contact was slump covered
and therefore the thickness is unknown, but it is at least 3 m thick. On the basis of seismic data
Newmarket Till has been interpreted to be present across the northeastern corner of the watershed and
to be up to 20 m thick (Pugin et al. 1999). The Newmarket Till is a dense silt-sand diamicton with 10 to
15% pebbles. Gravel clasts are mostly Paleozoic carbonate and shale with minor crystalline bedrock
lithologies (Fig. 2.14). A possible correlative facies of the Newmarket Till occurs north of Mono Mills
where the till is characterized by a red matrix with abundant dispersed Queenston Shale clasts. The

Newmarket Till has commonly been interpreted to be lodgement till [Sharpe, 1997 #439].

2.5.5 Halton complex

The Haiton Till is considered by Bamett et al. (1998) to be the final puise of Oak Ridges Moraine
sedimentation (Fig. 2.6, 2.8). Consequently, itis discussed here in some detail to highlight the important
changes in sedimentation history in Late Wisconsinian ice-margin dynamics during the final stage of Oak

Ridges Moraine deposition. Although it is commonly referred to as the Haiton Till, it in fact consists of an
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interstratified succession of diamicton, sand and gravel, and silt-clay (Russell and Amott, 1997). Within
the Humber River watershed the Halton complex (defined herein) consists of three formal stratigraphic

units, the Wentworth, Haiton and Wilidfield tills and associated interstratified sediment.

Subsurface work in the West Humber River watershed has shown the Hailton complex to be up to 52 m
thick (Golder Associates 1994a). The sandy-silt Wentworth Till is the lowest till unit and has been mapped
from excavations by White (1975), and interpreted to be a coarse layer at the base of the Haiton Till
(Sharpe 1987). The silt-rich Haiton Till was originally defined in the Hamilton area (Karrow 1963) and
subsequently correlated with strata in the Bolton (White 1975) and Port Hope areas (Martini et al. 1984).

In the Humber River watershed, the younger, fine-grained siit-clay Wildfield Till (White 1975) has been
mapped southwest of Bolton. In the Hamilton area the Wildfield till was not differentiated from Haiton Till
(cf. Karrow 1963). The Halton complex forms a low-relief plain south of the Oak Ridges Moraine (Fig. 2.6,

Chapman and Putnam 1984).

Diamicton lithofacies. This is the most common lithofacies and crops out extensively in the area (Figs.
2.9, 2.10). The lower contact is locally sharp, interbedded or gradational with underlying silt and sand.
Itis a massive to faintly laminated clay-silt to sand-silt diamicton with less than 20 % gravel clasts (cf.
Golder Associates 1994), of which only 2% are coarser than granule size (Fig. 2.15). Pebbles are mostly
subrounded to subangular and consist of carbonate, siltstone, shale, and granite gneiss. Intraclasts,
although uncommon, are composed of 2-5 mm long silt and clay rip-ups and less commoniy 5-10 cm
sand clasts. Sharp-based, erosionally truncated, 40 cm long by 30 cm thick, cross-stratified sand lens
crop out in river sections (Fig. 2.15). Stratigraphically upward the facies becomes more massive and

finer-grained with a decrease in gravel content.

Sand and gravel lithofacies. The sand and gravel lithofacies occurs as discontinuous layers consisting
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of ripple-drift-laminated fine sand to medium-scale cross-bedded and pianar-laminated pebbly coarse
sand. In addition, there is a coarser subfacies composed of matrix- to clast-supported cross-bedded
pebble and cobbie that form beds up to 30 cm thick. The lower contact, is typicaily marked by an abrupt
transition from diamicton. Intraclasts consist of 2-4 mm long clay clasts and less commonly 1-2 cm long
diamicton clasts. Deformation is common and includes normal and reverse faults with 1-2 cm offsets and
minor folds. Paleoflow was commonly toward the northwest to northeast. Minor organic detritus occurs

in some beds.

Silt - clay lithofacies. This facies consists of fining-upward silt to clay rhythmites. Clay laminae are
massive and commonly ~5 mm thick, rarely exceeding 1 cm. Siit deposits vary from 1 mm to 3 cm thick.
Silt laminae are sharp-based and commonly have minor sand just above the basal contact. Rare gravel

clasts are up to 2-3 cm in diameter.

The Halton complex was deposited during the latest stages of deglaciation of Lake Ontario(Karrow 1974).
Diamicton is interpreted to have been deposited by a number of mechanisms, including debris flow, ice-
proximal rain-out, and subglacial processes. The occurrence of isolated thin beds of diamicton is
interpreted to mark the change from glacifluvial-deltaic (stage Ili) to ice-marginal (stage IV) sedimentation
(Fig. 2.8). This is supported by paleoflow measurements in the sand and gravel strata aiong the Humber
River, where paleoflow direction changes from dominantly westerly in stage il to northerly within stage
IV ( Halton complex). Sand and gravel is interpreted to have been deposited within subglacial conduits
or as underflows in an ice-proximal setting. Siit-clay rhythmites highlight the variable dynamics of the
glacial lake basin and indicate periods of low-energy sedimentation temporarily interrupted by higher
energy events. The thickness of the Haiton compiex was probably influenced by the pre-existing lake
bottom physiography, whereby thicker stratal successions accumulated in topographic lows. In the upper

Humber River watershed, deposition of Halton complex indicates decreased meltwater discharge from
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sources to the north and south, and a change to predominantly ice marginal depositional processes within

a glacilacustrine grounding-line zone.



Fig. 2.1. Simplified bedrock geology of southem Ontario classified by stratigraphic period. Digital
data replotted from OGS (1993).
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Fig. 2.3. Selected stages of deglaciation of southern Ontario, from Chapman and Putnam (1955). (a)
Formation of the Orangeville and Waterloo moraines. (b) Initiation of Ontario island. (¢c) Lake Maumee
stage and formation of Singhampton Moraine. (d) Formation of late stages of Oak Ridges Moraine.
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Fig. 2.4. (a) Digital Elevation Model of Great Lakes region, red is high and blue is low elevations (from
Lewis et al. 1999). (b) Proposed meitwater flow paths for the Late Wisconsin erosional outbreak
meitwater events across southern Ontario, (from Shaw and Gilbert 1990).






Fig. 2.5. (a) Legend for the surficial geology map of the Greater Toronto Area. (b) Surficial geology
map of the Greater Toronto Area, from Sharpe et al. (1997).
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LEGEND

QUATERNARY PERIOD ( ~last 2 million yesrs)
n Rocent Deposite: sond, gravel sad diamictes: | - 3 m thick: includes wind-derived. landslide. siope.
groundwanr sapping. laksshore deposits and fill

1e River Deposits: sand and gravel
& gravel, sand, sik, clsy, muck; |-2 m thick; occurs on modern floodpisins
b gravel, sand, silk, clay: 1-8 m thick; forms river deltas and terraces of easly post-giscial age

- Ovganic Deposits: peat, muck sad marl, -7 m thick: occurs in wetlands
s Glaciel Lake Depasite*: sand sad gravel (minor diamicton)

o sand and silty sand, | t0 >50 m thick; occurs in basin lows and nearshore flats
b gravely sand and gravel, 1-5 m thick; raised shorelines or bars

- Glacial Lake Depusine’: ot and ciny, msssive 0 laminsted
& silt and clay inserbedded with diasmicton and some lone stones, | -10 m thick; occurs in besins.
b silt and clsy; 1-5 m thick; laminations deformed in basin fills

6 Gilacial River Deposite’: sead sad gravel (minor diamicion)
3 a. sand: 1-15 m thick; occuss as eskers, valiey fills and \erraces
b, gravel; 1-1S m thick; occurs as eskers, valley fills and terraces

Moersine Deposits: fine sand to gravel
8. fine sand, some gravel, minor silt, clay and diamicton; 1-50 m thick; riv-+hunic beds common
Lmdmnm“mdpvdndml-mawwm
(s and b occur in disorganized hills, d ions and

Glacial Deposies (i) ciayey siit o slit, 1-2% swoe content; | -1S m thick; occurs in till or lake plains often
with interbedded fine sand, silt and clay
s Wildfield / Kettieby*
. Halton
¢. Tavistock

Glacial Deposits (tii0): sandy siit t» sand, > 3% stone content; stratified interbeds; 1-50 m thick: forms uplands
4. Wentworth

L Newmerkeunonthem /Bowmaaville

Lewer (driRt) Depesits: dit, fine-medism saad, sad lominated st sad clay, -0 2t cvmdn il
8 Upper Thomeliffe Formation / Clarke bads; h. Seminary / Meadowciiffe / Bondhead tills;
L Lower Thomcliffe Formetion / Clecke beds; j. Sunnybrook / Port Hope till;k. Scarborough Formation:
& Don Formetion: ss. York Till: & Stratified sediment, dominantly sand; e. Soatified sedirment,

dominantly sikk and clay
Unconformity (inserval with 0o deposits and/or major evosion)
PALROZOIC (rocks >400 million yesrs in this ares)
- Sedreck: imy mudrock and ciastic sedimentary reck
& bedrock-drift
. clastic (sandetone or shale)
¢ carbonste

1. Pes/Schomberg ponds sbove, Lake lroquois/Algonguin below raised shorelines
2. Subgiacial and/or progiacial outwash
3. Wildfisid south of ORM snd Kentieby north of ORM; sub units in units 2-4 are listed in stratigraphic order: 2-0

Nete: The legead is net strictly stratigraphic.
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Fig. 2.6. Schematic block model of the regional Quaternary stratigraphic framework of the Greater
Toronto Area, modified from Sharpe et al. (1999). Note regional Late Wisconsin unconformity along
upper surface of drumiinized and channelized Newmarket Till. Oak Ridges Moraine sediment overlies
unconformity. For clarity channel fill layer has been omitted. Drawn by J. Glew.
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Fig. 2.7. Distribution of mapped tunnel channels north of the Oak Ridges Moraine, modified from
Sharpe et al. (1996). Note that surface expression of channels is truncated by Oak Ridges Moraine.
For subsurface channel geometry, see Fig. 2.11.
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Fig. 2.8. Conceptual depositional model of the four formative stages of the Oak Ridges Moraine, from
Barnett et al., (1998). Depositional order is indicated by roman numbers in top right corner of inset
boxes. Drawn by J. Glew, 1997.
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Fig. 2.10. (a) Bedrock geology of the Humber River watershed. Across most of the watershed the
geology subcrops beneath up to 200 m of Quaternary sediment. Geology from OGS digital data set 6 (b)
Bedrock topography of the Humber River watershed, modified from Brennand et al. (1997). The western
margin of the Laurentian Channel is coincident with the lowest areas along the eastern edge of the
watershed. (c) Quaternary geology of the study area, geology from Sharpe et al. (1997) (d) Sediment
thickness of the Humber River watershed, modified from Russell et al. (1998). Note general trend to
thinner Quaternary sediment toward the south. Scale and orientation of all figures are the same as (a).
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Fig. 2.11. (a) Sediment log and downhole geophysics of the Nobleton drillhole, from Russell and
Pulian, (1998). Note strong geophysical trends for Scarborough and Thorncliffe formations compared
to Oak Ridges Moraine sediment. (b) Reflection seismic profile adjacent to the Nobleton drillhole,
seismic data from Pugin et al. (1999). Note strong horizontal reflectors of lower deposits truncated
west of the drillhole. Truncation surface is interpreted as base of buried Holland Marsh tunnel channel
and part of the Upper Wisconsin regional unconformity.
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Fig. 2.12. (a) Don Bed Formation sand with shell fragments of the lower deposits at the base of the
Nobleton core. (b) Scarborough Formation sand and organic debris of the lower deposits from the
Nobleton core.(Russell unpublished).
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Fig. 2.13. Thorncliffe Formation silt-clay rhythmites of the lower deposits. (a) Rhythmites in the
Nobleton core. (b) Close-up of rhythmites in the Nobleton core showing fine planar laminae, not
from (a). (c) Outcropping rhythmites near Kleinburg.
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Fig. 2.14. Newmarket Till outcrop near Kleinburg. Note abundance of oversized clasts and sandy
matrix. Wooden handle is ~ 1 m long.
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Fig. 2.15. Halton Till, (a) massive silt diamicton with granules, (b) lens of cross-stratified sand in a siit-
sand diamicton. Intervals on scale is 10 cm.
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Table 2.1. Regional correlation for the Stratford-Toronto region (modified from Karrow, 1974, ages

from Bamett, 1992).

Age Time Stratford Listowel Gait-Hamilton Toronto
(ka) Classification* (Huron (Georgian (Erie-Ontario (Ontario Iobe)
lobe?) Bay lobe?) lobe)
10 Holocene
Wisconsinan
Late
Halton Till Haiton Till
13 Port Huron Stade Wentworth Till
Mackinaw .
Oak Ridges
13.4 Interstade Moraine
TillM Eima Till* (N)
14.8 Port Bruce Stade | Stratford Tillt
Tavistock Morington Till* Port Staniey Till (W)
Tirr (D) Maryhill Tili* (P)
TilH Tavistock Till*
. ©)
15.5 Erie Interstade Stirton Till* (8)
Catfish Catfish Creek Till NewmarketTill
. Creek Till Older Till
20 Nissouri Stade Catfish Creek
Till
Older Till
Middle
2 Plum Point . )
Cherry Tree Older tilis? Upper Thomcliffe
Fm
Fossiliferous | Fossiliferous sed Meadowcliffe Till
sed Middie Thomncliffe
Fm
40 Port Talbot Seminary Till
Lower Thomcliffe
Fm
Early
Guildwood Oider tills? Older tilis? Sunnybrook Till
60 St. Pierre Pottery Road Fm
Nicolet Scarborough Fm
115 Sangamonian Don Fm
>135 lllinoian York Tiil
Notes: Upper case letters in parentheses following full names are the informal designations of
Karrow (1971)
Tills designated only by a letter retain informal nomenciature of Kamow (1971).
*From Dreimanis and Karrow, 1972.
New name.
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Tabie 2.2 Stratigraphic sequence of Quaternary deposits in the Oak Ridges Moraine area. Modified from Sharpe et al.. (1997).

Stratigraphic unit Explanation/description Age Regional
years Stratagraphic
ka Framework
Quaternary period present to 1.8 million years ago - glacial time
Recent (Holocene) epoch interglacial since 10,000 BP <10ka
Alluvium sediment deposited by modem rivers
Older alluvium sediment deposited by rivers in terraces and N/A
deitas
Organic deposits wetlands
Pleistocene epoch 10,000 to 1.8 million years ago
Late Wisconsinan ~12-25
Glacial lake deposits iroquois/Algonquin/Peel/Schomberg (sand, silt,
Glaciofluvial deposits clay) Haiton Till
deposits of high-energy streams (sand and
gravel)
Wilfield / Kettleby tills? interbedded glaciolacustrine diamicton Haiton Till
Halton Till interbedded with clay, silt and fine sand
Wentworth / Upper Leaside tilis may be part of Halton
Oak Ridges Moraine sediments thick glacial lake deposits overiie regional Oak Ridges
unconformity Moraine
Port Staniey / Tavistock tills Lake Ontario / Lake Huron derived till N/A
unconformity
Newmarket Till Late Wisconsin Maximum, regional till Newmarket Till
Middie to Early Wisconsinan ~25-100
Upper Thomcliffe Fm / Clarke Beds® deltaic / subaqueous fan sands / lacustrine
varves lower
Seminary/Meadowcliffe/Bondhead tills thin diamictons deposits
diamicton separating Thorncliffe sands
Lower Thorncliffe Fm / Clarke Beds sand and clay rhythmites
Sunnybrook / Port Hope tills may form regionai till sheets ~30-50
Scarborough Formation glacilacustrine,detrital organics (~122 m asi at
biluffs) ~30
Sangamonian >115 lower deposits
Don Formation warm-climate (+3°C) sand, silt and ciay
Itincian lower deposits
York Till till on bedrock
unconformity no deposits and/or major erosion unconformity
Paleozoic Era 543-230 million years ago
(Ordovician- Devonian) carbonate; sandstone or shale N/A

Milfield occurs south of ORM; Kattieby octurs north of ORM.
2Units in itaics refer to strata found east of Oshaws; see Brookfiekt ef al. 1962
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Table 2.3 Development of ideas on extent and origin of Oak Ridges Moraine (ORM). Modified from

Bamett et al. (1998).

Author Contribution
Bigsby (1829) Noted “Oak Ridge,” the height-of-land, north of Toronto
Logan (1863) Suggested moraine extended from Niagara Escarpment to east of Trent River
Taylor (1913) Formally defined “Oak Ridges Moraine™; extended from King City and Mapie to the Trent

Chapman and Putnam
(1943)

Gravemor (1957)

Mirynech (1962, 1978)
White (1975)

Gwyn (1972)
Gwyn and Dil.abio (1973)
Duckworth (1975, 1979)

Gwyn and Cowan (1978)
Chapman (1985)
Bamett (1992, 1993, 1994)

Gorrell and McCrae (1993)

Brennand and Shaw
(1994)

Gilbert (1997)
Paterson (1997)
Barnett et al., (1998)

River; inferred interlobate and overiapping nature (Lake Ontario Lobe, younger, and Lake
Simcoe Labe, oider)

Modified Taylor's definition of ORM; included smailer moraines named by Tayior extending
the moraine to the Niagara Escarpment and to approximately Trent River (e.g., Logan 1863);
agreed to interlobate origin (most accepted definition of ORM)

ORM interiobate and may be old and, in part, palimpsest, having been overridden by a
readvance from the north

Eastern ORM moved west of Trent River (Castieton); ORM was not overridden
Redefined ORM in west based on sediment character; identified a separate Paigrave
Moraine (Lake Ontario ice only); ORM to inciude only interiobate high-level sands in King
Township

Sandy till underiies ORM north and south (Newmarket; Bowmanville Tills)

Paigrave Moraine extended to all areas on south flank of ORM covered by Halton Till

Paigrave Moraine extended into Newmarket area; ORM not interiobate; a braided stream
deposit fed from the south

ORM not an interlobate moraine; it is a young feature (~13 ka)

identified strong regional control on water level and sedimentation within ORM

ORM is interiobate and composite (e.g., Taylor 1913); subaqueous fans, deitas, end
moraines of both northern and southem ice lobes; one till, Late Wisconsinan, underlies
ORM; linked tunnel valieys and ORM genesis

ORM has subglacial origin in eastern area; ORM linked to eskers, tunnel channeis

Early part of ORM was deposited in a subglacial depositional environment (esker)

ORM sediments at Vandorf formed in 100 m deep lake in about 100 years
Subaqueous fan model for part of the Uxbridge wedge
Has several depositional environments: subglacial, ice-marginal, and proglacial lacustrine;

ORM comprises smaller landforms, including Paigrave Moraine; ORM is linked to channel
filling; sedimentation was rapid, a few hundred years at most
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Chapter Il

Sedimentology
of a Tunnel Channel Fill

3.1 Introduction

Erosional landscapes formed by large, catastrophic meltwater discharge events from subglacial drainage
networks were once considered anomalous (e.g. Bretz 1969). Episodic drainage processes are now
recognized to be common events during the waning of the Laurentide Ice Sheet (Shaw 1996), and other
continental (e.g. Piotrowski 1994; Sawagaki and Hirakawa 1997), and outlet glaciers (e.g. Fleisher et al.
1997). One element of this meltwater landscape is tunnel channel (valley) networks. These networks
have been mapped from extensive regions once covered by Pleistocene ice sheets, particularly in North
America and western Europe (e.g. Cofaigh 1996). The Great Lakes basin of central North America (Fig.
3.1).the Scotia Sheif, North Sea and northern Germany are areas in which extensive channel networks
have been reported. The plan and cross-sectional geometry of tunnel channels have been well defined
by landform analysis (e.g. Brennand and Shaw 1994; Fisher and Taylor 1999), seafloor mapping (e.g.

Loncarevic et al. 1992) and seismic reflection surveys (e.g. Pugin et al. 1999).

The sedimentary fill of tunnel channels is poorly understood. In many cases the stratigraphic detail of the
thick fill of buried channels has been delineated by seismic facies analysis (e.g. Boyd et al. 1988; Mullins
et al. 1996), and low-quality water well boring descriptions (e.g. Ehlers and Linke 1989). Outcrop and
continuous drill core studies and acquisition of high quality sedimentological data, on the other hand, are
comparatively rare (e.g. Eyles and McCabe 1989; Shaw and Gorrell 1990; Weliner et al. 1996). Seismic

data resolve large-scale stratal geometries, but generally lack the resolution to identify small-scale
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sedimentary features necessary for depositional process interpretations. in contrast to architectural
information provided by seismic data, tunnel channels mapped by water wells rely on textural changes
from wash-boring records (Ehlers and Linke 1989; Patterson 1994; Piotrowski 1994). Sediment
descriptions obtained from wash-boring holes come from monitoring of drilling fluid and sediment flushed
to the surface during the drilling process. Accordingly, in the absence of downhole geophysics, few data
are available on either the stratal succession or its three dimensional geometry. As a consequence,
aithough detailed paleohydraulic models have been developed for some channels based primarily on
water well data (Piotrowski 1997), detailed depositional geological models for channel fills remain
undeveloped. Where thick, deeply buried channel fill sediment has been cored, the full succession has
typically been partially intercepted (e.g. Boyd et al. 1988; Wellner et al. 1996). Similarly, outcrop studies
have been restricted to near-surface studies of generally late stage channel fills. The resuitant scarcity
of detailed lithofacies descriptions from the lower part of the thick channel fill succession continues to

constrain models of channel erosion and infill sedimentation.

Tunnel channels are interpreted to form by one of three mechanisms: i) subglacial sediment deformation
(Boulton and Hindmarsh 1987), ii) time-transgressive formation close to the ice margin (e.g. Mooers
1989), and iii) catastrophic subglaciai meltwater floods (Shaw and Kvill 1984; Wright 1973). These
modeis have been developed primarily on the basis of erosional landforms, mapping of adjacent
sediments, and glacial hydraulic modelling. Integration of sedimentological information on tunnel channel
fills has been limited by a paucity of detailed data and an inability to relate erosional and depositional flow
events. Consequently, each of these modeis has a number of deficiencies regarding processes that

formed and filled them that further study is still needed (Cofaigh 1996).

This paper presents sedimentological data from two continuously cored drillholes supplemented with
seismic data from Pugin et al. (1999). The cores are located in a tunnel channel network previously

defined by regional mapping (Sharpe et al. 1997), seismic profiling (Pugin et al. 1999), and borehote
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analysis (Russell unpublished) of the Oak Ridges Moraine area, southern Ontario. Preliminary analysis
of the two cores (Russell and Pulian 1998; Russell et al. 1998) has defined the base of the channe! fill
succession and described the relationship between channel fills and the Oak Ridges Moraine (Barnett
etal. 1998). In one core the lowest channel fill is gravel and in the other it is predominantly massive sand.
A detailed lithofacies description of this lower channel fill succession is presented along with seismic data
that permit the lateral geometry to be defined. Depositional processes are interpreted for individual
lithofacies and a depositional model is presented for the complete succession. These data are then
compared with previously reported seismic facies and from deeply buried tunnel channel filis to develop

the stratal architecture and depositional mechanism of tunnel channel fills.

3.1.1 Geological setting

North of Lake Ontario the Paleozoic bedrock of south-central Ontario is overiain by a thick sequence (<
200 m) of Quaternary sediment deposited after the lilinoian glaciation (Karrow 1974). In the Toronto area,
a simplified regional stratigraphy has been established that consists of four principal stratal units. These
include from oldest to youngest: i) pre Upper Wisconsinan deposits; and Upper Wisconsin, ii) Newmarket
Till, iii) Oak Ridges Moraine, and iv) Halton Till (Sharpe et al. 1996). In this stratigraphic framework a
regional unconformity is recognized as drumiins and channels on the upper surface of the Newmarket
Till (Sharpe et al. 1997). In a regional event-stratigraphic model of the area, Shaw and Gilbert (1990)
recognized two late Wisconsinan meitwater erosion events termed the Algonquin and Ontarian. The oider
Aigonquin event is represented by the unconformity on the exposed upper Newmarket Till surface north
of the Oak Ridges Moraine (Shaw and Sharpe 1987) and that extends beneath the Oak Ridges Moraine.
Part of the erosional topography is an anabranched pattern of tunnel channels that has been mapped
north and east of the Oak Ridges Moraine (Fig. 3.1). Channels are 10s km long and are up to 4 km wide
(Barnett 1990; Brennand and Shaw 1994). Surface relief of channels is generally < 50 m but they are
up to 160 m deep for a combined depth of ~200 m (Barnett 1990). Based on seismic refliection surveys

(Pugin etal. 1996; Pugin etal. 1999) and drillholes (Bamett et al. 1998) the channels have been mapped
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beneath the Oak Ridges Moraine. For example, the southward downflow extension of the Holland Marsh
tunnel channel (Sharpe et al. 1997) has been mapped by seismic surveys (Pugin et al. 1999) and
intercepted by one of the drillcores described in this paper (Russell and Pullan 1998). Regionally the
channel infill consist of coarse-grained gravel and sand (e.g. Barnettetal. 1998; Shaw and Gorrell 1980),
overiain by late stage proglacial lacustrine silt and fine sand (e.g. Sharpe et al. 1997). These strata are
characterized by a number of seismic facies types thatinciude: large, steeply dipping sigmoidal reflectors,
irregular hummocky reflectors, and incoherent, chaotic reflectors (Pugin et al. 1999). These seismic
facies are interpreted to be bedform foresets, high energy scour and fill, stump or mass-flow deposits and
fine-grained suspension deposits, respectively (Pugin et al. 1999). The overlying Oak Ridges Moraine
is interpreted by Barnett et al. (1998) to have formed in four principal depositional stages: i) subglacial,

ii) subaqueous fan, iii) fan to deita, and iv) ice-marginal sedimentation (Fig. 3.2b).

3.1.2 Study site and methodology

The dataset consists of two continuous, 9 cm diameter drilicores from the western Oak Ridges Moraine,
approximately 35 km north-northwest of metropolitan Toronto (Fig. 3.1, 3.2a). Both cores penetrate the
complete Quaternary succession and terminate in bedrock. Drilicore recovery is generally > 90 %, but
is significantly lower in gravel intervals. Drillhole DH-Nob is collared at 260 m as! (above sea level) and
bedrock was intercepted 190 m beneath the surface (70 m asl). Drillhole DH-Nob was positioned by the
Geological Survey of Canada to provide core control for a seismic line that trends normal to the projected
southward continuation of the Holland Marsh (Fig. 3.2a). The second drillhole (DH-V-158) is located ~7
km to the southeast. Itis collared at 276 m asl and intercepts the bedrock at a depth of ~155 m (~121m
asl). Both cores were logged in bed-by-bed detail, photographed, and samples collected for grain size
and total organic carbon content. Drilicore DH-V-158 was originally collected and iogged by M. Gomer
(Fenco MacLaren 1994) to ASTM protocol for a hydrogeology study. The stratal log presented here is
a synthesis of subsequent logging completed when the core was moist and relogging when it was dry.

Grain size data have been analyzed using the graphic technique of Folk (1974). In this study the ASTM
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clay size sediment classification (ASTM 1994) of < 2 micron (9 phi) is used rather than the < 3.9 micron
(8 phi) defined by the Wentworth scale. The silt, sand, and gravel! intervals are the same in both grain
size classifications. Total organic carbon (TOC) content was determined with a Leco CR-12 Carbon

Analyzer (Wang and Anderson 1998).

3.2 Sedimentology

From the base up the general succession of DH-Nob (Fig. 3.2b) is fossiliferous sand, organic-rich, fine-
medium sand, rhythmic silt-clay with horizontal trace fossils, gravel, silt-sand, and interbedded siit and
silt diamicton. On the basis of texture, organic content and bioturbation these strata have been correlated
with regional stratigraphic units, that from oldest to youngest are: Don Beds, Scarborough Formation,
Thorncliffe Formation, Oak Ridges Moraine, and Halton Till (Fig. 3.2b). The Don Beds, Scarborough
Formation and Thorncliffe Formation termed the lower deposits (Sharpe et al. 1996) are pre Upper
Wisconsinan deposits and occur below the regional unconformity described above. The contactbetween
fine sand to clay varves of Thorncliffe Formation and overlying gravel is interpreted to be the erosional
base of a tunnel channel that coincides with the unconformity. Regional seismic refiection data (Pugin
et al. 1999) and abrupt changes in downhole geophysical signatures (Eyles et ai. 1985; Russell and

Pullan 1998) support this interpretation.

The core at DH-V-158 consists predominantly of fine to medium sand, siit and clay (Fig. 3.2b). A 5 m thick
massive silt-sand diamicton overlies bedrock. Below 171 m asl! the succession is mostly massive fine
and medium sand. From 171 {0 207 m the succession consists of ~62 rhythmic sand-siit clay couplets
that fine and thin upward. Clay strata become less common above 200 m and the succession is
dominated by small-scale cross-laminated sand and microlaminated silt. The upper 20 m consists of

interbedded silt diamictons and fine sand.
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The Oak Ridges moraine strata in DH-V-158 can be correlated with the four stage regional depositional
model of Barnett et al. (1998). in DH-Nob the gravel unit and in DH-V-158 the sand strata below 171 m
are correlated with Stage 1(Fig 3.2b). Stage 2 strata in DH-V-158 consist of sand-silt varves deposited
in a distal subaqueous fan environment. The fan to deita stage 3 sand and silt form an overlying 50 m
thick succession that can be correlated between DH-V-158 and DH-Nob. The final stage corresponds

to the fine grained ice-marginal glacilacustrine Halton Tiil that represents the surface unit in drilicore.

The planform of the tunnel channel (Fig. 3.2a) and the stratigraphic cross-sections (Fig. 3.2b,c)
constructed between the drillholes has been developed from a variety of datasets. Forthe Holland Marsh
and DH-Nob the cross-section is a synthesis of seismic reflection data (Pugin et al. 1999), regionai
mapping (Sharpe et al. 1997), drilicore logs, and analysis of water well logs. The Holland Marsh tunnel
channeil is 5-6 km wide and ~170 m deep (Fig. 3.2c). A second subparallel channel, defined by drilicore,

water well logs and surface mapping is ~4-5 km wide and 100-140 m deep (Fig. 3.2b).

Detailed lithofacies descriptions and interpretations are presented below for the gravel strata in DH-Nob

and the diamicton and sand strata below 171 m (asl) in DH-V-158 that correspond with stage 1(Fig. 3.2).

3.2.1 Diamicton

The up to 5 m thick diamicton facies subcrops at the base of DH-V-158 where it overlies Paleozoic
bedrock. Ithas 10-15 % oversized clasts (> 4 mm) dispersed in a dense, massive, clay-silt to silt-sand
matrix. Both the matrix grain size and oversized clast size increase upwards. Clasts range in size from
pebbies to boulders. Boulder size was estimated from the maximum dimension of drilled clasts (25 cm).
Oversized clasts are subrounded to angular. Clasts are shale, limestone, dolostone, granite and granite
gneiss. Angular shale clasts are more abundant in the lower part of the facies, whereas subrounded
granite and granite gneiss increase in abundance upward. Total organic carbon (TOC) values are <0.23

%.
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Interpretation: On the basis of its dense and massive character, clast lithology and shape, and
stratigraphic position, the diamicton is interpreted to be a till of probable subglacial lodgement origin. The
shale-rich basal diamicton indicates local subglacial erosion and consequently is correlated with the York
Till, which crops out ~10 km to the southwest, along the Humber River (White 1973). Upward change
in matrix texture and clast composition most likely indicate a change in sediment provenance from local
shale-dominated bedrock to more distal sources. Altematively, but less likely, the change in clast
composition represents incorporation of local Newmarket Till from slump along tunnel channel walls.
Poor core recovery precludes a definitive determination of the depositional mechanism for the upper part

of the facies.

3.2.2 Gravel

The gravel facies is present only in DH-Nob and occurs at a depth of 33.3-50.0 m (~204-221 m asl) and
overlies silt and clay of the Thomcliffe Formation (Fig. 3.2b). Core recovery from the 16.7 m interval of
gravel was poor, ranging from ~3 to ~40%, and consequently preservation of gravel texture and structure
is poor (Fig. 3.3). For the most part, little or no fine-grained matrix was recovered. Variable core recovery
and changes in drilling speed, drilling fluid loss, and logging of recirculated drilling fiuid suggests that the
gravel sequence is stratified and consists of a number of upward-fining cycles (G. Gorrell, pers. com.
1998). Sediment ranges from coarse sand-granule to polymodal and possibly bimodal pebble - cobble
gravel (Fig. 3.3). The presence of a primary sand matrix is inferred from its presence in the recirculated
drilling mud. Clasts consist predominantly of limestone, granite gneiss and gneiss (<20 %), plus minor
dolostone. Clasts are mostly subrounded with a minor subangular fraction. A small percentage of clasts

are larger than the 9 cm core diameter and therefore represent only a minimum size estimate.

Seismic reflection data indicate that the gravel interval is a west-dipping tabular unit of highly reflective,
horizontal to subhorizontal and hummocky, continuous to discontinuous reflectors (Fig. 3.3d). Laterally

within the unit, the reflection pattern changes from continuous subhorizontal reflectors to irregular
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discontinuous reflectors. In addition, reflectors less continuous in the eastern part of the unit. To the east

of DH-Nob, the reflectors onlap a weaker, less coherent seismic facies (Fig. 3.3).

Interpretation: Interpretations of depositional process are inferred from drilling characteristics, grain-size
and seismic signatures because primary sedimentary structures were not observed in core. Based on
the abrupt change from siit in the underlying Thorncliffe Formation to gravel, and truncation of seismic
reflectors, the base of the gravel is interpreted to be the floor of a channel that forms part of a regional
unconformity (Pugin et al. 1999). The less coherent reflection patterns observed in the eastern area are
interpreted to represent several stacked channel-base mesoforms (i.e. subaqueous dunes) that possibly
formed part of bank-attached macroforms. Based on the vertical seismic resolution of ~ 4 m (Table 3.1)
individual mesoforms are interpreted to be greater than 4 m thick. The absence of sigmoidal reflectors
associated with an angle of repose slip-face is, most probably, the result of the transverse orientation of
the seismic profile with respect to the paleofiow direction. The western, more coherent, horizontal
reflectors are interpreted to be low relief gravel bedload sheet deposits. These strata occur closer to the
channel axis, and were probably deposited under higher energy flow conditions than the mesoforms

deposits that formed along the channel margins.

3.2.3 Graded-massive sand

The graded - massive sand facies is the most common facies below 171 m asl in drillhole DH-V-158. it
consists predominantly of silty, medium sand with minor coarse sand (Fig. 3.5). The facies shows a
general upward fining from fine sand to coarse siit (Fig. 3.6). Strata are reverse graded, normal graded,
or massive. Graded beds occur predominantly in strata that consist of upper-fine sand. Beds are
generally < 3 cm thick and form cosets < 20 cm thick. Bed contacts range from sharp, typically with
overlying heavy mineral lamina, to diffuse where no heavy mineral concentration is present. In contrast,
massive fine sand beds are up to several metres thick and have dispersed heavy minerals and <2 %

coarse sand and granules. Grain size analysis shows the sand to be moderately well-sorted to poorly
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sorted, and fine-skewed mesokurtic or ieptokurtic. Silty layers are generally more poorly sorted. Clay
content is < 0.5 %, even where silt dominates (Fig. 3.6). Massive, medium to coarse sand has a coarse
tail of dispersed granules and pebbles (Fig. 3.6). Isolated siit intraclasts are generally < 0.5 cm in
diameter. At~133 m as|, there is a layer of abundant, 0.5-3.0 cm thick, silt clasts within massive medium
sand. The largest siit intraclasts have no surface armour and are concentrated in a horizon 12 cm thick
(Fig. 3.5d). Rare (< 0.25 % of the facies) siit lamina, < 0.5 cm thick, and with gradational basal contacts
occur in otherwise massive sandy silt. The laminae are either continuous across the core, loaded, or
discontinuous. When the core dries, massive sand beds commonly have either a minor horizontal
desiccation fracture pattern, a vertical fracture network, or a more three dimensional blocky fracture
network (Fig. 3.6). Zones of vertical desiccation structures have thicknesses > 2m and fracture spacing
ranges from ~0.5to 1 cm. In one instance graded fine sand beds curve downward 15-20 cm along one

side of the core (Fig. 3.7¢c).

Interpretation: The diffusely graded-massive lithofacies is interpreted to have been deposited some
distance downflow of a hydraulic jump by a succession of depositional processes responding to changes
in flow speed, sediment concentration and rate of deposition. The transition from supercritical to
subcritical flow in a closed conduit system is generally smooth and a hydraulic jump does not develop.
if the region of flow expansion has an adequately large volume relative to the discharge volume and the
higher density discharge can expand unhindered by confining pressure then a hydraulic jump will occur.
In this case development of the jump requires an adequate density contrast between the sediment laden
flow and ambient basin waters. A subglacial lake centred in the Lake Ontario basin may have provided
a location for flow expansion. The depositional mechanisms of massive and reverse-graded strata have
received extensive treatmentin the sedimentological literature during the past 30 years and are presently
the focus of vigorous debate (e.g. Kneller and Branney 1995; Shanmugam 1996; Shanmugam 1997;
Sohn 1997). These strata have been variously interpreted to be deposits from, rapid suspension

sedimentation (Hiscott 1994a), sweep-fallout processes (Hiscott 1994b), sandy debris flows (Shanmugam
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1996), grain-flows (Lowe 1982), traction carpets (Sohn 1997; Todd 1989), hyperconcentrated flows
(Kneller and Branney 1995), and surge deposits (Vrolijk and Southard 1997). Because of the general lack
of internal scours, the absence of “spaced stratification”, or other evidence for turbuient flow, the sweep-
fall out model inadequately explains the origin of these strata. Also, it is improbable that sediment was
deposited directly from debris flows because the clay-size fraction is generally < 5 % (Fig. 3.6) and
therefore is insufficient to provide adequate cohesive strength to the flow (Hampton 1975). Common to
the last five mechanisms is a highly concentrated, generally non-turbulent region of the flow where fluid
turbulence provides negligible sediment support. Itis crucial to recognize that no one mechanism was
likely active along the full depositional length of the flow and that temporal and spatial variations in flow
energy and sedimentation rate would have resulted in changes in the active depositional processes. In
this study, deposition in the most proximal region, where sediment concentrations were highest, was
likely from rapid suspension sedimentation due to loss of transport capacity (e.g. Hiscott 1994a) or from
a laminar sheared layer (e.g. Vrolijk and Southard 1997). The predominant depositional mechanism,
however, is interpreted to have been a traction carpet (e.g. Sohn 1997)(Fig. 3.8). With progressive
decrease in sediment concentrations and a change in the basal flow region from hyperconcentrated to

a fully turbulent and fluidal flow, deposition was by tractional processes.

Traction carpets are a transient part of stratified flows with a lower hyperconcentrated dispersion and an
upper fluidal zone. Depending upon the sediment load and flow velocity, the traction carpet changes in
thickness and rheology (Sohn 1997). The principal support mechanisms in the traction carpet are
hindered setting and buoyancy. Where fine sand is the dominant grain size, dispersive pressure is not
a significant support mechanism due to the small mass of individual grains and insufficient grain
momentum (Lowe 1976). Additionally, because of high sediment concentration, secondary turbulence is
suppressed but large-scale turbulence may be present even at sediment concentrations > 15 % by
volume (Pierson and Scott 1985). Traction-carpets ideally consist of two superjacent layers: a basal

frictional zone and an overlying collisional zone (Fig. 3.8) (Sohn 1997). Boundaries between the zones



77
are defined by sediment concentration of ~50 % and 9 % by volume in the lower frictional zone and upper
collisional zone, respectively (Fig. 3.8). Grain mobility is limited in the lower friction zone where grains
are in near continuous contact. in contrast, the upper collisional zone is a region of highly mobile particles
and active sediment sorting because of intense shear exerted by the overlying turbulent flow and large
gradients in particle concentration. The relative thickness of these two regions is dynamic and determined
by three principal variables: applied shear stress, flux of settling sediment, and grain size (Sohn 1997).
Thus, the thickness of the frictional zone increases with decreasing shear stress and increasing sediment

flux. Additionally, flows dominated by finer sediment (sand) develop thicker frictional regions.

Deposition of inverse to normally graded beds requires that the traction-carpet have a thin frictional layer
and a relatively thick collisional layer (Sohn 1997). This flow structure provides the greatest amount of
time for sediment sorting in the upper collisional zone. By contrast, massive beds were most likely
deposited from flows with a thick frictional region. These relationships correspond with differences in
vertical sediment fluxes and high rates of sedimentation that produced more massive strata. Deposition
from the traction carpet occurs because of frictional freezing and takes place from the base up (Kneller
and Branney 1995; Sohn 1997). This mechanism differs from earlier traction-carpet models where
deposition was by en masse plug deposition (Lowe 1982). Because of this important difference, the
relationship between flow thickness and deposit thickness, as previously reported by Lowe (1982), can

not be applied to these strata.

The traction-carpet model (Sohn 1997) thus provides a single depositional mechanism for both inversely-
normally graded strata and massive strata. Massive beds, however, can aiso be formed by a variety of
other syn-or post-depositional processes related to rapid sedimentation or post-depositional dewatering.
For example, some massive beds have been interpreted to be the resuit of rapid suspension
sedimentation and inadequate time for sediment sorting at the bed (Amott and Hand 1989). Under fully

turbulent flow conditions, Amott and Hand (1989) observed a transition from laminated to diffusely
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laminated and eventually massive beds with increasing rates of suspension deposition. This transition
was reported to be the result of reduced lateral segregation of sediment grains because of rapid burial
and steep angles of climb of any persistent low-amplitude bed forms, such that otherwise distinct laminae
degraded into diffuse textural bands. Massive conditions were achieved at aggradation rates of ~4 cm
min~ and atrelatively low sediment concentrations, probably less than <10 % , for an upper fine sand (Mz
= 0.23 mm;) (Arnott and Hand 1989), this is a grain-size similar to much of the sediment in this study.
One important constraint for considering this mechanism is that flow conditions in the Arnott and Hand
experiments were critical; however, evidence of upper plane-bed stratification in this study was observed
atonly one location (Fig. 3.4, 129 m). At this location planar-laminated sand graded upward into massive
sand. More commonly interbedded dune-scale cross-stratification is observed, suggesting subcritical flow

conditions.

Post depositional dewatering is also a possible mechanism for the formation of massive sediment, either
soon after deposition (e.g. Lowe 1982; Lowe and LoPiccolo 1974), or alternatively during sampling.
Rapidly deposited sand has a loosely packed framework that as a consequence is susceptible to post-
depositional disturbance (Kneller and Branney 1995; Lowe 1982). Evidence for syndepositional
dewatering, including dish or pillar structures, is generally absent. The absence of dish structures is
possibly related to the low clay content and absence of micaeous minerals in the sand. Where dish or
pillar structures are observed in glacifluvial sediment, the sand is poorly sorted and has thin clay lamina

(e.g. Cheel and Rust 1986).

3.2.4 Cross-stratified sand

The cross-stratified sand lithofacies consists of fine to medium sand overlying abruptly and gradationally
graded to massive sand. Cross-strata above 171 m are predominantly small-scale cross-laminated,
whereas below 171 m medium-scale cross-strata occur exclusively and form rare interbeds in graded-

massive sand strata (Fig. 3.5, 3.9). Small-scale cross-laminated sets are < 2-3 cm thick with coset
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thickness > 15 cm. Measurement of the maximum coset thickness was obscured by drilling induced
dewatering structures and the dry crumbly nature of the sand. Small-scale cross-lamination occurs in both
non-climbing and climbing sets. Climbing sets are stoss-erosional and have low angles < 15° of climb.
Detrital organic particies are < 1 mm in size and commonly occur along foresets. Medium-scale cross-
beds are < 3 cm thick and form isolated sets up to 15 cm thick. Cross-strata are highlighted by heavy
mineral concentration along foresets and are normally graded. Three samples from this facies are
moderately well sorted upper fine - medium sand with 3-8 % siit, and exhibit finely skewed leptokurtic
grain-size distributions (Fig. 3.7). Total organic content of this facies is <0.001% (Fig. 3.5). Deformation
in this facies is restricted to minor faults with < 1-2 cm offset and foided laminae. Pipes form vertical
structures up to 70 cm long that grade from a coarse-grained core to finer grained limbs (Fig. 3.7a). With
distance above the base of larger pipes heavy mineral concentration typically decreases and the

sediment has a more uniform texture.

Interpretation: This facies was deposited under turbulent flow conditions and traction sediment transport
(e.g Harms 1982; McDonald 1972). Above 171 m asl in DH-V-158 there is an upward transition from
medium-scale cross-bedding to small-scale climbing cross-laminae coincident with an increase in silt
content and frequency of clay interlaminae. Within the lower S50 m of channel fill interbedding of the
cross-stratified and graded-massive facies indicates deposition from unsteady non-uniform fiow. The
general lack of thick, medium-scale cross-laminated sets likely indicates that flows were unsteady and
passed rapidly through the dune stability field or aiternatively, were too shallow, or dune developmentwas
suppressed by high sediment concentration. The cross-stratified facies was thus deposited episodically
from a flow that fluctuated between deposition by tractional bedload transport and traction carpet
mechanisms (e.g. Kneller 1995). Stratigraphically higher cosets of small-scale climbing cross-lamination
record the seasonal meitwater discharge following the end of the jokulhlaup discharge along the tunnel
channels. The low-angie of climb and stoss-erosional form of small-scale cross-lamination indicates that

sedimentation was dominated by traction and not suspension sedimentation (e.g. Jopling 1968).
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Deformation in this facies was penecontemporaneous or alternatively was disturbed during sample
collection. Deformation of small-scale cross-lamina is interpreted to have been induced by drilling based
on the similar grain size of sand coating the core perimeter and sand found within adjacent fractured parts
ofthe core. Vertical pipe structures on the other hand, are less clearly drilling induced. Pipes are similar
to pillar structures described by Lowe (1974) and indicate fluidization of the sediment (Fig. 3.7). A

definitive assignment, however, to in situ versus sampling related disruption, remains equivocal.

3.4 Depositional Model

The lateral and vertical arrangement of the lithofacies described and interpreted above record different
styles of deposition within a dynamic and evolving subglacial tunnel channel environment. Hereafter the
cross-laminated sand and graded-massive sand facies are collectively termed the sand facies
association. The following discussion first reviews the evidence that suggests the sediment forms part

of a tunnel channel fill, and then develops a five-stage depositional model for channel erosion and fill.

3.4.1 Tunnel channel setting

North and south of the Oak Ridges Moraine drumiins and tunnel channels along the top of Newmarket
Till form part of a regional Late Wisconsin unconformity. The tunnel channels form a network of steep
walled, 0.5 to 6 km wide, southwest-trending valleys (Barnett 1990; Brennand and Shaw 1994; Sharpe
et al. 1997). Their southward downflow continuation beneath the Oak Ridges Moraine has been
confirmed by seismic reflection surveys (Pugin et al. 1999). Drillhole DH-Nob occurs near the eastern
margin of the buried Holland Marsh valley tunnel channel and DH-V-158 is located ~10 km to the
southeast in a subparallel channel (Fig. 3.2). Regionally the lower deposits of pre-Upper Wisconsinan
age have a characteristic total organic carbon content (TOC) thatforthe Scarborough Formation ranges

from 0.01 -1.35 % (Eyles and Williams 1992). Locally, Scarborough Formation silt and sand in DH-Nob
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have TOC values of 0.38-0.65%. In contrast, maximum TOC values reported from DH-V-158 are 0.17
% with an average of 0.034%. Interestingly, the highest TOC value in DH-V-158 is from a basal diamicton
overlying bedrock. The values reported here are thus interpreted to represent regional background values
for sediment derived, in part, from the Scarborough Formation. In DH-Nob the Thorncliffe Formation does
notcontain significant organic material, although the fine-grained muddy sediment is commonly intensely
bioturbated. Additionally, at DH-Nob the Thorncliffe Formation consists of a thick succession of
approximately 1000 siit-clay couplets interpreted as varves. No similar bioturbated sediment or varve

succession is present in DH-V-158 (Fig. 3.2b).

The regional unconformity truncates Newmarket Till, or where the till has been eroded, Thormncliffe or
Scarborough formation silt and sand. At DH-Nob, lacustrine siit and clay of the Thorncliffe Formation
have been truncated and are overiain by gravel deposits. The erosional surface can be traced westward
on seismic records where it descends to bedrock and truncates horizontal reflectors in the Thorncliffe and
Scarborough formations (c.f. Pugin et al. 1999). East of DH-Nob the erosional contact rises and incises
the Newmarket Till (Pugin et al. 1999). This unconformity is identified on downhole geophysics (Eyles
et al. 1985; Russell and Pullan 1998) by abrupt changes in downhole gamma and conductivity profiles.
Downhole gamma logs have well developed inverted, bell-shaped curves beneath the unconformity,

whereas above the unconformity the data have a random jagged pattern (Russell and Pullan 1998).

3.4.2 Setting - subglacial or proglacial

A depositional model for these deposits must address a number of questions concerning the location of
channel formation, for example, whether it was proglacial or subgiacial. Additionally, if subglacial, did the
channels form near the ice margin further up-ice. In this study the channels are interpreted to have been
cut and subsequently infilled in a subglacial setting for the following five reasons: i) inferred position of
the regional paieo-ice margin, ii) elevation of the gravel, iii) depth and form of the channels, iv) presence

of overlying Haiton Till, and v) absence of progiacial fluvial or lacustrine sediment successions.
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Regional models of deglaciation constrain ice margin position at this time and do not indicate proglacial
subaerial environments in the study area prior to formation of the Oak Ridges Moraine (e.g. Barnett
1992). Additionally, these modeis suggest that the ice margin was south of Lake Ontario and thus
channel formation developed at least 60-100 km up-ice north of the ice-margin. If the area was
deglaciated prior to formation of the Oak Ridges Moraine, regional isostatic constraints and an ice-
marginal position abutting the Niagara Escarpment wouid probably have maintained glacilacustrine
conditions. As demonstrated by Chapman (1985), lake levels would have been above the 200 m
elevation at which gravel presently occurs in DH-Nob. Furthermore, on the basis of channel form ( e.g.
undulating thaiweg) Brennand and Shaw (1994) suggested that erosion of channels to the east of the
study area was by pressurized subgiacial meitwater flows. In this study, both channel fill successions
subcrop beneath Halton Till, which represents a fine-grained glacilacustrine diamicton compliex deposited
in an ice-marginal or subglacial position (Russell and Amott 1997). The Halton Tiil is conformable with
the earlier depositional stages of Oak Ridges Moraine (Barnett et al. 1998). The presence of Halton Till

required ice to have been in the area to sustain elevated lacustrine environments.

Alternative sedimentary environments for deposition of channel fill successions include: braided fluvial,
subaqueous fan, and glacilacustrine. Each of these depositional environments has unique lithofacies and
lithofacies associations that canr differentiate one from the other. Sandy proglacial environments are
typically characterized by braided fluvial systems that consist of channels, traction bedforms, and
overbank deposits (e.9. Church 1972). Sand dominated braided rivers have abundant erosional surfaces,
trough and planar cross-bedding, and cross-lamination; massive sand is rare (Miall 1977). In sandur
deposits dominated by jokulhlaup flows, which represent short-ived catastrophic fluidal and
hyperconcentrated events, sandur deposits have distinct lithofacies and lithofacies associations of which
a significant element is massive sand (Maizeis 1993). Aside from thickness, massive sandur sand
deposits and deposits of this study would be difficult to differentiate in core. Massive sand is also a

common element of subaqueous fan deposits where it is commonly associated with abundant smail and
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medium-scale cross-stratification, and particularly climbing cross-stratification (e.g. Gorreil and Shaw
1991). No such association is observed in the sand facies association presented. In contrast to the
proximal jokulhlaup-dominated environments, deep-water lacustrine deposits are generally characterized
by cyclic successions 10's - 100's cm thick that consist of rhythmically stratified sand and siit with
interstratified clay horizons (e.g. Gilbert 1997). Deposits similar to these occur above 171 masl in DH-V-
158 and are interpreted to represent a later low-energy stage of the fill succession (Fig. 3.2). The gravel
and sand facies associations are thus interpreted to be unrelated to proglacial sandur outwash deposits
or glacilacustrine basin fill sediment on the combined criteria of regional ice margin positions and
sedimentoiogy. Consequently, the stratal succession described here is interpreted to have been

deposited by rapid subglacial sedimentation.

3.4.3 Depositional dynamics

The erosion-depositional model must thus account for a subglacial channel origin and subsequent
subglacial sedimentation. Lithological similarities with outwash jokulhlaup deposits support the
interpretation that the depositions was from episodic outbreak floods or jokulhlaups. A five stage model

is developed (Fig. 3.10). Each stage is characterized by a single major physical process that together

forms a continuum.

Stage | - Initial Conduit: Models of tunnel channels produced by subglacial meltwater suggest a
systematic progression from sheet floods and drumlin formation, to channelization of the unsteady waning
sheet floods and associated channel deepening (Shaw 1996) . Collapse of the erosional meltwater sheet
flow that formed the drumlins was routed through a system of channels, cavities and connecting
constrictions along the drumlinized Newmarket Till susface (e.g. Brennand 1994). The composite cross-
section (Fig. 3.2c) illustrates the relationship between drumiinized Newmarket Till (D), with shallow
channeis (TC?), and broader over-deepened channels (TC'). The reiationship between drumiins and

shallow channels is most clearly visualized on a digital elevation model of the area (c.f. Kenny 1998).



84
During development of tunnel channels variations in the geometry of subglacial meitwater pathways
formed areas of high- and low-speed flow. The gravel lithofacies is interpreted to have been deposited
during the early formative stage of the channel system (Fig. 3.10a). Gravel was transported primarily by
downstream migrating dunes and bedioad sheets. Channel switching, channel erosion, channel margin
collapse or collapse of the conduit roof may have resulted in rapid-velocity changes, even locally,
resuiting in channel abandonment and gravel deposition (Fig. 3.2, 3.10a). Maximum flow depths
estimated from the height of the channel during this stage were generally < 40 m (Fig. 3.2). Depths of
this magnitude are consistent with flow depth estimates commonly interpreted for subglacial tunnel
channel flows based on scaling relationships of dune-scale cross-stratified gravel (e.g. Shaw and Gorrell
1990). Flow depths may have been less but there are no data to further constrain these estimates. Gravel
deposition at DH-Nob occurred prior to incision of the deeper channel to the west of the drillhole (Fig.

3.2¢).

Stage /I- Erosion of Newmarket Till: The regionally extensive Newmarket Till is the substrata of the
initial tunnei channel network. Regional studies have shown the thickness of Newmarket Till to be highly
variable (Sharpe etal. 1999). Stone lines, plus sand and silt interbeds suggest earlier, probably smaller-
scale, meltwater events occurred during deposition of the Newmarket Till (Sharpe and Barnett 1997).
This dense, refatively consolidated, heterogeneous till was generally resistant to meitwater erosion.

Local scouring occurred where large vortices were generated in zones of intense shear, such as at
channei confluences. Erosion atconfluence scours commonly forms depressions of the order of S times
the depth of the channel system (e.g. Best 1987). Confluence scours are the deepest point of erosion
along a channel system (Bristow et al. 1993). These scour holes would have locally eroded the
Newmarket Till and unroofed older, less consolidated sediment of the Thorncliffe and subsequently
Scarborough formations. Channel enlargement would have accelerated significantly once these less

competent sediment were exposed.
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Stage lil - Channel deepening: Shallow channels overlie Newmarket Till, whereas deeper channels are
eroded into the strata of the Thomcliffe or Scarborough formations, and in places eroded to bedrock (Fig.
3.2). At DH-Nob, the eastern channel fiank is underfain by a thick succession of rhythmic silt-clay
(Russell and Pullan 1998). This indicates that lateral facies changes within the substrata from cohesive
silt clay to less cohesive sand likely influenced the location of channei deepening and produced the
asymmetrical profile of the channel cross-sections (Fig. 3.10c). Depending on the erosional mechanism
of the scour, an equilibrium depth would be achieved. Further erosion was then only achieved by a
combination of sediment piping and/or slumping. Further scour required either deepening of the channel

upstream or more probably headward erosion of the scour (c.f. Nordin 1963).

Scour dimensions increased as the scour eroded into permeable sand sediment underiain by less
permeable sediment and piping within the sand aquifers occurred. An important constraint on piping is
the rate and quantity of subglacial water infiltration. Under a glacihydraulic head, infiltration was probably
equivalent to or greater than modern subaerial infiitration rates (e.g. Piotrowski 1997). Aiso, numerical
modeiling by Piotrowski (1997) suggests a relationship between the magnitude of groundwater flow and
tunnel channel formation. Consequently, pore fluid pressures within confined aquifers of the lower
deposits possibly became over-pressured once overlying cohesive, low-permeability confining sediment
was eroded (Fig. 3.10). Large tunnel channeis may thus coincide with areas that had the highest potentiai
for piping and related sediment excavation. Even today substrates exposed along riverbanks and
lakeshores undergo extensive slope failure as a resuit of sediment piping (e.g. Barnett and Kenny 1997).
As overlying cohesive sediment was undercut, siumping along the scour margins occurred. Turbulence
generated in the scour caused more sediment to be eroded and mixed into the overlying flow and
transported downflow (Fig. 3.11). The dense clouds of sediment added into the flow produced flows with
high suspended loads. These highly concentrated dispersions rapidly became stratified with a basal
hyperconcentrated layer. Consequently, this stage provided a mechanism to rapidly scour and entrain

sand from Thomncliffe and Scarborough formations. The resultant unsteady flow would have been highly
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sediment charged, and at the limit of its transport capacity.

Stage IV - Sand facies deposition: Deposition is inferred to have occurred at a zone of flow expansion,
possibly along the grounding line of a subglacial lake centred in Lake Ontario. At this zone, particularly
if flow was supercritical and a hydraulic jump developed, intense turbulence, rapid dissipation of flow
velocity, and diminished transport capacity resuited in high rates of suspension sedimentation (e.g.
Hiscott 1994a). Some distance downflow deposition was from a laminar sheared layer (e.g. Vrolijk and
Southard 1997) and then with increased flow stratification a traction carpet (e.g. Sohn 1997). As the
stratified flow developed a basal hyperconcentrated region and an overlying dilute fully turbulent region
deposition was from either the laminar shear or traction carpet. Inverse-normal graded and massive
sand layers were deposited by these two mechanisms (Fig. 3.9). So long as the laminar surge or traction-
carpet was sustained, inverse-graded or massive sediment was deposited. During periods when large
volumes of fine sand were being supplied to the traction-carpet, the traction carpet thickened with
diminished sorting efficiency within the collisional layer and thickening of the basal frictional layer. This
in turn resulted in the deposition of massive sand (Sohn 1997). If the flux of fine sediment was reduced
significantly, deposition was replaced by a thin traction or bedload layer (Sohn 1997). A subsequent
increase in the rate of suspension sedimentation regenerated the hyperconcentrated flow, and
consequently a return to inverse-normal or massive sand deposition. The hyperconcentrated region is

considered to have existed in the lower part of the flow, and did not necessarily extend the full flow depth.

The ~ 50 m thickness of the sand facies association and general absence of evidence for discontinuous
sedimentation or erosion, suggest it was deposited rapidly and probably quasi-continuously. Previous
work by Arnott and Hand (1989) suggested that massive sand deposition occurred under conditions of
rapid suspension fallout and related bed aggradation of ~ 4 cm min*. Intermittent rates of bed
aggradation may have been equal to or higher than those observed by Arnott and Hand. Accumuiation

rates for the 50 m succession, which includes rare layers of cross-stratified sand, and siit laminae were
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probably lower. The evidence suggests that the basal 50 m succession was deposited during a single
meitwater season and likely from a single quasi-continuous unsteady flow with temporal fluctuations

ranging from seconds to days (e.g. Russell and Knudsen 1999).

Stage V: Low-Energy Stage: From 170 m to ~205 m in DH-V-158 (Fig. 3.3) a fining upward succession
dominated by climbing small-scale cross-laminae (ripple-drift cross-stratification) and micro laminated siit
- clay rhythmites occur. Upward, rhythmites become progressively thinner and finer grained. The sand
facies association is not present above 179 m (Fig. 3.4). The rhythmite succession marked the end of
rapid channel infill and the change to a lower energy seasonal meitwater discharge regime (Fig. 3.10d)
that was controlled by diurnal and climatic influences (e.g. Gilbert 1997). in DH-Nob the absence of
basinal varves (Russell et al. 1998) above the gravel suggests that ice became reattached to the

substratum at this site earlier than along the deeper parts of the channel axis.

3.5 Discussion

3.5.1 Interregional lithofacies and channel fill correiation

Investigations of deeply buried channel fill strata have been limited to seismic surveys, drillhole
geophysics, and water-well wash-boring records. Aithough voluminous, these datasets provide
inadequate resolution to constrain the origin of tunnel channel fills or provide a detailed understanding
of their depositional infill history. Thus it is important to link these studies to detailed sedimentological

data such as presented in this paper.

Seismic attributes of tunnel channel fills have been well documented from the Scotian shelf (Boyd et al.
1988), Finger Lakes (Mullins and Hinchey 1989; Mullins et al. 1996), Oak Ridges Moraine (Pugin et al.

1999), and, the North Sea (Wingfield 1980). In all of these studies, however, cores have failed to
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penetrate the deeper parts of the channel fill and consequently interpretations based on seismic facies
lack critical ground-truthing. Accounting for variations in seismic resolution, each of these studies
describes relatively similar seismic facies forming the channel fills (Table 3.1). On the basis of reflector
characteristics, channei-fill sediment was interpreted to be siit, sand or till (Table 3.1). Seismic data from
the lower 120 m (below 200 m asl) of the Holland Marsh tunnel channel in the Oak Ridges Moraine area
have been interpreted to document deposits of rapid suspension sedimentation from a hyperconcentrated
dispersion (Pugin et al. 1999). Strata with similar seismic facies have been interpreted to be deposits of
rapid suspension sedimentation in a subglacial environment (Muilins and Hinchey 1989), subglacial till
tongues (Mullins et al. 1996), proglacial sedimentation (Mullins et al. 1996), and plunge pool
sedimentation (Wingfield 1990). The contrasting interpretations of Mullins and Hinchey (1989) and
Mullins et al. (1996) for the same strata succession illustrate the problems associated with seismic facies

interpretation from deep buried channel-fills lacking drilicore control.

The sand facies association in DH-V-158 fills the lower 50 m of a ~100 m deep tunnel channel (Fig. 3.2)
This tunnel channel trends subparallel to, and forms part of the same channel network as the Holland
Marsh channel intercepted by DH-Nob. Infill of the channel network, atleast locally, is interpreted to have
been synchronous. Based on detailed sedimentology the sand facies association is interpreted to be
deposited from a hyperconcentrated dispersion. Because of the thick succession of massive sand with
subordinate traction deposits, and general absence of major erosional surfaces, (Fig. 3.4) the sand facies
is likely lithologically similar to strata in the deeper part of the Holland Marsh tunnel channel. The later
are seismically typified by low-amplitude reflectors or an absence of reflectors and on this basis have
been previously interpreted as deposits of hyperconcentrated dispersions (Pugin et al. 1999). On the
other hand, the sand facies association provides no direct sedimentological evidence for the origin of the
chaotic seismic facies commonly reported from tunnel channel filis (Pugin et al. 1999; Wingfieid 1990).
Seismic data indicate that the chaotic facies varies in lateral extent and vertical distribution and becomes

less common with increasing distance from the margins of the tunnel channel (c.f. Pugin et al. 1999).
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Although the depositional model presented here suggests that slumping was an important channel
widening process, only limited evidence for slumping was observed in core. One possibie explanation for
this apparent inconsistency is that extensively dewatered strata potentiaily cause extensive back
scattering of seismic energy, which was misinterpreted to be a chaotic reflection signature related to
slump blocks. Alternatively, DH-V-158 may have penetrated a stratal succession beyond the channel

margin apron where slump deposits are common.

Tunnel channels eroded into both bedrock and unconsolidated sediment are infilled with similar seismic
facies. The sediment - seismic facies correlation and the depositional model presented suggest rapid and
near instantaneous erosion and sedimentation of the channel. The model is most applicable to tunnel
channels in unconsoiidated sediments. Where tunnel channels are eroded in bedrock, additional
mechanisms are necessary to produced enhanced erosion (e.g. structural control). Additionally it is
improbable that infill sediment can be derived directly from the erosional event. Consequently it is
necessary to identify additional sediment sources up flow and subgiacially. Widespread distribution of
the seismic facies suggests that rapid sedimentation in tunnel channeis is a common event related to
channel formation and probable jokulhlaup flow that remains to be fully elucidated. In channels incised
into unconsolidated sediment, rapid deposition from sediment charged flows is possibly partially
controlied by rapid scouring and over-deepening and widening of channels. Both the Holland Marsh and
the buried channel intercepted by DH-V-158 are two of the widest and deepest tunnel channels within the
Oak Ridges Moraine channel network (Fig. 3.1). Deep channel fills eisewhere in the Oak Ridges Moraine

area are, by contrast, predominantly traction-flow deposits (e.g. Pugin et al. 2000).

3.5.2 Channel fills and channel origin
The fill of tunnel channels has been suggested by Cofaigh (1996) to provide littie information from which
to deduce the process of valley incision. This conforms with the generally held belief that sediment

overlying an unconformity commonly has no genetic relationship with the erosional event that formed the
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unconformity. In the Oak Ridges Moraine area, however, the proposed channel fill model suggests an
intimate link between erosion and fill of the tunnel channels. Regional Laurentide giacial models indicate
that the channeis were eroded into Upper Wisconsinan Newmarket Till. The Newmarket Till was
deposited during or subsequent to the Late Wisconsinan maximum at ~20 ka (Barnett 1992). Sediment
overlying the Newmarket Till, principally the Oak Ridges Moraine is interpreted to have been deposited
around 13.5 ka (Barnett 1992). Consequently, the erosion and fill of the tunnel channel network is
constrained within an ~6-7 ky period. To the south, erosion and fill of the New York Finger Lakes tunnel
channels has been interpreted to have occurred between ~14.5 to 14.0 ka B8P (Mullins et al. 1996).
Assuming a similar or younger age for channel formation in Oak Ridges Moraine area suggests a close
link between erosion and infill events during a period of <1 ky. Additionally, the depositional mode!
proposes a continuum of events that link channel erosion and subsequent channel fill. It is interpreted
that high energy scouring eroded sand from underlying deposits and redeposited it as channel fill. The
sediment facies and depositional model indicate that the flows were related to episodic, catastrophic
meitwater outbreak floods or jékulhlaups. This suggests that the tunnei channeis were formed by non-
steady state processes and not steady state processes, and thus supports the conclusion by Shoemaker

(1991) that the Laurentide ice sheet did not generally drain by steady state processes.

3.6 Conciusion

The basail fill succession of two buried tunnel channels beneath the western Oak Ridges Moraine consists
of agravel and a sand dominated facies associations. The gravel facies is ~ 17 m thick and occurs along
the stepped eastern margin of a 4-5 km wide channel with a ~170 m deep thaiweg to the west. The
gravel facies is interpreted to have been deposited from turbulent tractional flows prior to an episode of
significant channel deepening. Laterally from the channel margin the gravel facies records increased flow

velocities as inferred from the change from stacked mesoforms to low relief bedlioad sheets. Initial scour
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of the Newmarket Till and channel deepening occurred by differential erosion by large vortices. These
vortices may have been associated with channel confluences or large hairpin vortices along drumiin
margins. Unroofing of less competent strata beneath the till established conditions for more rapid channel
deepening and widening. In addition, high pore fluid pressures in underlying sand beds developed
horizontal groundwater movement toward low pressure zones that coincided with the scours. This
groundwater flow initiated sediment piping and transport of sand into the channel. Sand mobilized from
these underlying beds became part of the sediment load entrained by the turbulent flow related to the
scouring. Deposition of the sand facies association occurred downflow of a grounding line within a
subglacial lake. Flow expansion of a supercritical flow at the grounding line terminus of the conduit
formed a hydraulic jump. As flow rapidly lost transport capacity and became laden with sediment the flow
became stratified. The basal layer of this stratified hyperconcentrated flow formed a traction carpet.
Rapid sedimentation occurred from this basal layer of the flow where turbulence was suppressed. During
low rates of discharge and sediment concentration, cross-stratified sand was deposited from bedioad
traction transport. During higher rates of discharge and sediment concentration, inverse-normal graded
or massive sand, were deposited by a basal traction carpet. The sand facies association of cross-
stratified and graded or massive sand forms a 50 m thick succession that infills the lower 50 m of a 100
m deep channel (Stage 1, Fig. 3.2b). The remaining channel fill of sand-silt-clay rhythmites was
deposited under lower energy conditions of associated traction and suspension sedimentation (Stage 2,
Fig. 3.2). This marks the end of jokiulhiaup discharge and a return to diurnal seasonal meltwater

discharge.

The sand facies association of cross-stratified, inverse-normal graded or massive sand is correlated with
low-amplitude reflectors and chaotic seismic facies (Pugin et al. 1999) from the thick, deeply buried
channel fill west of DH-Nob. Additionally, the sand facies association is interpreted to be analogous to
low amplitude seismic reflector facies reported from other deep channel fills in eastern North America

(Boyd et al. 1988; Mullins et al. 1996) and the North Sea (Wingfield 1990), and provides for the first time



direct sedimentological evidence for the origin of this common but enigmatic, seismic facies.
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Fig. 3.1. Location of study area in Great Lakes region and distribution of first order tunnet channels
north of the Oak Ridges Moraine (dark grey). Upper figure modified after Sharpe et al. (1996, fig. 5).
Numbers on inset map refer to selected tunnel channel studies in the Great Lakes region, '‘Wright, 1974;
2Muller and Hinchley, 1989; *Mooers, 1989; ‘Barnett, 1990; Shaw and Gorrell, 1990; ®*Brennand and
Shaw, 1994; "Patterson, 1994; ®Pugin et al. 1996, 1999; °Pair, 1997; ®Muller et al. 1997; 'Fisher and
Taylor, 1999.
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Fig. 3.2. Geometry of tunnel channeis and location of drillhole data with respect to channels. Data
synthesized from Pugin et al. 1999; Pullan unpublished; Kenny etal. 1999; Sharpe et al. 1997. a) map
of tunnel channels in the vicinity of the study area, b) stratigraphic cross-section across channel
interflueve, c) cross-section across the buried Holland Marsh tunnel channel showing deeply incised
first order (TC')and shallow second order (TC?) channels of Newmarket Uplands. Note that where the
Newmarket Till is eroded the tunnel channels are deepest.
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Fig. 3.3. Gravel lithofacies in DH-Nob; a) graphic log, b) granule gravel, c) pebble gravel, d) seismic
facies at DH-Nob of gravel on eastern margin of tunnel channel. Note high-amplitude signal (H) in
downhole seismic-velocity trace indicates ~ top of gravel. Seismic data are from Pugin et al. 1999.
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Fig. 3.4. Graphic sedimentological log of lower 60 m of core from drillhole DH-V4-158 plotted with total
organic carbon and grain-size. Detailed stratigraphic log of drilicore provided for reference. Depth from
surface is in parenthesis, elevation is masl.
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Fig. 3.5. Graded-massive sand facies, (a) arrow (1) indicates basal scour overlain by medium sand.

Muitiple reverse -normal graded fine sand beds with heavy mineral concentrations, arrows (2). (b)
Massive fine sand with horizontal desiccation fractures. (c) Massive medium-coarse sand with isolated
pebbles and traces of medium scale cross-laminae. (d) Silt intraclasts in massive medium sand. Scale
is in cm and core top is to top of page, elevation is masl, depth from surface is in parenthesis.
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Fig. 3.6. Grain size data. (a) Cross-laminated sand facies. (b) Graded massive sand facies. (¢)
Graded/massive sand facies with coarse tail. Abbreviations for grain size description are, P - pebble, G -
granule, SVC - very coarse sand, SC - coarse sand, SM - medium sand, SF - fine sand, SVF - very fine
sand, SiU - coarse silt, SiM - medium silt, SiF - fine siit, SiVF - very fine silt. Clay boundary is at 2 um.
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Fig. 3.7. Deformation features in sand facies. (a) Vertical pipe dewatering structures. (b) Vertical fracture
pattern in massive sand. (¢) Downward curved laminae in fine sand. Scale is in ¢cm., elevation is masi.,
depth from surface is in parenthesis.
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Fig. 3.8. Schematic illustration showing zonation within a traction-carpet (modified from Sohn 1997).
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Fig. 3.9. Cross-laminated sand facies.(a) Small-scale cross-laminated fine sand coset with detrital
organics on foresets and minor deformation. (b) Medium-scale cross-laminated set. Scale is in cm,
elevation is masl, depth from surface is in parenthesis.



110

Elevation




Fig. 3.10. Five stage model showing the sequentiai erosion and fill of a tunnel channel. Sections drawn
perpendicular to flow direction.
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Fig. 3.11. Schematic illustration showing an oscillatory hydraulic jump within a subglacial conduit. Jump
develops where flow rapidly expands due to change in conduit diameter (h to h’). Substratum is scoured
and sediment entrained into flow by oscillating jet.
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Table 3.1 Comparison of seismic facies mapped from deep channel axis fills. Data from, 'Mullins and
Hinchey 1989; *Mullins et al. 1997; *Boyd 1988;*Pugin et al. 1999; *Wingfield 1990.

Region Seismic Frequency Seismic interpretation Texture
Technique | /resolution verified /
(m) facies Thickness (inferred)
m
Finger high- 1000 Hz reflection-free, | <53 rapid suspension
Lakes'? resolution /Iitm locally diapiric sedimentation’? or till
seismic tongues?; subglacial'? (silt or till)
(marine) or proglaciaP
Scotian high- 1000 HY low - continuity | 260
Sheif resolution 2m reflectors;
seismic vanable subglacial unknown
(marine) amplitude;
chaotic
configuration
Oak exploration 150-200 Hz incoherent, 100 subglacial siump,
seismic 4am chaotic, suspension deposition | (sand, silt)
Moraine* | (land) angular from
hyperconcentrated
flow
North high- not stated chaotic,
Sear resolution discontinuous < 150-200 backfill as plunge-pool (sand and
seismic reflectors, incision occurred gravel)
(marine) hyberbolic
reflectors




116

Chapter IV

Lithofacies and stratal geometry of a subaqueous fan:

Oak Ridges Moraine, southern Ontario

4.1 introduction

Moraines mark a perturbation in the deglacial history of an area and form when sediment supply to the
glacial terminus exceeds both the rate of retreat, and the ability of the proglacial system to redistribute
the sediment. Where the ice terminus is bounded by a proglacial water body, sediment is deposited
rapidly as the glacifiuvial system quickly loses transport capacity. Meltwater influx to the basin occurs
at the water surface of the basin, producing a deita and/or at depth forming a subaqueous fan (Rust and
Romanelli 1975). Large continental moraines (e.g. Oak Ridges Moraine, Barnett et al. 1998; St-Narcise
Moraine, Burbidge and Rust 1988; Salpausslika |, Fyfe 1990; Hartman Moraine, Sharpe and Cowan
1990) typically have a polygenetic origin that reflects both of these depositional processes. In the case
of subaqueous fans, however, aithough they are a key element in many large moraines (e.g. Barnett et
al. 1998; Sharpe and Cowan 1990; Warren and Ashley 1994), previously published depositional moraine
models that include a subaqueous fan element are commonly highly schematic and include a great deal
ofimplicit information concerning depositional processes and stratal architecture (e.g. Fyfe 1990; Sharpe
and Cowan 1990). In part, this is because the sand-rich character of these deposits make them prone

to recessive weathering which causes them to be poorly exposed in the field and therefore difficuit to
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study. In contrast to more northerly or isolated moraines, the Oak Ridges Moraine in southern Ontario
has extensive aggregate extraction operations that provide an opportunity to conduct detailed
sedimentological studies of freshly excavated, unsiumped sections. Furthermore, the moraine was
deposited in a glacifluvial-glacilacustrine setting (Barnett et al. 1998) and consists, in part, of coalesced
subaqueous fans (Barnett et al. 1998; Paterson and Cheel 1997). Consequently, it is composed of

sediment deposited in a similar setting to many other large interior continental moraines.

The most completely developed subaqueous fan models are based on studies of Pleistocene glacimarine
deposits (e.g. Hunter et al. 1996) or modern analogues from fjord tidewater glacier environments (e.g.
Powell 1990). These models are considered poor analogues for glacilacustrine subaqueous fans
because the density contrast between the jet efflux fluid and the non-saline ambient basin water is much
reduced. The higher density contrast in glacimarine environments results in generally shorter distances
of underflow and development of sub-vertical buoyant plumes (e.g. Powell 1990; Syvitski 1989). These
differences in turn produce different facies assemblages and fan geometries compared to their
glacilacustrine counterparts (e.g. Powell 1990). For example, large barchanoid bars form at the zone of
jet detachment in marine fans as sediment rains from the rising plume. In light of the greater focus of
research on glacimarine fans, plus the improved understanding of plane-wall jet (e.g. Gorrell and Shaw
1991) and hyperconcentrated-flow deposits (Brennand 1994; Plink-Bjorklund and Ronnert 1999; Powell
1990), itis considered pertinentto first review the current state of knowledge of the lacustrine subaqueous
fan model.

4.1.1 A review of the glacilacustrine subaqueous fan model:
A glacilacustrine subaqueous fan model is synthesized here (Fig. 4.1) using the plane-jet efflux process
of Bates (1953) and Powell (1990) and the piane-wall jet-efflux process (e.g. Gorrell and Shaw 1991;

Rajaratnam 1981). This model which incorporates idealized stratigraphic columns constructed from
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lithofacies descriptions from the literature (Table 4.1) is intended to serve as a reference for the facies
and architectural descriptions presented later. Consequently a number of simplifications have been made,
principally: i) the efflux is from a subglacial conduit; ii) the efflux develops into an underfiow; iii) diamicton
facies are ignored; and iv) the discussion focuses only on the zone of jet efflux. For a continental glacier
with a near vertical terminus in a glacilacustrine basin it is assumed that most sediment is supplied from
subglacial conduits. Assuming a subglacial conduit position permits the jet efflux to be considered simply
as an underflow. Interflow and overflow events are ignored (see, Powell 1990). The Oak Ridges Moraine
(ORM) has very few diamicton interbeds, aside from the overlying Halton complex (Russell et al. 1998).
As a resuit, diamicton facies of subaqueous fans are not considered here (see McCabe and O'Cofaigh
1994). Also, this review does not discuss conduit - eskerine processes that have been previously
developed by Banerjee and McDonald (1975) and Brennand (1994), or distal, deeper water, suspension -
underflow sedimentary processes (see review by Ashley et al. 1985). Additionally, this review does not
discuss the morphological or spatial associations of eskers and subaqueous fans (see Warren and Ashiey

1994).

The subaqueous fan model presented here is divided conduit, jet efflux, and basin components (Fig.
4.1a). Within each environment, facies and facies-architecture associations are controlied by unique
hydrodynamic and ice sheet processes, including: ice front stability, conduit stability, conduit diameter,

sediment flux, and flow velocity (Powell 1991).

Conduit flow

To deliver sediment beyond the ice-margin (grounding line) ice sheets terminating in a glacilacustrine
basin must maintain pipe-full discharge in subglacial conduits. ifthe hydraulic head within the glacier falls
below the glacilacustrine surface, basin water migrates into the conduit and sediment delivery to the basin

is inhibited. Sediment deposited within the conduit consists of imbricated boulder gravel to small-scale
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cross-laminated sand (e.g. Banerjee and McDonald 1975; Brennand and Shaw 1994). These esker
deposits differ from subaqueous fan deposits by being morphologically more linear and steeper sided;
they contain more extensive ice let-down structures, have a stronger clustering of paleofiow directions,

and have fewer indications of deposition related to rapid flow expansion.

Jet efflux

Sedimentation from the jet efflux into the basin is the principal constructional fan process (Fig. 4.1). Ifthe
conduit is subglacial and a subcritical jet emerges along the basin floor, then it is modelled best as a
plane jet (Fig. 4.1a, Powell 1990). if the jet is supercritical then it is referred to as a plane-wall jet (Fig.

4.1b, e.g. Rajaratnam 1981). Three stages of decay occur as the jet progressively entrains ambient basin
fluid and loses momentum. For a plane jet these are: i) zone of flow estabiishment (ZFE); ii) zone of flow
transition (ZFT); and iii) zone of established flow (ZEF) (Bates 1953). The downflow length of each zone
relates closely to conduit diameter, discharge velocity and fluid density. In general the plane jet is
parabolic in plan, and its downflow extent is 2000 times the conduit diameter (2000D; for exampie 20 km
for a 10 m wide conduit; Fig. 4.1c). Laterally the plane jet expands to a width approximately three times
the square root of the distance downstream of the conduit mouth (Bates 1953). In addition, the velocity
profile across the jet effiux has a Gaussian form (Albertson et al. 1948); and therefore velocity rapidly
diminishes laterally outward from the axial core. These ideal dimensions are reduced when the effect of
bottom friction, surface roughness and suspended sediment are considered (Powell 1990). Where friction

along the base and/or upper surface of the flow is high the ideal form is dramatically modified and a

broader and more triangular shaped form develops (Fig. 4.1d, Wright 1977). In the original treatment of
jet efflux by Bates (1953) and in the review by Powell (1990) only the piane jet was considered. Itis

assumed here that for a plane-wall jet the rapid transition from supercritical to subcritical flow and a
hydraulic jump development will correspond with the zone of flow transition (ZFT). For simplicity

basinward flow distances in this review are all measured with respect to an inertia dominated plane jet.
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Zone of flow establishment (ZFE): The ZFE is the region that extends downflow from the conduit mouth
approximately 4 times the conduit diameter (4D, Powell 1990). The width of this zone is comparable to
the conduit diameter at the mouth because minimal mixing occurs with basin water, and as a resuit the
velocity of the jet is similar to that in the conduit and narrows to the jet axis in a streamwise direction.
Consequently, the lithological character of the deposits is also similar. The ZFE contains the coarsest
sediment in the fan and consists of open-framework imbricate boulders (c.f. Powell 1990; Rust and
Romanelli 1975), heterogeneous massive to cross-bedded gravel, and plane-bed and cross-bedded sand
(c.f. Gorrell and Shaw 1991). Stratal geometries range from tabular grave! sheets (Powell 1990) to
channel fills composed of a range of meso- and macro-forms (dunes, low-relief gravel bars). If the
emerging flow is supercritical, then in-phase waves may develop, resuiting in the deposition of antidune
cross-stratified sand or gravel (Brennand 1994). If the conduit is stationary, backset beds develop in

response to fan aggradation (e.g. Johansson 1976).

Zone of flow transition (ZFT): Depending upon whether conduit flow is subcritical or supercritical
(Froude number, 1.0 < Fr < 1.0) the zone of transition (ZFT) is modelled, respectively, as a plane jet
(Bates 1953) or plane-wall jet (Fig. 4.1a,b) (Gorrell and Shaw 1991; Rajaratnam and Subramanyan 1986).
For a plane jet the ZFT extends downflow from the conduit mouth for a distance of 6-8D. This zone is
characterized by flow deceleration as ambient basin fluid is entrained progressively inward toward the
collapsing jet efflux boundary (Fig. 4.1¢c). The downflow end of this zone is marked by the development
of a standard basinward rate of decay of the axial jet flow (Bates 1953). Deposits within this zone consist
of coarse cobble-boulder gravel, and trough and pianar cross-bedded sand (Fig. 4.1¢). The reduced flow
velocity and increased flow depth result in meso- and/or macro-form development. Dipping foresets have
been interpreted to be large transverse macroforms (e.g. Banerjee and McDonaid 1975; Warren and

Ashley 1994) or mesoform accretion surfaces (Johansson 1976).
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Development of a plane-wall jet requires supercritical flow through the ZFE (Fig. 4.1b). Similar flow
conditions are not uncommon during flood conditions in fluvial systems (e.g. Pierson and Scott 1985) and
are probably more common in subglacial conduits where flows are fully confined compared to open
channels (e.g. Simons et al. 1965). Using the experimental resuits of Rajaratnam and Subramanyan
(1986), Gorrell and Shaw (1991) suggested that a hydraulic jump is characterized by intense bed erosion,
and flow thickening followed by rapid downflow sedimentation as the flow rapidly losses transport
competence (Fig. 4.1b). This process has been discussed in detail by Komar (1971) for turbidites at the
transition from submarine canyon to fan. As a consequence, a thick density-stratified dispersion is
formed with a highly concentrated basal layer and a much thicker, more dilute fuily-turbuient overfiow.
Rapid sedimentation occurs within the steep-sided scours or as the dispersions evoive downfiow of the

jump into significantly more dilute turbidity currents. Deposits consist of massive or diffuse-graded sand
and gravel with large intraclasts eroded from the scour margins (Gorrell and Shaw 1991). Alternatively,
other authors have suggested that similar steep-sided scours and sand fills were the result of siumping

and evolution to hyperconcentrated grainflows (e.g. Cheel and Rust 1982; Postma et al. 1983).

Zone of established flow (ZEF): The ZEF extends downflow of the conduit mouth to approximately
20000, the distance at which the flow velocity has decayed to a negligible value. In this zone turbulent
mixing takes place throughout the entire jet (Bates 1953). Idéally, the jet expands downflow as a
symmetrical parabola, although local fan topography may deflect it. Deposits close to the flow axis
consist of planar and trough cross-bedded sand (Powell 1990) Produced by migrating 2-D and 3-D dunes.
Laterally and downflow these cross-beds grade to climbing small-scale cross-laminated sand, commonly
referred to as ripple-drift cross-stratification (c.f. Gorrell and Shaw 1991; Jopling and Walker 1968).
Within this zone subaqueous braided systems have been interpreted to consist of channel levee deposits
of small-scale, cross-laminated sand and channel fills of cross-bedded medium sand (e.g. Burbidge and
Rust 1988).
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Basin
At the basinatl terminus of the inertial jet efflux, suspended sediment underflows may develop and flow
farther basinward. These flows are not controiled by the inertial flow of the jet efflux but rather by local
differences in fluid density and basin slope. Deposits are dominated by cosets of small-scale, cross-
laminated fine sand (Burbidge and Rust 1988) that occur in association with graded siit strata and clay
laminae forming Bouma T, divisions (e.g. Gilbert 1997; Weirich 1986). Along the jet efflux boundary
reverse circulation eddies form as the ambient basin water is entrained into the jet and produces small-
scale cross-laminae with paleoflow directions oriented opposite to the jet efflux flow direction (e.g. Gorrell

and Shaw 1991).

In summary, this glacilacustrine fan model subdivides the jet efflux into three main units based on the
basinward loss of velocity and sediment transport competence. The following discussion of a small
glacilacustrine subaqueous fan that forms part of a large moraine complex describes the constituent
facies and facies-associations and stratal geometry in the context of the jet efflux model (Fig. 4.1). In
addition, evidence of deposition from high-energy flows, including supercritical fiow, hydraulic jumps and
hyperconcentrated dispersions, suggests that the fan was deposited within a single meltwater season

from a single outburst flood or jokulhlaups. The possible source of the meitwater is aiso discussed.

4.1.2 Study area and geological setting

The study area is in an aggregate pit approximately 60 km northwest of Toronto, Ontario (Fig. 4.2). Itis
located on the north side of the western Oak Ridges Moraine (ORM), and is 15 km east of the Niagara
Escarpment. The Oak Ridges Moraine is a major physiographic feature that extends for approximately
160 km from the Niagara Escarpment eastward to the vicinity of Trenton (Chapman and Putnam 1984)
and is 2-20 km wide and up to 160 m thick (Barnett et al. 1998). In the westemn part of the ORM which

includes the study area, sediment consists predominantly of gravel, sand and siit with less than 2 %
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interbedded diamicton (Russelil et al. 1998).

The ORM is interpreted to have formed in an ice-supported glacilacustrine basin (water surface ~420 m
asl, depth up to 200 m) that was bounded to the west by the Niagara Escarpment (Chapman and Putnam
1984). This interlobate basin was <40 km wide at the escarpment and narrowed eastward. The moraine
has been interpreted to consist of glacifiuvial and glacilacustrine sediment deposited in four stages: i)
subglacial, ii) subaqueous fan, iii) subaqueous fan/deita, and iv) ice-marginal (for details see Barnett et
al. 1998). These four stages are interpreted to record extreme changes in the magnitude of meltwater
discharge from regional subglacial reservoir outbreak floods (Barnett et al. 1998; Brennand and Shaw
1994) to seasonal, climate-modulated precipitation events (Gilbert 1997). Only the third stage,
represented by the upper 20-60 m of the moraine, was deposited within a glacilacustrine setting
dominated by subaqueous fan sedimentation (Barnett et al. 1998). This study discusses sediment

deposited during that stage.

This study was conducted in an active aggregate pit from 1993-1998. Sections were 6-10 m high and
extended laterally for approximately 250-300 m subparallel to the mean paleoflow direction (east-west).
In addition, a number of shorter sections oblique to transverse to flow were measured (Fig. 4.2). Field
observations of texture, bedding contacts, sediment structures, etc., have been grouped into facies (e.g.

Miall 1996). Study of the deposit architecture is based on photo-mosaics (e.g. Miall 1996).

4.2 Sedimentology

The 6-10 m high and ~300 m of east-west oriented sections were predominantly sand and gravel overiain
by 1-3 m of laminated-massive silt. The sand and gravel had a strong east-west sorting with coarser

deposits exposed in the eastern sections, whereas more westerly sections were progressively dominated
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by finer sand. The sections were generally characterized by upward-fining trends. Very littie diamicton
was observed at the study site. From these exposed sections eight principal facies have been identified
(Table 4.2).

4.2.1 Cross-stratified gravel (Gt, Gp)

The cross-stratified gravel facies forms 1-3 m thick tabular deposits (Fig. 4.3, 4.4, 4.5) that overiie a
sharp, planar to scoured lower contact that truncates quasi-planar stratified or cross-stratified sand. The
facies consists of normal-graded medium-scale cross-bedded, bimodal pebble to heterogeneous sandy
pebble gravel (Fig. 4.6). Trough cross-bedded heterogeneous gravel is more poorly sorted and is
generally thicker, forming sets 0.5-1 m thick (Fig. 4.6). Maximum pebble size is ~10 cm and averages
~1-3 cm (Fig. 4.6a). The largest clasts are rare intraclasts of silty sand that are up to 40 cm long and 5§
cm thick and generally have a sub-horizontal fabric. Planar cross-bedded bimodal gravel form sets 4-10
cm thick and cosets 25-30 cm thick. Cross-beds dip at 20-25°, are well sorted, and are normally graded

(Fig. 4.6b). Single sets are typically mantied by a fine siity sand.

Interpretation: This facies was deposited by migrating two- and three- dimensional subaqueous dunes
(e.g. Harms et al. 1975) or bars (e.g. Boothroyd and Ashley 1975). Normally graded cross-stratification

reflects gravity sorting during slipface avalanching.

4.2.2 Pilanar stratified gravel (Gh)

The planar stratified gravel facies occurs as iaterally extensive 0.5-2 m thick tabular deposits overlying,
and less commonly interbedded with, the cross-stratified gravel facies. Itis most extensive in section M-
2a where it was traced for 8-10 m parallel to flow (Fig. 4.3). Upflow it grades into the heterogeneous
gravel facies (see below) and downflow is interbedded or grades into quasi-planar stratified or cross-

bedded sand. Basal bed contacts are planar to undulatory with shallow scours < 10 cm deep. Scours
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are generally infilled by coarse bimodal gravel. The facies varies from open framework unimodal pebble
beds to sandy pebble beds commonly forming upward fining couplets (Fig. 4.7). Open framework gravel
beds are generally 1-3 cm thick (Fig. 4.7). Sandy pebble beds are 2-10 cm thick, more poorly sorted, and
more laterally continuous. The maximum: observed clast size is ~8 cm. Clast clusters occur locally and
commonly have a cobble-size clast at the core with pebble and sand stoss and lee deposits. The stoss
side deposits are characterized by imbricate pebbles with a medium sand matrix. In contrast, the lee side
deposits tend to be finer grained and a more disorganized fabric. Clast fabric is predominantly a(t) b(i)

to flow and indicates paleoflow toward the northwest.

Interpretation: The upward fining couplets, open framework beds, clast clusters, transverse clast fabric,
and an absence of cross-bedding are all considered to be evidence for deposition from a turbulent high-
energy flow (Collinson and Thompson 1989). These characteristics have been attributed to antidune flow
conditions under both supercritical (Blair and McPherson 1994; Iseya and Ikeda 1987; McDonald and Day
1978) and critical flow conditions (Koster 1978). Gravel couplets with open-framework have been
interpreted to be antidune stratification from alluvial fans formed under high-energy flow conditions of
~1.5<Fr<1.7 (Blair 1999). To account for the absence of cross-strata, Blair (1999) Invoked an autocyclic
mechanism involving over steepening of the surface wave, rapid breaking of the curling wave crest
followed by rapid downslope shooting (washout) of water. During washout, large volumes of sediment
are momentarily carried into suspension and the antidune structure is partially or completely eroded.
Subsequent rapid sedimentation forms the finer-grained upper portion of each gravel couplet. Clast
clusters are possibly transverse ribs that form under upstream migrating hydraulic jumps (McDonald and
Day 1978), or by antidunes (Koster 1978). The transverse ribs are marked by the iargest clasts and
consequently are interpreted to have formed beneath breaking standing waves when finer sediment was
transported downflow. The succession of gravel couplets is interpreted to have been deposited by a

single flow event as shown by studies of modemn alluvial fan deposits that are 5 m thick, and consist of
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15 gravel couplets that were deposited from a single flash flood that lasted for only 5 hours (Blair 1987).

4.2.3 Heterogeneous gravel with Intraclasts (Gd)

The heterogeneous gravel facies consists of matrix to clast supported heterogeneous gravel (Fig. 4.3,
4.4) and diffuse-graded sandy gravel. Bedding is generally poorly developed with gradational contacts
and poor lateral continuity of units (Fig. 4.8). Common to these deposits are siity sand intraclasts up to
3 m long (Fig. 4.9a,b). The facies is up to 3 m thick, and sharply overlies the sand and cross-stratified
gravel facies. The facies generally grades downflow to plane-bedded and cross-bedded sandy gravel
and coarse sand (Fig. 4.4). The heterogeneous gravel is generally poorly bedded or massive, with minor
interbeds of planar-stratified gravel facies, particularly toward the top (Fig. 4.8a,b). The dominant ciast
size in these strata is pebble with minor cobbles. Diffuse-graded sandy gravel was observed at one
location downflow of section M-3. The lower contact was siump covered, as was the lateral extent of the
strata. The bed fined-upward to coarse sand and the matrix was reverse and normal graded. Local grain-
size clusters were always matrix supported (Fig. 4.9b). Boulder-sized intraclasts of fine and medium sand
generally had a subhorizontal fabric and were stratigraphically low in the outcropping strata. The larger
intraclasts are mostly enveloped in a sand rich matrix that coarsens away from the intraclast (Fig. 4.9b).
These finer-grained envelopes are displaced toward the west along the upper margin of the core
intraclast. Upward in the facies the size and abundance of intraclasts generally decreases. Clast fabric

of these small intraclasts is random near larger intraciasts but with distance becomes more organized and

planar.

Interpretation: On the basis of intraciasts, and massive or poorly defined bedding, the heterogeneous
gravel and diffuse-graded sandy gravel are interpreted to be traction carpet deposits. Traction carpets
are interpreted to form at the base of stratified flows consisting of a subordinate basal hyperconcentrated

frictional layer and an overriding dilute fully turbulent collisional layer (Sohn 1997). The thickness of each
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zone relates to variations in applied shear stress, grain size and downward sediment flux (Sohn 1997).
Carpets with a thick collisional zone form best in coarser-grained flows and deposit better sorted more
distinctly graded strata. In contrast, a thicker frictional zone produces more massive deposits. Sediment
is interpreted to be supported by a number of mechanisms including shear supplied by the overlying flow,
dispersive pressure, buoyancy, hindered settling, and turbulence (Costa 1988; Smith and Lowe 1991).
In heterogeneous gravel with abundant gravel clasts, dispersive pressure and hindered settling were the
primary support mechanisms. In contrast, in the sand-rich gravel, dispersive pressure was less significant
because of the smaller mass of individual grains (Lowe 1976) and hindered settling was likely a more

important support mechanism.

Traction carpet deposits aggrade grain by grain (Sohn 1997) and, depending on flow dynamics, matrix
supported or framework supported gravel were deposited. Massive or normally graded, poorly bedded,
matrix supported gravel was previously interpreted to be deposits of hyperconcentrated flows (Lowe 1982;
Smith 1986). Less commonly clast supported gravel was interpreted to have been deposited by
hyperconcentrated flows (Dorsey and Falk 1998; Russell and Knudsen 1999). Variations in clast support
is most likely related to differences in traction carpet dynamics related to changes in sediment flux,
suspended sediment concentration, support mechanisms, etc. A number of characteristics differentiate
the sandy gravel deposits from the heterogeneous gravel. In the sandy gravel deposits, intraciasts are
enveloped by finer sediment, there is a broader range of intraclast sizes, matrix grading is more distinct
and pebble intraclast fabric is more disorganized (Fig. 4.9b). Deposition from non turbulent, high
concentration flows is indicated by the preservation of poorly consolidated intraclasts and grading in
intraclast matrix haloes. Asymmetric relationship between the core intraciast and its of the fine matrix
envelope suggests that the flows were not emplaced as a rigid plug. The displacement of the envelopes
and vertical grading are interpreted to indicate deposition from a traction carpet. Increased frictional

strength was possibly associated with disaggregation of siit intraclasts and a commensurate increase in
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local sediment concentration (e.g. Postma et al. 1988). Similar facies have been described from other
subaqueous fan deposits as gravity flow deposits (Rust 1988) and to be deposits of hyperconcentrated
fiows (Brennand and Shaw 1996).

Erosion of large unconsolidated friable sand intraclasts was probably related to hydraulic jump scouring
or scouring at the base of the flow. The rapid dissipation of flow energy and generation of high volumes
of entrained sediment some distance downflow of a hydraulic jump would have developed stratified fiows
and caused rapid sedimentation. Sand intraclasts are commonly observed in esker (e.g. Brennand 1994),
subaqueous fan (e.g. Gorrell and Shaw 1991) and jokulhlaup outwash deposits (Russeil and Knudsen
1999) and have been attributed to scour within a hydraulic jump. Less commonly such intraclasts are
occur fluvial settings where they may originate by slumping along channel margins (e.g. Martin and

Turner 1998) or erosion from the channel bottom (Wan and Wang 1994).

4.2.4 Cross-stratified sand (St, Sp)

The cross-stratified sand facies crops out extensively in section M-3 and M-4 (Fig. 4.5, 4.10). Itis sharp-
based, predominantly medium-scale, planar-tabular and trough cross-stratified medium to pebbly coarse
sand. Planar cross-sets are < 50 cm thick and form cosets 2-3 m thick (Fig. 4.10, 4.11a). The thickest
sets occur in the lower part of cosets and thin upward. In section M-4 strata dip at a low angle (< 10°) to
the west (Fig. 4.10). Trough cross-sets are generally coarser than planar cross-sets, are coarse-tail
graded, and form cosets 30-50 cm thick. Atone location, 10-20 cm thick climbing cross-sets form a coset
1-1.5 m thick (Fig. 4.11b). Deformation is rare, but where present consists predominantly of small-scale
normal faults with 2-5 cm offset, and minor convolute bedding. Paleoflow measurements of
predominantly trough cross-beds from section M-1 are to the southwest, whereas planar cross-beds in
section M-4 indicate flow varying from the southwest to northwest (Fig. 4.2). The combined

measurements from section M-1 and M-2 have a bimodal distribution with a primary southeast mode and
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a secondary northwest mode.

Interpretation: This facies was deposited by traction sediment transport and migrating dunes bedforms
(Church and Gilbert 1975; McDonald and Vincent 1972). Tabular cross-stratification is the product of 2-D
dunes that had limited erosion at the separation-eddy reattachment point (Saunderson and Lockett 1983).
Trough cross-stratification was formed by 3-D dunes with intense downflow scouring (Harms et al. 1975).
Climbing, medium-scale cross-stratification indicates high rates of suspended sedimentation under
waning flow conditions (e.g. Ashley etal. 1982; Gorrell and Shaw 1991). itis useful to note that climbing
medium-scale cross-stratification is not common in the geological record, most probably because of the

high bed load transport rates in combination with downflow scouring associated with these dunes.

4.25 Quasi-planar stratified sand (Sh)

Cropping out extensively in section M-3 (Fig. 4.5) the quasi-planar-stratified (low-angle paralle! to
divergent strata) sand facies is up to 3.5 m thick (Fig. 4.12, 4.13) and with the exception of the silt-clay
facies, overlies any facies. Itis interbedded with diffuse-graded or cross-bedded sand, and is transitional
upflow with heterogeneous gravel. It consists predominantly of well-sorted medium sand with minor
coarse sand (Fig. 4.12) and minor moderately sorted pebbly sand. Strata are 0.1-1 cm thick, graded or
massive, form cosets <40 cm thick, but locally up to 1.5 m thick, and overlie parallel or iow-angle (< 15°)
erosion surfaces (Fig. 4.12b,c, 4.13). Low-angle dipping strata onlap underlying erosional surfaces
toward the east. Within a coset, iaminae dip at a low-angle and are parallel or diverge slightly. Interbeds
of massive sand 2-3 cm thick occur locally. Laterally strata are continuous for up to 8-10 m and pinch
and swell along strike. Coarse sand occurs as discontinuous 30-40 cm long interlaminae within medium
sand or fill shaliow scours that are <2 cm deep and 5 cm long. Larger scours are 20-30 cm deep, 1-2
m long and filled with massive, medium sand. Locally, low-angie downflow and upflow dipping laminae

are preserved (Fig. 4.12b).
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Interpretation: Based on stratal geometry, onlap and dip direction, normal grading and changes in bed
contact conformity, two depositional processes are interpreted. Where strata are pianar, normally graded,
and conformable to the underlying bedding surface, deposition under upper-flow-regime, piane-bed
conditions is interpreted (Cheel 1990). Conversely, where strata are bounded by low-angle erosion
surfaces, and laminae dip at shallow angles into the inferred paleofiow direction, strata are interpreted
to be deposited under antidune flow conditions. Both the piane-bed and low-angle strata were deposited

from high-energy fluidal flows. Only the iow-angle strata are discussed further.

Low-angle cross-stratification dipping <10° up-paleofiow and the paucity of high-angle cross-stratification
in the section suggest that deposition occurred under supercritical flow conditions (Fr ~1) and migrating
in-phase wave conditions (Cheel 1990; Middleton 1965). In-phase waves probably developed within an
undular (1 <Fr< 1.7) or less likely a weak (1.7 <Fr< 2.5) hydraulic jump when a supercritical flow
underwent rapid flow expansion (e.g. Chow 1959). Unsteady flow conditions may have fluctuated
between the undular and weak hydraulic jump and as a resuit changed the local position of the hydraulic
jump and, consequently, the location of erosion and deposition. Massive beds within the succession were
possibly deposited under conditions of high sediment concentrations and rapid sedimentation. Breaking
in-phase waves in fluvial environments have been reported to produce near-bed suspended sand
concentration of up to 80% (Simons et al. 1965). Such elevated sediment concentrations may have

momentarily suppressed local fluid turbulence and deposited massive beds.

4.2.6 Diffuse-graded/massive sand (Sd)

Diffuse-graded sand is exposed in section M-2a and M-3 (Fig. 4.3, 4.5) and abruptly overlies and is
interbedded with quasi-planar-stratified sand. Locally itoverlies small-scale cross-laminated sand. Itfills
irregular scours that are up to 3 m deep, have margins dipping up to 60°, and locally overhang. Strata

occur also in sharp-based tabular beds 5-40 cm thick. Sediment ranges from medium sand to granule
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coarse sand (Fig. 4.14a). Granules and isolated clay and silt intraclasts occur only in scour fills (Fig.
4.14a). Strata are massive or diffuse-graded where sand is faintly planar stratified. Within the scour-fill
beds are < 10 cm thick and average ~5 cm thick. Stratification is most clearly defined toward the scour-fill
margins and upward in the fill (Fig. 4.14). Locally subhorizontal undulatory stratification is traceable for
10-100s cm until it becomes very faint or even massive. Within thicker fills multiple erosional surfaces
are curvelinear and have apparentdips of up to 70°. The facies aiso occurs as sharp-based tabular strata

< 40 cm thick that grade downflow into, or are overiain by, quasi-planar-stratified sand.

Interpretation: The infill of steep-walled scours, with local overhanging margins, and the diffusely graded
or massive texture are interpreted to represent rapid deposition from sediment-charged flows. Although
both scour-fill and tabular facies of diffuse-graded sand are interpreted to indicate rapid deposition, there
are important differences. Scour-fill units were deposited immediately downfiow of a hydraulic jump.
Conversely, tabular units were deposited under high-energy, possibly upper-plane-bed conditions.
Scours eroded into unconsolidated medium sand with margins dipping at up to 60° and local overhangs
must have been eroded and filled rapidly. in the absence of extensive evidence suggesting liquefaction,
slump scars or slump deposits, or faults in underlying strata, erosion is interpreted to have been beneath
a hydraulic jump. Hydraulic jumps form where supercritical flows rapidiy transform to subcritical flows,
as a consequence of rapid flow expansion (Gorreli and Shaw 1991; Komar 1971). Intense erosion within
the hydraulic jump, particularly in high Froude number oscillatory jumps, erodes deeply and entrains large
quantities of sediment. The thicker, lower-energy flow downfiow of the jump has greatly reduced transport
capacity, which resuits in rapid sedimentation. Beds of diffuse-graded or massive sand were previously
attributed to traction carpets (Sohn 1997), sandy debris flows (Postma et al. 1983; Shanmugam 1997),
hyperconcentrated flows (Gorrell and Shaw 1991; Kneller and Branney 1995; Maizels 1989; Smith 1986),
laminar sheared layers (Vrolijk and Southard 1997), or grain flow (Cheel 1982; Lowe 1982). Collectively,

these processes involve highly concentrated sediment dispersions, and suppressed turbulence.
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Sediment support mechanisms for each of the processes are variable and may include one or a
combination of the following: turbulence, dispersive pressure, hindered settling, and buoyancy.
Deposition of this facies in locally steep-sided scours is interpreted to have occurred almost
simuitaneously following scour erosion, and rapid loss of transport capacity by the flow. The downflow
transformation of the flow probably involved a number of depositional processes. Where suspension
sedimentation was highest, and the sediment flux was predominantly normat to the bed, deposition was
possibly from a surge and a simple laminar sheared layer (e.g. Vrolijk and Southard 1997). With
decreasing rates of suspension sedimentation, flow stratification and the transfer of shear from the
overlying dilute fluidal flow, deposition was from sustained traction carpets (Sohn 1997) (see

heterogeneous gravel with intraclasts).

Where tabular diffusely stratified sand grades laterally or is overiain by quasi-planar-stratified sand, the
lack of stratification in the diffusely-stratified part was probably related to higher rates of suspension
sedimentation. In a flume study, Amott and Hand (1989) showed that under upper plane-bed conditions,
stratification became progressively more diffuse with increasing rates of bed aggradation. The reason
for this change was attributed to reduced lateral segregation of grains, and a steeper angie of climb of
persistent low-amplitude bed forms. Consequently, the interbedded character of this facies with the
quasi-planar stratified facies can likely be related to spatial and temporal variations in sediment

concentration and local differences in rates of sedimentation and flow speed.

4.2.7 Small-scale cross-laminated fine sand: (facies Sr)

The smail-scale, cross-laminated fine sand facies is the most extensive facies in section M-5 (Fig. 4.15)
forming 4-5 m thick units; however it aiso crops-out in sections M-2a, M-3 and M-4. It abruptly overlies
the cross-stratified sand facies, oriess commonly, the gravel facies. Strata consist of small-scale cross-

laminated fine sand composed predominantly of stoss-erosional or stoss-depositional small-scale cross-
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laminae; (Fig. 4.16, ripple-drift cross-lamination, Jopling and Walker, 1968). Less common are sinusoidal
laminae with steep-angies of climb (>60°) and no heavy mineral laminae. Cross-laminated, silty fine sand
to fine sand forms sharp-based sets < 4 cm thick, and cosets < 3 m thick. Where silty the coset thickness

is generally thinner. Scours and intraformational clay clasts are rare.

Interpretation. Small-scale, cross-laminated siity fine sand was deposited by low-energy current ripples.
Climbing cross-lamination is the resuit of combined traction and suspension sedimentation and rapid bed
aggradation as the flow loses transport capacity (Ashley et al. 1982; Jopling and Walker 1968). Rapid
bed aggradation and climbing cross-stratification commonly occur under expanding-flow conditions of
density underflows, turbidity currents (Walker 1992) and overbank sedimentation (Harms et al. 1975).
A jet efflux from a subglacial conduit would undergo rapid flow expansion as it entered a glacilacustrine
environment and rapidly entrain ambient basin water (Fig. 4.1). Thick sequences (100s cm) of small-
scale cross-laminated sand are common in glacial subaqueous fan deposits (e.g. Gorrell and Shaw 1991;
Rustand Romanelli 1975). Such stratification is comparatively less common in deep submarine fans (e.g.
Pickering et al. 1989; Walker 1992) where it is generally described as c-division of Bouma turbidites and
is generally < 10s cm thick. This reflects the difference between quasi-continuous efflux flows in glacial

settings compared with surge-type turbidity currents in deep-sea submarine fans.

4.2.8 Fine silt - clay: (facies F)

Fine silt-clay up to 2-3 m thick is stratigraphically highest and in most places gradationally overlies the
small-scale cross-laminated facies. Fresh sections are mostly massive; however, upon drying 1-3 cm
thick, sharp-based, fine sand or silt beds are generally discernible. Rare, < 1 cm thick small-scale cross-
laminated fine sand beds occur at the base of individual couplets. Couplets fine upward and form
rhythmic successions that are up to 20-30 cm thick. A series of graded sand-silt couplets are commonly

overiain by 0.5-2 cm thick clay stratum that is faintly normal graded or massive.
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Interpretation: This facies is interpreted to have been deposited predominantly by weak density
underflows and suspension sedimentation beyond the zone of jet efflux (e.g. Gilbert 1997). Rhythmic,
normai-graded sand-siit-clay strata were deposited by underflows and suspension sedimentation. The
thicker clay strata were deposited from suspension. Suspension sedimentation of clay requires low
turbulence in the water column and is interpreted to have occurred under winter conditions of low
meitwater discharge and surface ice cover of the basin (Banerjee 1973). Consequently, thicker clay
strata are interpreted to mark the end of an annual sedimentary cycle and the top of a varve. This facies
overlies the coarser fan sediment and marks a shift from jet eflux dominated sedimentation to basin

sedimentation following shutdown of the conduit or migration of the conduit efflux.

4.3 Facies Associations

The facies identified in this study (Table 4.2) have been organized into five facies associations (Table

4.3); each is discussed below and the associations are summarized in figure 4.17 and figure 4.18.

4.3.1 Fan-core association

The fan-core association consists of heterogeneous gravel and planar-stratified gravel with minor cross-
stratified and quasi-planar stratified sand. Itis tabular and erosionally overlies cross-bedded sand and
gravel. In outcrop it is ~10-20 m wide, 7-8 m thick, and has a length parallel to flow of more than 40 m
(Fig. 4.3, 4.4, 4.17). Upward the strata change from medium-scale cross-bedded gravel, to
heterogeneous gravel with sand intraclasts and planar stratified gravel facies. Locally, there is well
developed lateral gradational transitions from heterogeneous gravel with sand intraclasts to interbedded
planar-stratified gravel, and further downflow to cross-bedded gravel and cross-bedded sand. This
upward change in stratal succession is interpreted to reflect deposition from progressively higher energy

flows and flows of increased sediment concentration, whereas the downflow transitions indicate rapid flow
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expansion and loss of transport capacity. Rapid downflow facies changes, lack of definable vertical

succession and erosional contacts characterize this association.

4.3.2 Flanking-core association

The flanking-core association occurs lateral to the fan-core association and consists of cross-bedded
sand and quasi-planar-laminated sand and minor diffusely graded/massive sand (Fig. 4.5, 4.17). It
ranges from 2-8 m thick depending upon the depth of incision by the steep-walled scour association (see
below). Beds either offlap the fan-core with a dip of 5-10° or grade laterally from the fan-core. Offiapping
beds form a succession of quasi-planar stratified and diffuse-graded sand with muitiple low-angle
truncations and smail scours (Fig. 4.13). In contrast, deposits that grade laterally are generally tabular,

horizontal gravelly sand beds that fine laterally away from the fan-core (Fig. 4.5).

4.3.3 Steep-sided scour association

The steep-sided scour association consists of steep-sided, irregular scours eroded into the flanking fan
association (Fig. 4.5,4.17) and infilled with diffusely graded sand facies. The largest scouris 10 m wide,
3 m deep and has margins dipping 10-60°(Fig. 4.14a). Locally the scour margins consist of overhangs
20-30 cm long (Fig. 4.14b). Elsewhere the substrate of the scour margins is offset suggesting minor
slumping (Fig. 4.14b). The dip of the scour surface generally decreases upward and laterally, eventually
becoming subhorizontal and overiain by cross-bedded sand. The coarser scour-fill sediment is poorly
exposed but consists of sandy gravel with silty sand intraclasts that fine-upward to diffuse-graded sand
The predominant infill sediment is diffuse-graded medium sand. Preservation of the steep-walled scour
geometry, and especially the overhangs in a cohesioniess sandy substrate indicates that erosion was

followed immediately by deposition of the diffuse-graded/massive sand.
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4.3.4 Large gently inclined bed set association
The gently inclined bedset association consists of a thick succession of gently dipping surfaces that are
overlain by planar cross-stratified sand or small-scale cross-laminated fine sand facies (Fig. 4.10, 4.15,
4.17, Table 4.3). The association is 6-8 m thick and extends downflow subparallel to the paleoflow
direction for >150 m. individual bedsets are up to 60 cm thick and generally thin upward. Bed surfaces
dip at 5-10° toward the west - northwest and the dip angle increases gradually basinward (Fig. 4.15).
Small-scale cross-stratified sand becomes increasingly more abundant basinward. 1-2 m wide and 1 m

deep scours occur locally and are infilled with cross-stratified medium sand.

4.3.5 Shallow channel association

The shallow channel association consists of stacked and nested channel fills of cross-stratified, smail-
scale cross-laminated sand and minor diffuse-graded/massive sand (Fig. 4.5, 4.17). It erosionally
overlies the other stratal associations and is thickest (3 m) over sand-dominated stratal associations (Fig.
4.5, 4.10). Channels are at least 1-2 m deep and 5-20 m wide. Channels are deepest and widest near
the base of the association and become progressively shallower upward and also decrease in size
downflow. The bases of the channels have rare overdeepened troughs, and coarse lags are rare. This
facies association has a very consistent vertical and downflow facies transition to progressively lower-

energy, finer grained silt and clay strata.

44 Depositional Model

Based on the facies and facies associations discussed above, strata in the study area are interpreted to
have been deposited in the proximal region of a glacilacustrine subaqueous fan. Subaqueous fan
deposits occur at the downflow terminus of eskers (e.g. Diemer 1988; Warren and Ashiey 1994), oniap

or are lateral to eskers (e.g. Banerjee and McDonald 1975; Brennand and Shaw 1994; Gorrell and Shaw
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1991), or form parts of large moraines (e.g. Fyfe 1990; Sharpe and Cowan 1990). Fan deposits have
been interpreted to form in response to seasonal steady-state (e.g. Powell 1990), or episodic glacial
hydraulic events (e.g. Gorrell and Shaw 1991). In some cases moraine deposits represent the
coalescence of muitiple adjacent fans (e.g. Rust and Romanelli 1975). Aithough no esker deposit was
observed to merge into the fan, the study area is in the upland region of the Oak Ridges Moraine, which
is a large polygenetic glacial landform (Barnett et al. 1998). Because the moraine is a positive
topographic landform, deposition in a glacilacustrine basin required ice-support and a glacial meitwater
system for sediment delivery. This ice-confined glacilacustrine basin was bounded by ice and to the west
by the Niagara Escarpment. Basin geometry and depth was controlied by the location where ice
impinged along the escarpment and by the elevation of outlet channels that breached the escarpment.
On the basis of valley morphology, sedimentary deposits and elevation of moraine deposits, Chapman
(1985) identified four key outiet channel elevations at 420, 380, 367 and 290 m asl. For the study area,
with a surface elevation of 290 m, these outflow levels probably drained a lake 70-120 m deep. The
approximate surface extent of the lake can be estimated from the location of the drainage channels, the
fan location and surface extent of Haiton Till. On this basis a rough estimate of the north-south width of
the lake is estimated to have been 30-40 km. The east-west length of the lake basin between the

northern Simcoe and southern Ontario ice lobes is more difficuit to estimate but probably was < 100 km.

The meitwater-sediment supply to the subaqueous fan was most probably from unsteady episodic flood
discharge, termed jokulhlaups, rather than steady seasonal flow. A jokulhlaup interpretation is supported
by the lack of stratigraphic evidence for annual sedimentation and the high-energy nature of the facies
assemblage that consists of heterogeneous gravel and diffuse-graded sand deposited from
hyperconcentrated flows and steep-walled scours eroded beneath hydraulic jumps. In addition, the
absence of ciay interlaminae, either in situ or as intraformational clasts within the coarse-grained fan

succession, suggests that the fan was constructed during a single meitwater season. Within the fill
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small-scale scours occur with dip angles < 70°.

4.4.1 Meltwater sources

Glacial outbreak flood events (jokulhlaups) span a broad range of discharge magnitudes that have been
related primarily to the volume of stored water (Clague and Mathews 1973). Peak discharges range from
1-2 times up to 10 times normal flow rates (e.g. Church 1972) and contribute, in exceptional cases, up
to 90% of the total annual sediment yield for a basin (e.g. Maizels 1997). These models indicate that
deposition related to jdkulhlaups dominate the sedimentary succession in affected basins. Analogues
of Laurentide deglaciation meitwater processes, of which jékulhlaups are one component, are based on
temperate alpine or piedmont glaciers, arctic icecaps, or sediment deposits described from these
localities. These analogues, however, are not ideal because modemn glacial environments are not of
comparable scale and form under different climatic conditions. For these reasons the role, extent, and
magnitude of meltwater in ancient continental glaciers remain highly equivocal. Nevertheless, using the
Malaspina glacier as an analogue for the southeastern margin of the Laurentide ice-sheet, Gustavsonand
Boothroyd (1987) suggested that the glacial hydrologic system was the principal sediment pathway to
the glacial terminus. This assertion is supported by studies of large continental moraines such as the St-
Narcise Moraine, (Burbidge and Rust 1988); the Harricana Moraine (Brennand and Shaw 1996), the
Hartman Moraine (Sharpe and Cowan 1990), or the Salpaussika | (Fyfe 1990) that are composed

predominantily of glacifluvial sediment.

Possible jokulhiaup meltwater sources include subglacial, englacial and supraglacial reservoirs with large
precipitation events (rain) potentially contributing a significant volume of water to the total discharge (e.g.
Fountain and Walder 1998; Tweed and Russell 1999). Furthermore, Shoemaker (1991) has discussed
the controls for explaining the origin of iakes beneath the Laurentide ice-sheet. Verification of subglacial

reservoir models is emerging from systematic aerial surveys of the Antarctic icecap (e.g. Siegert et al.
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1996). Beneath this icecap 5-10% of the surveyed region is estimated to be underiain by subglacial
lakes, with individual lakes ranging from 1.3-241 km wide and possibly several hundred metres deep
(Siegert et al. 1996; Siegert and Ridley 1998). Additionally, subglacial storage has been implicated in
outburst discharges from alpine glaciers (e.g. Rothlisberger and Lang 1987), Alaskan piedmont glaciers
(e.g. Fleisher et al. 1997), and for formation of erosional s-forms on bedrock below Antarctic outiet
glaciers (Sawagaki and Hirakawa 1997). Consequently, even though the geothermal gradients and /or
climatic conditions of these examples differ from that inferred for the Laurentide ice sheet, there is

significant evidence to support the probable former existence of lakes beneath the Laurentide ice-sheet.

Supraglacial lakes are another possible source of water for major discharge events. On modern glaciers
supraglacial lakes form during the early meit season as areas of slush and ponded water (Muller 1962;
Rothlisberger and Lang 1987; Weidick 1988). Although the depth and areal extent of these lakes has
been poorly documented, in two examples from Greenland, Thomsen (1989) and Russell (1993)
described lakes up to 10 m deep and ~1500 m wide that drained through moulins. For alpine glaciers
with low surface siope (< 1.5°) deeper lakes form in areas where the roofs of shallow englacial conduits
have collapsed (Kirkbride 1993). Drainage from supraglacial lakes is controlled by the continuity of
conduit connections between the surface and englacial or subglacial systems. These studies provide
support for interpretations of Laurentide supraglacial meltwater accumulation and drainage. In fact, Shaw
(1996) used regional landform and sedimentological evidence to support a modei of supraglacial

meitwater accumulation as a source of regional jokulhlaup drainage from the Laurentide Ice-sheet.

A third alternative for catastrophic meitwater discharge is high intensity precipitation events, either in the
spring (Rothlisberger and Lang 1987) or during the later part of the meltwater season (Cowan et al. 1988).
Such events augment existing water storage within or on a glacier, and thereby help provide a sudden

peakin meltwater discharge. For a spring precipitation event, Warburton and Fenn (1994) recorded peak
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discharge of 10 m s™* and estimated that 22% of the total annual sediment load was deposited during a
4 day period. Additionally, a series of discharge events were recorded that caused the sediment flux to
pulsate at scales ranging from 5 minutes to several days. Such fluxes in discharge are common to both
precipitation and outbreak events (Russell and Knudsen 1999) and are connected to the evolution of the
subglacial drainage system. Late season events also produce peak discharge events with sediment
fluxes of 5-6 times normal seasonal values (Cowan et al. 1988). For late season events supraglacial
storage is probably less significant and rapid drainage of meitwater via a well established and snow-free

ice-terminus is more likely cause of a rapid increase in discharge.

The proposed jokulhiaup that constructed the fan described in this study possibly originated from one of
several individual reservoirs of either subglacial or supraglacial position, or possibly a combination of

sources including precipitation. Studies of spring events in alpine glaciers indicate a tripartite contribution

to peak discharges of, i) subglacial water pockets, ii) existing supraglacial storage, and iii) precipitation
input (Warburton and Fenn 1994). Routing of and fluctuations in discharge are influenced by changes
in subglacial cavity form and connectivity, changes in the contribution from individual meitwater sources,
and development and collapse of conduits. These controis produce flow puisations that influences the
discharge magnitude, and sediment load. Discharge at the terminus, regardless of the exact source(s)

of the meltwater, was subglacial, or if englacial was delivered at the same elevation as the fan surface.

4.4.2 Sedimentary events

Depositional setting

Cross-bedded sand and gravel within the Oak Ridges Moraine have been interpreted as either braided
fluvial, deitaic or subaqueous fan deposits (Bamett et al. 1998; Duckworth 1979; Paterson and Cheel
1997). Additionally, incision of underlying subaqueous fan deposits and infill has been used to support

an interpretation of falling lacustrine water leveis, subaerial exposure and subsequent rising iake ievels
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(Paterson and Cheel 1997). The similarity of sedimentary structures and facies produced by
unidirectional currents is a common interpretative problem, whether in submarine fan (Hein 1984),
glacifiuvial esker or subaqueous fan deposits (Rust and Romanelli 1975). In this study a subaqueous fan
setting interpretation is favoured for the following reasons: rapid coarse-grained sediment aggradation;
overlying basinal silt-clay facies; and similarity with other subaqueous fan deposits. The inferred rapid
bed aggradation of these deposits indicates deposition in a relatively deep subaqueous environment
unconstrained by base level and accommodation space. There is also extensive evidence of rapid flow
expansion and rapid suspended sediment deposition from both climbing dune-scale cross-strata and
climbing small-scale cross-laminae. Rapid bed aggradation and flow expansion are conditions more
characteristic of subaqueous fans than subaerial braided fluvial deposits. Additionally, the entire fan is
overiain by a 2-3 m succession silt-clay interpreted to be glacilacustrine deposits. Thus in the absence
of evidence for water level fluctuations the entire succession is interpreted to be deposited in a
glacilacustrine environment. Finally, aithough the shallow channel association has similarities to a
braided fluvial system, similar facies associations have been observed in glacigenic subaqueous fans
(Burbidge and Rust 1988) and deep water submarine fans (Hein and Walker 1982) and submarine

canyon fills (Arnott and Hein 1986).

Flow regime

Sediment was transported to the fan and deposited during a single, semi-continuous flow event. The fan-
core, flanking fan-core and steep-walled scour facies associations were deposited from a high-energy
unsteady, non-uniform flow within the ZEF and ZFT. Deposition was near peak discharge or during early
waning flow conditions. By contrast, the shallow-channel facies association indicates a period of low-
energy steady flow and the deposition of cross-bedded sand and small-scale cross-laminae. Temporal
variations in flow conditions, and hence the nature of sedimentation, were related to changes in the fluid

flux caused by changes in the melitwater conduit system and the stage of flood discharge. Broad spatial
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flow variations are related to flow expansion. Local flow variations were probably caused by fan

morphology and consequent flow thinning and thickening.

Non-volicanic jokulhlaups are commonly characterized by gradual waxing flow, as the conduit system
enlarges, followed by rapid flow waning (e.g. Maizels 1993; Tweed and Russell 1999). This asymmetry
in discharge is related to the increased capacity of the discharge system with time. As the meltwater
reservoir empties, a threshold is reached where fully pressurized flow can no longer be maintained and
flow conditions change from confined to unconfined. This transition is accompanied by a marked
decrease in the maximum sustained flow energy and a corresponding decrease in sediment transport
capacity. Assuming a reservoir source, an approximate discharge volume can be estimated. An
empirical relationship developed by Clague and Mathews (1973) relates peak discharge, Q... 10
maximum lake volume, V,,.:
Q... = 75(V,.0)°

By using the observed facies distribution within the jet efflux model, the diameter of the conduit can be
estimated to be ~10 m. A paleofiow estimate of between 1-5 m s can be obtained using the maximum
gravel clast size of 10 cm (cf. Williams 1983). The technique of Williams was based on open channel flow
calculations, however, for pipe flow the entrainment threshold velocity is 2.5-3 times greater than for
open-channel flow (Powell 1990). Consequently, velocities estimates are probably in the range of 2.5-10
m s*'. These estimates would indicate that Q .. was between 250 and 1200 m® s and V,,,, for the
discharge event was from 6.0x10° to 62.7x10°m3. This volume is of the same order as a number of ice-
marginal lake jokulhlaup volumes reported by Clague and Mathews (1973) but is an order of magnitude
greater than meitwater volumes potentially available from documented supraglacial lakes (e.g. Russell
1993). Itis importantto point out that this empirical approach, assumes that discharge was uninterrupted
and from a single reservoir source. Consequently the caiculated volume will be underestimated in the

case ofincomplete reservoir drainage, or where other meitwater sources including precipitation input were
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involved.

Plane-wall jet fan sedimentation

A plane-wall jet forms where a supercritical flow debouches from a conduit and undergoes rapid flow
expansion (Fig. 4.1). Such flows are inherently characterized by the formation of a hydraulic jump and
intense turbulent mixing of the jet efflux and ambient basin water (Fig.4.18a, Gorrell and Shaw 1991).
The plane-wall jet efflux is interpreted to have produced a wide range of sediment textures from high-
energy sediment charged flows. Within the zone of flow establishment (ZFE), only heterogeneous and
planar-stratified gravel were deposited (Fig. 4.18). These strata were deposited from high-energy flows
that partially or wholly eroded underlying lower-energy deposits of cross-stratified sand and gravel.
Deposition during these high-energy events resuilted from a combination of hyperconcentrated dispersion

that transported even pebbles in suspension and an overlying fluidal flow.

Downfiow and lateral to the ZFE the zone of flow transition (ZFT) developed over a distance of 4 to 8
times the conduit diameter (4-8 D). Assuming a conduit diameter of 10 m this equates to a zone 40-80
m downflow of the conduit mouth. Here the flow would have expanded, and ambient basin water would
be rapidly entrained inward toward the jet axis accompanied by extensive turbulent mixing. Initial flow
entrainment of basin water wouid have further concentrated sediment within the basal part of the flow.
Increased sediment concentration within this Zone could have allowed a basal hyperconcentrated zone
to develop within a stratified flow. Deposition from the basal hyperconcentrated traction carpet would
cause the bed to rapidly aggrade, emplacing massive or poorly bedded heterogeneous gravel deposits
2-3 m thick. Rapid downflow evolution from a hyperconcentrated dispersion to more fluidal flow
conditions is indicated by the lateral transition from massive or poorly bedded heterogeneous gravel to
plane-bed and cross-bedded deposits over a distance of ~5 m (Fig. 4.4). These deposits have a striking

similarity with coarse sand and gravel rhythmites described from recent jokulhlaups in Iceland (Russell
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and Knudsen 1999). The 8-10 m thick Icelandic succession was deposited over a maximum of 17 hours
and consists of sharp-based graded couplets of sandy grave! deposited by unsteady flow pulses that

ranged from seconds to minutes in length (Russell and Knudsen 1999).

As sediment concentration decreased and flow turbulence concomitantly increased, the jet would have
expanded rapidly. Initiation of hydraulic jumps would cause extensive local erosion and downflow
deposition. Where relatively low-energy undular or weak hydraulic jumps developed along the side of
the fan-core quasi-planar stratified sand was deposited (Fig. 4.5). Under higher energy conditions and
oscillatory hydraulic jumps (2.5< Fr < 4.5), more extensive erosion affected the flanking fan-core
association and formed steep sided scours. Vertical oscillation of the jet rapidly scoured and entrained
large quantities of sediment. Reduced transport capacity as the flow expanded resuited in flow
stratification. A basal hyperconcentrated layer developed and sediment was deposited by a variety of
mechanisms that evolved downflow from en masse suspension sedimentation, to deposition from laminar
shearing surge flows and traction carpets to eventually deposition from fiuidal flows. Locally, the highest
concentrations of sediment were deposited as heterogeneous sandy gravel with intraclasts (Fig. 4.9b,
4.14b). Eisewhere, 5-10 cm thick diffusely graded sand beds infilled scours during multipie stages of
scour and deposition (Fig. 4.14a). The more dilute overlying fluidal flow region continued basinward as
subcritical underflows, resulting in deposition of a succession of cross-stratified and small-scale cross-
laminated medium and fine sand beds in the zone of established flow (Fig. 4.15). Downflow of the
hydraulic jump, migrating dunes constructed a 4-6 m thick 250 m long gently dipping accretionary wedge
in the proximal ZEF (Fig. 4.10,4.15). Within the upflow 100 m of this zone, sets of dune-scale cross-
bedding fines rapidly downflow to mostly ripple-scale cross-lamination. The basinward accretion of the
fan is recorded by these low-angle bed sets (Fig. 4.15).

Migration of the conduit mouth or a change to a lower-energy plane jet is defined by the abrupt
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development of the shallow-channel facies association (Fig. 4.17). Rapid migration of conduit position
due to ice-front collapse or conduit roof collapse is common where jokulhlaups have occurred (e.g.
Fleisher et al. 1997; Russell and Knudsen 1999) and would result in a consequent shift in the ZFT toward
the earlier fan apex. These deposits represent the final stage of efflux from the conduit before the conduit
flow either migrated laterally, was captured by a lateral system, or the entire meltwater system shutdown.
Alternatively, a shift to a lower-energy plane jet occurred in response to depletion of the meitwater
reservoir and a change from pipe-full to partly filled conduit discharge. The resuitant loss of flow energy
resuited in a loss of transport competence and capacity, and a marked change in the dynamics of the
jet efflux. Consequently, sedimentation on the fan was controlled by subcritical bed-load transport and

development of a subaqueous braided channel network.

The complete fan is overlain by the 2-4 m thick silt-clay facies. Silt rhythmites in this facies probably
record the distal sedimentation signal of efflux discharge eisewhere in the basin and graded Bouma
divisions T.-T,. Where only graded T, silt-clay couplets occur, deposition was predominantly by

suspension sedimentation unrelated to jet efflux. The rhythmites thus record the end of fan development.

4.5 Discussion

In the subaqueous fan model review (section 4.2) two different types of jet efflux were considered, plane-
jet and plane-wall jet along with different efflux geometries, an elongate parabola or a stubby fan-shaped
parabola (Fig. 4.1). The geometry of the jet effilux and consequently the fan deposits are related to the
relative magnitude of inertial energy and interfacial shear. In the case of high interfacial shear, the fan
is shorter in axial length and more hemispherical in shape. For a plane-wall jet, interfacial shear will be
particularly high as turbulent mixing is increased by the action of the hydraulic jump. Consequently, the

geometry of the subaqueous fan deposited from a plane-wall jet probably would be shorter and broader
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than the idealized parabotfic form discussed in detail by Bates (1953) and is better modelied as a friction-
dominated jet efflux (Powell 1981; Wright 1977). Distribution of gravel facies suggests that the ZFE and
ZFT have similar lengths for both the piane jet and plane-wall jet. For the ZFE this is expected as littie
mixing occurs in this proximal efflux region. For the ZFT the relationship is less well-constrained and
lengths may vary depending upon sediment concentration, flow velocity and flow thickness. Forthe ZEF,
however, the downflow length is likely to be shorter for the plane-wall jet, because the turbulence
generated in the hydraulic jump dissipates the inertia of the jet eflux much more efficiently. This
increases proximal sedimentation rates, which in turn reduces the downflow transport of coarse sediment.
This produces a marked contrastin grain-size between the proximal fan ZFE and ZF T deposits and those
in the more distal ZEF zone. For example, in this study, gravel was absent in the western 200 m of
exposed section. An attempt can be made to estimate the percentage of the total fan length that has
been described in this study. Due to the number of variables involved in estimating boundary conditions
for the friction-dominated jet, no penetration distances are calculated. Instead, estimates are made for
the simple condition of an inertia-dominated plane-jet eflux. In this case the basic information required
is an estimate of conduit diameter. Assuming a conservative 10 m diameter conduit the ZFE shouid have
an approximate length of four times the diameter (4D), or 40 m iong. This is approximately double the
length of observed grave! exposure, which suggests either upflow continuation of the fan core association
or discharge from a smaller conduit. The ZFT has a similar length of 2-4D for an additional 20-40 m
extension downflow. Using the extent over which diffuse-graded sand was observed as a proxy for the
ZFT provides a distance of ~30-40m, which corresponds closely with the theoretical estimate. Using an
ideal inertia-dominated plane-jet model the 300 m long section observed in this study wouid correspond
to 1.5% of the total 20,000 m distance of jet penetration into the basin. As previously noted for friction-
dominated jets the penetration distance is greatly reduced. Nevertheiess, even with a reduction of 50-
75% or a distance of 10-5 km, the 300 m of streamwise exposure correspond to only ~3-6% of the total

potential distance of jet efflux discharge into the basin during fan construction.
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Downflow facies changes within this fan have a sharp break between gravel-rich sediment upflow of the
steep-walled scour association and downflow where gravel is absent. Furthermore, this break also
corresponds with a change in observed sedimentary structures, grain size, and inferred flow strengths.
Upflow of the steep-walled scour association there is extensive evidence of supercritical flow conditions
with planar-stratified gravel and quasi-planar stratified sand. Downflow and up-section of this association
sediment was deposited under critical or supercritical flow conditions. As a result, the steep-walled scour
association marks a zone of rapid flow expansion and development of a hydraulic jump. A similar
interpretation has been previously proposed by Gorrell and Shaw (1991) for steep-walled scours in a
subaqueous fan deposit near Ottawa, Ontario. The lateral and vertical facies associations described in
this study hold additional evidence for the formation of such scours by fluid turbulence associated with

hydraulic jumps.

Discriminating between subaqueous fan strata deposited by episodic jokulhlaups versus a seasonal
steady-state meltwater regime is crucial to the understanding of late Laurentide degiaciation. From
icelandic sandurs, Maizels (1993) has recognized facies and facies associations that can be used to
differentiate seasonal diurnal flood deposits from outbreak jokuihlaup deposits of both non-volcanic and
volcanic origin. Key elements include, succession thickness, recognition of deposits of traction verses
hyperconcentrated flow origin, and cyclicity. Based on these and other criteria related to supercritical flow
conditions, the subaqueous fan of this study have been interpreted to have accumulated during a single
jokulhlaup. In this case, however, the jokulhiaup is not necessarily the consequence of an outbreak
release, but may also have been triggered by a large rainstorm. There are no salient sedimentological

characteristics that permit differentiation of precipitation triggered jokulhlaups from outbreak events.

Resolving meitwater sources for such events has important implications for understanding genesis of

moraines which have generally been interpreted to be ice-marginal deposits recording long term
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occupation and seasonal sedimentation (e.g. Hillaire-Marcel et al. 1981). Recent detailed
sedimentological studies (Barnett et al. 1998; Brennand and Shaw 1996; Sharpe and Cowan 1990),
however, have challenged this concept and suggest that large moraines are composed of deposits from
episodic outbreak jokulhlaups. The fan deposit described here is only a small element in the much larger
Oak Ridges Moraine. Nevertheless, recent work has suggested that the Oak Ridges Moraine consists
of low-energy seasonal basinal sedimentationv(Gilben 1997), seasonal proximal fan deposition (Paterson
and Cheel 1997) and mixed seasonal and higher energy episodic flood deposition (Barnett et al. 1998).
Data from this study provide additional support for short-lived episodes of voluminous sediment flux to

the moraine by high-energy flows.
4.6 Conclusion

Eight facies and five facies associations have been described from 6-8 m high vertical sections cropping
out over a distance of 250-300 m subparallel to the general paleofiow direction. The facies and facies
associations can be expiained in terms of into a jet eflux subaqueous fan model. Deposition is
interpreted to have occurred within an evolving single, semi-continuous jet efflux with three distinct stages
of flow development: i) Zone of Flow Establishment (ZFE), ii) Zone of Flow Transition (ZFT), iii) Zone of
Established Flow (ZEF, Fig. 4.1). A coarse fan-core composed of gravel facies marks the ZFE. This is
flanked laterally and downflow by quasi-planar stratified and diffuse-graded sand facies of the ZFT.
Sedimentological interpretations suggest transitions from hyperconcentrated flows to fluidal flows over
distances of only 2-5 m were caused by rapid flow expansion and loss of transport competence. Within
the steep-walled scour association of the ZFT, the scours and gradded/massive infill were deposited
downfiow of hydraulic jumps that formed as the flow changed rapidly from supercritical to subcritical flow.
Here rapid suspension sedimentation was due to a loss of flow capacity and development of

hyperconcentrated dispersions and deposition from surge and/or traction carpets producing diffuse-
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graded sandy rhythmites. Downflow the transition to the ZEF is marked by accreting foresets of planar
cross-bedded sand deposited predominantly by 2-D dunes. Strata fine downflow and eventually grade
into small-scale cross-laminated sand. Waning jetdischarge is recorded by the overlying shallow channel
association and cross-stratified medium sand and small-scale cross-laminated fine sand interpreted to
be a subaqueous braided system. Fan development and aggradation was followed by a period of basinal

suspension sedimentation that overlies the fan and marks fan abandonment.

Discussion of fan facies and architecture within a framework of jet effiux dynamics provides an improved
understanding of subaqueous fan sedimentation. This fan succession suggests that the late stages of the
Oak Ridges Moraine formation were strongly influenced by local conduits along the margins of a
glacilacustrine basin. At least locally, fans were controlled by jdkulhiaup discharges that buiit individual
fans during a single meltwater season. High-energy deposition is suggested by rapidly aggrading facies
associated with supercritical flow and the flow transition to subcritical conditions. Deposits characteristic
of such conditions include: diffuse-graded facies, quasi-planar-stratification, and steep-sided scours.
Recognition of jokulhiaup deposits within subaqueous fan deposits and as components of moraine
deposits has important implications for interpretation of moraine genesis. For example, moraines may be
constructed rapidly over short time periods by episodic meitwater discharges unreiated to climate-

modulated ablation and seasonal meitwater production.



Fig. 4.1. Summary of glacilacustrine subaqueous fan model. (a) plane jet. (b) plane-wall jet (modified
from Gorrell and Shaw, 1993). (c) Plan view of inertia-dominated jet-efflux development into basin
(modified from Bates, 1953) and examples of vertical lithofacies. (d) schematic of friction-dominated jet
modified from Wright, (1977).
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Fig. 4.6. Cross-stratified gravel. (a) Poorly sorted trough-cross stratified gravel, scale is 8 cm long.
Flow is from left to right. (b) Normally-graded medium-scale cross-bedded pebbly gravel. Fiow is from
right to left. Knife is 23 cm long.
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Fig. 4.7. Planar stratified gravel facies showing upward-fining couplets, clast clusters, and open-work
pebble beds. Flow is from left to right.
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Fig. 4.8. Heterogeneous gravel facies. (a) Faintly bedded heterogeneous gravel showing local clast
clusters and upward change in bedding style. Increments on scale are 10 cm. (b) close-up of area
outliined in (a). Flow is from left to right. Coin is 1.8 cm diameter.
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Fig. 4.9. Laminated unconsolidated intraclasts in the heterogeneous gravel subfacies. (a) Large intraclast
in massive heterogeneous gravel. Shove handle is 1 m long. (b) Intraclast in sandy gravel with fine
matrix haloes. Knife is 23 cm long. Flow is from left to right in both photos.
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Fig. 4.11. (a) Planar cross-bedded medium sand fining upward to small-scale cross-laminated fine sand,
flow is from right to left. Notebook is 17 cm long. (b) Climbing medium-scale cross-strata, gravel lens is
slump from overlying strata, flow is from left to right. Scale increments are in 10 cm.
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Fig. 4.12. Quasi-planar laminated medium sand facies. (a) interbedded plane-bed sand and cross-
stratified sand, flow is from left to right. (b) Low-angie cross-strata with muitiple low-angle erosional
surfaces beneath steep-walled scour, note smaller scours with massive sand fill. (c) close-up of (b)
showing undulations in beds, onlapping of beds on basal contact, and at top beds parallel to underlying
erosion surface (scale is 23 cm long).In b and c flow is obliquely out of photo from right to left.
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Fig. 4.14. Diffusely graded/massive medium sand infilling a steep-walled scour. (a) Note details of scour
margin and infill, a) local steep angle of scour margin, b) pebbles near base of fill, ¢) internal scour
margin, d) variable continuity of graded bedding, e) abruptly overlying trough cross-bedded sand of similar
grain size but with surface veneer of silty sand. (b) Continuation of scour to left of photo a, a) locally
overhanging scour margin, b) apparently massive sand lateral to diffusely-graded sand, c) localized
disruption of strata beneath scour margin suggesting local slumping. The scale is 1 m.
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Fig. 4.16. Climbing small-scale cross-laminated fine sand (Sr), commonly referred to as ripple drift cross-
lamination. Paleofiow is from left to right. Note false bedding produced by siit-rich layers suggestive of
large cross-strata. Pencil scale is 13.7 cm long.
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Chapter V
Sedimentology of the
Western Oak Ridges Moraine,

Humber River Watershed, Southern Ontario

5.1 Introduction

Moraines are the largest constructional landform in a glacial landscape, extending for 10s to 100s of km
in length and reaching thicknesses in excess of 160 m (Barett et al. 1998). Nevertheless, the
sedimentology of continental Laurentide moraines is poorly understood, in part because most previous
work has focused on diamicton and debris dominated moraines deposited by alpine giaciers (e.g. Bouiton
and Eyles 1979; Post and LaChappelie 1971) or continental moraines formed along the southern margin
of the Laurentide ice-sheet in the north-central United States (e.g. Mickelson et al. 1983). For example,
Mickelson et al. (1983) defined “a true end moraine” as being composed of till; an opinion perpetuated
by Karrow and Occhietti (1989) for moraines in southern Ontario. Additionally, the term moraine is
subjected to linguistic confusion; for example, in German the word means till (Schiochter 1979). This
misconception is gradually being resolved as detailed sedimentological studies are completed and
moraine genesis re-evaluated (e.g. Barnettetal. 1998; Brennand and Shaw 1996; Fyfe 1990). A number
of studies have demonstrated that large continental Laurentide moraines are dominated by glacifiuvial-
glacilacustrine deposits (e.g. Burbidge and Rust 1988; Hillaire-Marcel et al. 1981; Kaszycki and DiLabio
1986; Sharpe and Cowan 1990) and that some interiobate moraines may, in fact, be eskers (Brennand

and Shaw 1996; Veillette 1986). Some moraines are predominantly controlled by ice-sheet dynamics
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(e.g. Hillaire-Marce!l et al. 1981; Sharpe and Cowan 1990) with the morphology, thickness and
sedimentology reiated to the regional event-stratigraphy, whereas others have been related to climatic

variables or bed conditions (Nemec et al. 1999).

The need for more integrated studies of large polygenetic landforms is being increasingly recognized
(Blair and McPherson 1994; Warren and Ashley 1994). For example, Warren and Ashiey (1994) state
specifically the need for integrated landscape and sedimentological studies to better understand eskers
and moraines, two glacial deposits with an ice-contact origin. Using exampies from Ireland, they noted
that a purely descriptive and mainly geomorphological approach to interpreting ice-contact ridges has led
to equivocal interpretations of moraine origin and deglacial history. The Oak Ridges Moraine provides a
unique opportunity to study a large moraine integrating both geomorphology and sedimentology (Fig. 5.1).
Encroaching urbanization has resulted in the development of extensive aggregate operations and
subsurface data sets, which in turn permit the moraine to be studied from three perspectives: terrain
analysis, sedimentology, and subsurface mapping. In this study the synthesis of these data have
permitted the development of a depositional model for moraine formation that consists of three principai
stages: tunnel channel fill, low-energy glacilacustrine sedimentation, and subaqueous fan sedimentation.
Each of these depositional stages can be correlated with elements of the regional event stratigraphy. The
moraine is interpreted to have formed in response to regional subglacial meltwater discharge in a
subglacial and/or subaerial glacilacustrine setting. Sedimentation was from both large magnitude
catastrophic subglacial discharge and low energy annual glacilacustrine processes. The moraine is thus

related to regionai deglacial ice-sheet dynamics rather than a single short-term climatic event.
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$.2 Geologic Setting

At the Late Wisconsin maximum ~20,000 BP, the southern Laurentide ice margin extended across
southern Ontario into north-central United States (Barnett 1992). Subsequent deglaciation occurred
across southern Ontario between 20,000 and 13,000 BP. Control on the ice-margin configuration and
flow paths was largely influenced by bedrock topography in the Great Lake basins with ice lobes
developing in each. An ice-margin re-entrant formed between ice masses centred in Lake Ontario-Erie
and Lake Huron. Within this interiobate region atop the Niagara Cuesta a number of discontinuous
moraines were deposited, including: the Dorchester, Waterioo, and Orangeville moraines (Chapman and
Putnam 1984). Additionally, ice flowing out of each lake basin deposited a series of terminal moraines.
In the case of the Lake Ontario lobe, deposition of terminal moraines was influenced by topographic

control of the Niagara Escarpment.

The traditional deglacial chronology of southern Ontario has been based largely on till sheet stratigraphy,
ice-marginal glacilacustrine deposits and moraine relationships (Karrow 1974) but has provided little
insight into the potential mechanisms that caused the ice-marginal configuration. More recently Shaw
and Gilbert (1990) suggested that erosion and deposition associated with large jokulhlaup discharges
(outbreak flood) were important in the Great Lakes region. Drumiins in the Peterborough drumiin fieid
and beyond have been interpreted as deposits of regional subglacial meltwater sheet floods that may
have extended from Georgian Bay east at least to the Kingston area (Shaw and Gilbert 1990).
Alternatively, these drumiins have been interpreted to have been formed by streams of deforming till
(Boyce and Eyles 1991). This drumiinized surface was subsequently dissected by tunnel channels that
are best deveioped north of the Oak Ridges Moraine. The tunnel channels are oriented predominantly
northeast-southwest are 10s km long, and are up to 4 km wide (Bamett 1990). Locally channels have

surface relief up to 65 m, but in the subsurface exceed 160 m in depth and locally extend to bedrock
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(Barnett 1990; Pugin etal. 1999). The continuation of tunnel channels beneath the Oak Ridges Moraine
has been defined by borehole and seismic studies (Bamett et al. 1998; Pugin et al. 1999). The tunnel
channeis have been interpreted to be the product of erosion by episodic subglacial meitwater floods
(Barnett 1990; Brennand and Shaw 1996). The drumlins and tunnel channels are interpreted to form part
of a regional Late Wisconsin unconformity (Shaw and Gilbert 1990), which in tum has significant
implications for understanding ice-sheet geometry and subglacial depositional environments. Common
to both the episodic meitwater flood and deforming till stream interpretations for drumiin formation was
areduction in basal shear stress and consequently a southward surge of the ice-sheet. Furthermore, the
episodic post-surge discharge of meitwater along tunnel channels would have input a large volume of
meltwater into the Lake Ontario basin. This has led Shoemaker (1999) to postulate that under conditions

of a thinned, post-surge ice-sheet, a subgiacial lake would have formed in Lake Ontario.

The location, form and composition of the Oak Ridges Moraine may thus have been related to this
succession of deglacial events during the Late Wisconsin. It is ~160 km long and extends from the
Niagara Escarpment eastward to Trenton along the northern margin of the Lake Ontario basin. The
moraine consists of four broad wedges of sediment connected by narrow ridges, or separated by short
gaps (Chapman and Putnam 1984). The extent of the moraine has been defined by elevation (Hunter
1996), outcrop (White 1973), and by surface roughness (Gwyn and Cowan 1978). This has resuited in
considerable confusion as to the areal extent of the moraine, which has been further complicated by
subdivision of the moraine into different elements (e.g. Paigrave, White 1975). The moraine is up to 160
m thick and consists predominantly ofgravel, sand, and siit with minor interbedded diamicton (e.g. Barnett
et al. 1998; Gilbert 1997; Paterson and Cheel 1997; Russell et al. 1998a). Depending on stratigraphic
position within the moraine succession, deposition occurred in an ice-bounded basin that may have been
subglacial (Bamnett et al. 1998), glacilacustrine (Chapman 1985) or a subaerial braid plain environment

(e.g. Duckworth 1979). Deposition of the Oak Ridges Moraine has been commonly correlated with
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climatic warming during the Mackinaw interstadial between 13.3 -15 ka BP (e.g. Duckworth 1979; White
1975). By contrast, Barnett et al. (1998) attributed the formation of the moraine to changes in melitwater
flux related to ice-sheet dynamics and local topographic control. in this model four major depositional
stages have been identified: i) subglacial, ii) subaqueous fan, iii) subaqueous fan to delta, and iv) ice-
marginal sedimentation (Barnett et al. 1998). Stratigraphic evidence of each of these stages occurs in
one or more of the four moraine segments, aithough the most complete sequence occurs in the westemn
end of the moraine, an area that includes the current study area. Subsequently, Shoemaker (1999)
suggested that the moraine may have been formed at the grounding-line of a subglacial lake that was

similar to or larger than modern-day Lake Ontario.

The study area is located in the Humber River watershed in the western part of the Oak Ridges Moraine.
This area is adjacent to the Niagara Escarpment (Fig. 5.1) and overiies the Laurentian Channel, which
is a prominent buried bedrock vailey that extends from Georgian Bay to Lake Ontario (Brennand et al.
1997; Eyles et al. 1985). The stratigraphy of the area has been established from outcrop and borehole
studies (Eyles et al. 1985; White 1975). The oldest Quaternary deposits are the lllinoian York Till (White
1975). These deposits are unconformably overlain by the Sangamonian Don Formation, an organic-rich
interglacial deposit (White 1975). These deposits are then overiain by the sand and silt of the Lower
Wisconsin Scarborough Formation (Kelly 1994; White 1975). In the cores from drillhole DH-Nob detrital
rich Scarborough sand is overlain by silt-clay rhythmites of the Thorncliffe Formation (Russelt and Pullan
1998). These Lower Wisconsin strata are overiain by the Upper Wisconsin Newmarket Till that forms a
regional till sheet (Sharpe et al. 1999b). Unconformably overlying the Newmarket Till are strata of the
Oak Ridges Moraine and the Halton Till (Russell and White 1997; White 1975). This area has been
mapped at 1:50 000 by the Ontario Geological Survey (OGS) (Cowan 1976; Gwyn and White 1973; White
1975) and more recently in collaboration with the Geological Survey of Canada (GSC) (Sharpe et al.

1897). For the most part these maps are based on surficial sediment at a depth of ~1 m and
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consequently provide limited insight into the stratigraphy of the moraine. Since 1993, however, a basin
analysis study has been underway atthe GSC with the principal objective of mapping the key stratal units
defined in the regional stratigraphic model (Sharpe et al. 1999a). This work has focused on the collection
of new sedimentological and seismic data and the integration of archival data (Pugin et al. 1999; Pullan

et al. 1994; Russell et al. 1996; Sharpe et al. 1996).

5.3 Methodology

This study focused on better understanding the lithofacies and lithofacies-association of the moraine from
outcrop and borehole studies within the framework of a basin analysis project (e.g. Potter and Pettijohn
1963). Stratal terminology and relative thickness descriptions follow the classification of McKee and Weir
(1953). Archival or supplemental data used in this study include: a digital elevation model (Kenny et al.

1999), shallow field mapping sites (Russell and White 1997), giacial geology mapping (Barnett and Gwyn
1997; Russell and White 1997; Russell and Dumas 1997; Sharpe and Barnett 1997), archival borehole
data from the MOE water well database and geotechnical records (e.g. Russell et al. 1996), seismic
profiles (Pugin et al. 1999) and drillhole cores (Fig. 5.2). Field observations have been synthesized by
lithofacies based on texture and sedimentary structures (e.g. Eyles et al. 1983; Miall 1984; Miall 1996).
Archival data have been coded into five simple sediment categories: diamicton, gravel, sand, silt or clay
(Russell etal. 1998b). Lithofacies-association studies are based on photo-mosaics, borehole and seismic
profile correlations (e.g. Miall 1996). These data were complemented with paleofiow measurements and
laboratory grain-size measurements. Grain-size data were analyzed by the sedimentological laboratory
at the Geological Survey of Canada (Ottawa) using standard sieve techniques for sediment >4phi and
a Brinkman particle size analyzer for finer sediment (Lindsay and Shilts 1995). Additional data were

obtained from reports of the interim Waste Authority (Fenco-MacLaren 1994; Golder and Associates
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1994). These data were collected according to the ASTM (1994) procedure using sieves and a
hydrometer. No replicate analyses were completed on the <4 phi fraction to in order to quantify
differences between data obtained from the Brinkman particie size analyzer or hydrometer tests (see
Syvitski 1991). Paleocurrent measurements are presented as rose diagrams following the methodology

outlined by Nemec (1988).

5.4 Geomorphology and Surficial Geology

Traditionally sedimentologists describe strata from bottom to top. Because moraines are defined on the
basis of geomorphology, it is appropriate to first describe the geomorphology and exposed surficial
geology. A digital elevation model (DEM) and six south-north topographic profiles ~25 km long and
spaced 4.5-8 km apart are used to characterize the general moraine morphology (Fig. 5.3-5.4). The area
indicated on cross-sections to be Oak Ridges Moraine is based on geological mapping, surface

roughness, and elevation.

On the digital elevation model four main physiographic elements are identified by topography, surface
roughness, and orientation of roughness elements: i) the Niagara Escarpment and cuesta to the west,
if) drumlinized Newmarket Till and steep-walled tunnel channels to the north, iii) Oak Ridges Moraine, and
iv) smooth Haiton Till plain to the south (Fig. 5.3). The Oak Ridges Moraine forms an east-west ridge 3-
24 km wide that has a maximum elevation of ~420 m asi where it onlaps the Niagara Escarpment, and
relief of ~100-150 m above the Haiton Till plain to the south (Fig. 5.4). Adjacent to the Niagara
Escarpment the Oak Ridges Moraine consists of disorganized terrain and most of the exposed sediment
is sand (Fig. 5.4). This area consists of closed, internally drained depressions and fluvially dissected

topography. Farther to the east the moraine is extensively incised where sand crops out (Fig. 5.4b), but
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is significantly less dissected where Haiton Till is exposed (Fig. 5.4d,e). Using the 100 m grid cell of the
DEM, the steepest moraine slopes are ~14°, with ~97% <5°, steep slopes commoniy occur where Halton
Till crops-out along stream-valley sides. The moraine has a generally asymmetric cross-section with a
steeper, ~3° northern flank that is commonly <5 km long and a gentier southern flank that extends for 10-

20 km.

The Oak Ridges Moraine rises above the surrounding landscape and has traditionally been interpreted
to have been deposited in an ice-supported setting (Chapman 1985; Chapman and Putnam 1984;
Duckworth 1979). The disorganized terrain has been interpreted to be hummocky terrain formed by
meiting of buried ice (White 1975). The depositional form of the moraine has been strongly modified by
post-glacial fluvial dissection during the Holocene. Direct ice-contact support of the ridge was probably
not present because the siopes are invariably <14°. For comparison, unsupported depositional slopes
on debris and water-lain sand and gravel alluvial fans are commonly <22° (e.g. Blair and McPherson
1994). Nevertheless, sediment landform relationships indicate that the northern side of the moraine was

most probably ice-supported as underlying Newmarket Till crops out along the moraine margin.

5.5 Basal Contact Geometry and Moraine Thickness

Integration of the archival data and field data permitted the general morphology of the base ofthe moraine
and its thickness to be mapped (Fig. 5.5). The lower surface is generally irregular with a number of
anomalously deepened basins and channels (Fig. 5.5a). These localized deepened areas are up to 50-70
m below adjacent terrain, up to 1-2 km wide and 5-7 km iong. The best examples occur south of DH-Nob
and southeast of Mount Woife where elongate north-south depressions occur. Other deepened areas

generally lack adequate length to define any preferred orientation. One topographically low area trends
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northeast from Kleinburg to Boiton, and coincides with the modern Humber River valley. The moraine is
up to 150 m thick but is <50 m thick over three-quarters of the area mapped as moraine sediment (Fig.
5.5b). Areas of thick moraine sediment are associated with the localized deepened regions rather than
with topographically high areas (Fig. 5.5). Moraine thickness decreases dramatically where it oniaps the
Niagara Escarpment and also south of the Humber River where bedrock or lower deposits crop-out along

river valleys.

The ORM overlies an irregular surface that is correlated with an exposed regional unconformity formed
of tunnel channeis and the upper surface of drumlinized Newmarket Till to the north of the moraine (e.g.
Sharpe et al. 1999b; Shaw and Gilbert 1990). This unconformity has aiso been interpreted from
subsurface geophysical logs north and south of the study area (Eyles et al. 1985). Based on the
southward continuity from exposed tunnel channels to the north of the moraine (Fig. 5.1, Russeli and
Dumas 1997), character of strata in continuous core (chapter 3), seismic data (Pugin et al. 1999), and
trends in isolated locally deepened areas (Fig. 5.5a) three buried tunnel channels are recognized: King
City, Holland Marsh and Mount Wolfe (Fig. 5.5c). A north-south cross-section of the buried part of the
Holland Marsh Channel shows the variability in channel depth, the general southward shallowing trend
and southward rise in the lower surface. This profile does not follow the channel thalweg and may thus
fail to accurately represent the streamwise morphology of the channel. Where the modern surface
topography rises, the lower stratigraphic surface can have a parallel increase in elevation(Fig. 5.5d).
Furthermore, in the southern part of the moraine, thickness is closely controlied by moderm river valleys
and the location of shallow data points (Fig. 5.5e). This sympathetic relationship between the topographic
surface and lower stratigraphic surface in the vicinity of stream valleys is an interpolative artifactthatwas
produced as a result of the small number of data points that penetrate to the underiying stratigraphic unit
(Logan, inpress). The presence of these artifacts in the lower stratigraphic surface constrain any

interpretations about changes in the surface morphology or moraine thickness, except in the vicinity of
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high quality data. Nevertheless. the surface does provide a first approximation of general trends in the

buried unconformity and of moraine thickness.

5.6 Sedimentology

The Oak Ridges Moraine is composed predominantly of silt, sand and gravel with only minor clay and
diamicton (Barnett et al. 1998; Duckworth 1979; Gilbert 1997; Paterson 1995; Russell et al. 1998a; White
1975). Detailed facies descriptions of gravei and sand in tunnel channel fill and subaqueous fan deposits
were presented in chapters 3 and 4. In this chapter, gravel and medium-coarse sand facies are only
described as new data warrant, and are summarized in tables 5.1 and 5.2. Facies descriptions presented
here focus on diamicton, fine sand, silt and clay. A diamicton and glacilacustrine-glacifiuvial unit, here
collectively termed the Halton Till complex stratigraphically overlies the Oak Ridges Moraine and
therefore is not discussed (see Russell and Arnott 1997), aithough it has been suggested that these

deposits may represent a late-stage episode of moraine sedimentation (Barnett et al. 1998).

5.6.1 Lithofacies composition

Sediment from 600 m of core from 11 sites (Fig. 5.6, 5.7, 5.8) and ~150 m of outcrop were described in
bed-by-bed detail. These strata have been grouped into ten lithofacies of which six have been described
previously (Table 5.1, 5.2). Graded fine-sand to silt facies forms ~56 % of the stratigraphy observed in
core and the small-scale cross-laminated facies forms ~17 % (Fig. 5.9). Locally other lithofacies are
proportionately more common; for example, DH-Nob consists of ~32 % gravel facies, DH-V-158
intercepts ~30 % sand facies and DH-P-14 consists of ~32 % small-scale cross-laminated facies. Five
sections measured from photo mosaics of the Gormiey site illustrate the rapid facies variability present
locally (Fig. 5.8c).
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In order to integrate archival and field data all the data, were coded to a simplified sediment coding
system consisting of five units (diamicton, gravel, sand, silt, clay). MOE water well data are considered
unreliable for mapping lithological trends within the moraine. For exampie clay units up to 30 m thick are
described in water well descriptions whereas data from nearby field study locations indicate that clay
layers >4 cm thick are rare. The variability in apparent moraine composition as described by various
archival datasets is plotted in Fig 5.9. For example, the clay facies forms generally <2 % of moraine
strata in the current study (Fig. 5.9a) but is commonly >5 % for the archival data and can be >30 % in the
MOE water well data (Fig. 5.9b). This apparent disparity can be corrected by merging silt and clay facies
and recognizing that most of this unit corresponds with the graded fine-sand to siit lithofacies. For other
facies, such as diamicton, it is more difficult to reconcile the reason for these significant discrepancies.
The largest group of archival data and the dataset with the most extensive depth distribution throughout
the moraine is provided by the MOE water well data. The sediment descriptions in this dataset are
suspect particularly for fine-sand, silt, clay, and diamicton (e.g. Russell etai. 1998b). For this reason, only

the distribution of gravel is mapped across the moraine (Sect. 5.7).

5.6.2 Diamicton

Only minor diamicton occurs within the Oak Ridges Moraine. In this study only 8 beds with a combined
thickness <1 m were observed (Fig. 5.6). Beds are sharp based and overlie either small-scale cross-
laminated or normal-graded fine sand-silt. It is important to note that significantly more diamicton is
reported in archival descriptions, for example up to ~18 % in the MOE water wells (Fig. 5.9). Diamicton
consists of fine sand-silt matrix with 1-3 % subangular carbonate gravel size clasts. Beds are 1to 45 cm

thick and massive or normally graded.

Interpretation: On the basis of abrupt lower contacts, texture, stratal thickness, and the isolated

occurrence within a thick succession of small-scale cross-laminated sand and graded silt, diamicton
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strata are interpreted to be deposits of small debris flows (Muider and Cochonat 1996) or ice rafted debris
(Gilbert 1990). In core itis difficult, ifnotimpossible, to definitively interpret the empiacement mechanism,
because settling of ice-rafted debris within the water column can sort sediment and produce textures
similar to debris flow deposits (e.g. Gilbert 1990). At least one bed is interpreted to be a winter basinal
deposit, because it forms an interlaminae within a clay bed. The discrepancy in the amount of diamicton
observed in core (<0.2%) compared with archival data (~18%) is considered to be the resuit of the wash-
boring technique (MOE water well data) as compared to continuous coring (this study), and recoding of
original sediment descriptions from archival data (e.g. Russell et ai. 1998b). Moreover, other field studies
have found little diamicton within the Oak Ridges Moraine (e.g. Barnett et al. 1998; Duckworth 1979;
Gilbert 1997, Paterson and Cheel 1997; White 1975). Consequently, the abundant diamicton reported

from archival data is considered to be an unrepresentative estimate of diamicton in the moraine.

5.6.3 Gravel iithofacies

Although gravel crops-out at the Gormiey, BS&G, an oid quarry in the Sandhill area, and is present in
core DH-Nob it is generally uncommon in the study area. in contrast, it is commonly reported in MOE
water well records comprising up to ~7 % of the total thickness and forming units up to ~30 m thick. in
outcrop, basal contacts are sharp but due to poor core recovery in gravel strata are not observed in core.
Gravel strata consist of open-framework pebble to heterogeneous sandy grave! with sand intraclasts.
Cobble-size clasts are uncommon and boulder clasts are rare. Sedimentary structures consist of trough
and planar cross-stratification, planar-stratification, reverse and normal grading, and massive strata (Fig.
5.10). Beds are generally <30 cm thick; however, some massive beds are up to 2 m thick. Deformation
is not common but consists locally of low-angle 10-15° dipping beds and high-angie, 70-80° normal fauits
with minor 10-15 cm offset. Paleocurrent data from clast fabrics and cross-bedding at the Gormiey site

indicate paleofiow toward the west to west-northwest.
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Interpretation: On the basis of texture, sedimentary structures and intraclasts three gravei facies have
been interpreted (Table 5.1; see chapter 3 and 4 for detailed descriptions and interpretations). These
facies record deposition from subcritical and supercritical fluid flows and hyperconcentrated dispersions.
Locally deposits were emplaced under antidune flow conditions. Elsewhere deposition occurred rapidly

during flow expansion and flow transition from hyperconcentrated to fluidal flows.

5.6.4 Medium to coarse sand lithofacies

Weil-sorted medium to coarse sand and less commonly pebbly sand crop out extensively at two sites
north of Bolton and less commonly in Humber River sections and cores (Fig. 5.11). The facies is 0.2 to
25 m thick, and where the lower contact is observed abruptly overlies the gravel or small-scale cross-
laminated facies. Sedimentary structures consist of trough and planar cross-stratification, low-angle
cross-stratification, planar-bedding, diffuse-grading and massive strata (Fig. 5.11b). Deformation is
minor, being restricted to small-scale normal and reverse fauits with 1-5 cm displacements and convolute
bedding. Locally large convolute structures, 2-3 m wide and 1-2 m high occur where strata are overiain

by Halton Till. Minor organic detritus is present in both outcrop and drillcore.

Grain-size was analyzed in 19 samples collected from the cross-stratified and diffusely-graded / massive
sand facies at the Gormiey and DH-V-158 sites (Fig. 5.12a,b). Three samples from cross-bedded sand
are moderately to moderately-weli sorted, fine-skewed, leptokurtic upper-fine sand. By contrast, the 16
samples from the diffusely-graded/massive sand are poorly sorted to moderately well-sorted, near
symmetric to fine-skewed, mesokurtic to leptokurtic upper-siit to medium-sand. Clay content in both

subfacies is <0.5 %, being slightly lower in the cross-bedded sand.

Paleoflow directions were measured at two iocations situated on opposite sides of the moraine crest and

~8-10 km apart (Fig. 5.1). At the northern Gormiey site, paleocurrents have a bimodal distribution with
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modes toward the southwest and west-northwest (Fig. 5.8, 3.1). To the south at the BS&G site, paleofiow

directions are generally toward the west.

Interpretation: On the basis of texture, sedimentary structures and abundance of intraclasts, three sand
facies have been identified and interpreted to have been deposited by fully turbulent fluid fiows or
hyperconcentrated dispersions (Table 5.2; see chapter 3 and 4 for detailed descriptions and
interpretations). Low-angle cross-stratified sand was deposited under high energy, antidune conditions
formed in undular hydraulic jumps (chapter 4). Diffusely-graded / massive sand was deposited from
hyperconcentrated flows emerging from confined subglacial conduits and deposited a short distance
downflow of hydraulic jumps (channel 2 and 3). Cross-stratified sand was deposited from bedioad
transport. Climbing cross-stratification locally record high rates of suspension sedimentation (Ashiey et
al. 1982; Daub 1996). Locally both vertical and lateral facies transitions from diffusely-graded to cross-

stratified sand suggest deposition from nonuniform, unsteady flows.

5.6.5 Small scale cross-laminated sand

Small-scale, cross-laminated sand crops out extensively across the area and is commonly observed in
core. Locally it abruptly overlies gravel, sand, normally graded fine-sand to silt or clay. The facies is up
to 7 m thick and consists of silt, fine sand and rare clay-siit laminae (Fig. 5.13a). The small-scale cross-
laminae form repetitive successions of sharp-based, upward-fining stoss-erosional or stoss-depositional
sets <7 cm thick, with cosets up to 3 m thick (Fig. 5.13c). Within individual cosets the angie of climb
increases upward from 40° to 85°. In other cases the angle of climb changes littie but the amplitude and
grain size decrease upward (Fig. 5.13d). Clay interlaminae, intraformational clay clasts, and shallow
scours are uncommon. Deformation consists of both micro-normal fauits with 1-2 mm dispiacement and
larger faults with <20 cm displacement. Grain size was analysed for seven samples from DH-V-158 and

are moderately well sorted to poorly sorted, near symmetric to strongly fine skewed and meso kurtic to
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leptokurtic silt (Fig. 5.13c).

A total of 267 paleoflow measurements were made atthree sites separated by ~1-6 km along the Humber
River (Fig. 5.8). Although local measurements show a preferred orientation, overall the paleofiow
directions are highly variable (Fig. 5.9b). At three sites Paleoflows in the stratigraphically lowest strata
are toward the west, northwest or north. In contrast measurements in the higher strata at sites 186 and

PG are toward the southeast, and toward the northwest at site PG-1I(Fig. 5.9b).

Interpretation: This facies is interpreted to have been deposited from quasi-continuous or discontinuous
underflows (e.g. Ashiey et al. 1982). Because of rapid deceleration flows became overioaded with
suspended silt and fine sand resulting in combined traction and suspension sedimentation. This style of
sedimentation is indicated by the moderate to poor sorting and fine skewness of the sand. Where thick
cosets of rhythmic climbing stoss-depositional cross-stratification are observed deposition is interpreted
to have been from a quasi-continuous flow (e.g. Shaw 1975). In a study of climbing current ripples Ashiey
et al. (1982) estimated aggradation rates of 5-15 cm h™' as an upper limit for stoss-depositional strata.
Consequently, similar successions that are up to 3 m thick were possibly deposited in as little as 1-3
days. Although the presence of scour surfaces would significantly lengthen this estimate, the consistent
angle of climb within each set suggests relatively steady flow and depositional conditions. Where climb
angles show greater variability and steepen with height above the base of the bed, it probably was
deposited from a continuously waning flow. Normal fauits with 1-2 mm offsetand limited vertical continuity
are interpreted to be syndepositional. Thinner less rhythmic successions of cross-laminae grading
upward into normally graded fine-sand to silt record deposition from discontinuous underfiows or turbidity
currents (e.g. Gilbert 1975; Gustavson 1975). Individual sets of upward-fining, small-scale cross-

laminated fine sand-siit to silt-clay laminae form T, and possibly T, turbidites (e.g. Walker 1992).
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5.6.6 Normal-graded fine-sand to silt
This facies is up to 1 m thick and commonly overlies small-scale cross-laminated sand or clay. The lower
contact is gradational with underlying small-scale cross-laminae and less commonly clay strata. The
normal-graded fine-sand to silt couplets range in thickness from <0.1 cm planar-laminae to 4 cm thick
beds that form cosets <90 cm thick (Fig. 5.14a,b,c). Small-scale cross-lamination is rare, and sets are
generally <1-2 cm thick. Bioturbation is rare and restricted to 1-2 mm wide irregular oxidized horizontal
traces on bedding planes in silt-rich sediment. Grain size was analysed in 18 samples. These samples
are moderately well-sorted to moderately-sorted, coarse to strongly-fine skewed and playtykurtic to
leptokurtic silt (Fig. 5.12d). Of these samples 50% consist of >80% siit. Clay content was generally low,
being <1% in 70% of the samples. Deformation is generally limited to minor normal microfauits, convolute

bedding, and dewatering structures.

Interpretation: The graded pianar-strata may have been deposited by one of three mechanisms: upper-
flow-regime plane-bed, migration of iow-relief, long wavelength ripples, or suspension sedimentation.
Based on the complete absence of any upward transition to small-scale cross-laminae observed in >100
fine sand strata deposition under upper-flow-regime plane-bed conditions is considered improbably. Beds
1-2 cm thick are interpreted to have been deposited by traction currents where the lower part of the strata
was probably deposited by low-relief, long wavelength ripples (e.g. McBride et al. 1975). Laminated
layers that are usually ~2-3 mm thick may have been deposited by small migrating bedforms or directly
from suspension by weak underflow or turbidity currents (e.g. Weirich 1986). Depositional currents were
probably generated by underflows or turbidity currents initiated during peak diumal meitwater discharge
that waxed and waned rhythmically as the daily meltwater discharge fluctuated (Gilbert 1997; Gustavson
etal. 1975; Shaw 1975). The daily meitwater and sediment flux of underflows for a daily ablation regime
is well documented by a number of studies in glacilacustrine settings (e.g. Gilbert 1975; Weirich 1986).

Furthermore, a daily rhythm of increasing discharge up to an early afternoon peak followed by a
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subsequent decrease through the evening has been shown to cause pulsations in continuous underflows
(Weirich 1986). Abrupt changes in the thickness or grain size within this facies may record episodic surge
events with sediment concentrations 2-3 times or more compared to the continuous current (e.g. Weirich
1986). The common upward transition to thinner, finer graded strata suggests a long-term decrease in

flow energy and sediment flux.

5.6.7 Sitt - Clay

The silt-clay facies is best observed in core, but it has also been described from outcrop across the area.
The lower contact gradationally overlies normally graded fine sand or silt (Fig. 5.14d). Of ~ 300 clay
layers measured in core the maximum thickness is 19 cm, the average thickness is 2.5 cm and 94% of
the layers are <6.0 cm thick. The facies is ubiquitously normal-graded with minor silt partings <0.01 cm
thick. Bioturbation along bedding is made visibie by disrupted clay-siit laminae in the lower parts of beds.
For three samples the grain size measured atwhole phi intervals indicates a moderately to pooriy-sorted,
fine to strongly-fine skewed, mesokurtic silt (Fig. 5.12). In these samples the clay contentis <10 %. In

a second grain size dataset that reports only the sand-silt-clay ranges, the clay content is 25-40 % (Fig.
56,5.7).

Interpretation: The graded to massive, fine grained texture, general absence of silt-sand interbeds and
graded transition from underlying sand-silt strata suggest that the facies was deposited under conditions
of low-energy suspension sedimentation. The general absence of interbeds suggests deposition during
a period of basin quiescence and an absence of density underflow or turbidity currents. Deposition is
interpreted to have occurred following the end of the summer meltwater season and through the winter
season (e.g. Banerjee 1973; Gilbert and Shaw 1981; Gustavson 1975). Rare fine-sand interbeds record
late-season meltwater underflows or less probably deposition from slump-induced turbidity currents. The

relatively low ciay content of these strata, <10 % as compared to other varve studies in the region (Gilbert
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1997), may be the resuit of the definition of the clay grain size used in this study or the analytical
technique employed. In this study the ASTM definition of <2 microns has been used for the upper clay
grain size limit (ASTM 1994) rather than the 3.9 micron size used in the Wentworth scale (e.g. Gilbert
1997). Additionally, comparing grain size resuits from different analytical techniques may give equivocal
resuits. For example, the Brinkman particle size analyzer may under-sample the clay size compared to
other methods (Lindsay and Shiits 1995), which in tum may explain the difference between data from this

study and archival data that were analyzed using standard hydrometer techniques (ASTM 1994).

5.7 Gravel Distribution

The distribution of gravel was mapped using archival data, principally the MOE water well records (Fig.
5.2). Ofthe total thickness of Oak Ridges Moraine strata drilled, ~7% consists of gravel. The distribution
of this gravel is strongly skewed with ~45 % directly overlying the lower boundary and a further ~20%
occurring within 10 m of the lower contact The remainder is distributed throughout the moraine
succession. The distribution of gravel for the elevation range 100-400 m asl has been piotted on six maps
with each map displaying five ten-metre intervals (Fig. 5. 15). These piots show that buried gravel occurs
~1-2 km south of DH-Nob and ~10 km farther south near the Humber River along tunnei channels.
Surprisingly, <5 % of the gravel in the moraine strata occurs along the base of tunnel channels. Rather
~30 % occurs between 190-220 m and can be mapped from the southern part of the watershed northward
across the central moraine region to approximately Nobleton (Fig. 5.15d,e). Secondary corridors ofgravel
are mapped east of King City (Fig. 5.15e) and along the southwestern margin (Fig. 5.15¢c). An additionai
area of gravel occurs along the buried Niagara Escarpment where it parallels the esérpment trend.
Gravel in this area is interpreted to be part of the Gibraltar and Paris moraines that in the subsurface

would be difficuit to differentiate from strata of the Oak Ridges Moraine. Eisewhere in the study area, for
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instance atthe Gormiey site, gravel has been observed high in the moraine succession (Fig. 5.8¢c, chapter
4) and occurs immediately below fine grained lacustrine sediment. In several hundred shallow <4 m deep

sections across the area (Fig. 5.2) gravel is generally absent in outcrop.

The abundance of gravel above the regional unconformity in archival data correlates well with observed
gravel deposits in continuous core (Fig. 5.8a) and interpreted from seismic data (c.f. Pugin et al. 1999).
At DH-Nob the gravel overlies the unconformity at the top of the Thorncliffe Formation whereas in seismic
profiles to the east, gravel overlies drumlinized Newmarket Till . Gravel overlying the regional
unconformity atop interfluves is interpreted to have been deposited by the waning stage of regional
sheets floods prior to or during initial tunnel channel incision. Similar gravel deposits exposed atop the
interflueve between the Holland Marsh and Alliston tunnel channels are interpreted as being similar
deposits(Fig. 5.1). Across this interflueve, 2-5 m thick, fining-upward gravel and sand abruptly overlies

Newmarket Till (Russell and Dumas 1997).

5.8 Facies Associations

The Oak Ridges Moraine has been interpreted to be a polygenetic feature consisting of tunnel channel
fills (Barnett et al. 1998), basin sediment (Gilbert 1997), subaqueous fan (Paterson and Cheel 1997)and
deltaic deposits (Duckworth 1979). In earlier chapters two of these facies associations have been
described: buried tunnel channeis (chapter 3) and a subaqueous fan (chapter 4). This section
summarizes the lithofacies-associations of these two settings in addition to a previously undescribed

basin rhythmite association.

5.8.1 Tunnel Channel Fill
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Beneath the Oak Ridges Moraine tunnel channels are up to 20 km long, <5 km wide and <170 m deep
(Pugin et al. 1999). Channels are asymmetric in cross-section and longitudinally are locally
overdeepened (Fig. 5.5a). Channels are infilled by four lithofacies that have a distinctive spatial
organization. Gravel occurs along the elevated tunnel channel margin at DH-Nob and forms a broad
tabular deposit up to 0.5 km wide and ~ 20 m thick. This unit is interpreted to consist of >4 m high
mesoforms and low-relief gravel sheet deposits (chapter 3) emplaced by flows from the north. Along the
tunnel channel axis only limited gravel deposits have been identified using water well records.
Unfortunately, no textural information is available from this dataset on these buried deposits. Seismic
data to the east from the Scugog Lake area record 25 m high clinoforms interpreted to have been formed
by large dunes (Sharpe et al. 1999c). Deeply buried graveis that are 15-20 m thick in water well records
may be similar but thinner deposits. The most common types of strata in the channel axis have a chaotic
seismic facies signature, west of the DH-Nob site tese strata are 80-100 m thick and extend laterally
across the channel for 3-4 km (Pugin etal. 1999). This seismic facies has been correlated with diffusely-
graded / massive and interbedded cross-stratified sand forming a 50 m thick tunnel channel fill ~ 8 km
to the southeast (chapter 3). These strata occur in the terminal reaches of a regional channel network.
Deposition probably occurred under conditions of rapid flow expansion, possibly involving a hydraulic
jump and rapid loss of transport capacity (chapter 3). These changes are manifested in the abrupt
streamwise transition from diffusely graded sand to medium and small-scale cross-strata with abundant

climbing cross-stratification.

5.8.2 Subaqueous Fan

Subaqueous fan deposits consist of medium-scale cross-stratified, horizontally bedded and massive sand
and gravel and small-scale cross-stratified fine sand, silt and rare clay laminae. Strata fine rapidly in a
streamwise direction, and fine upward. The proximal part of the fan is lithologically diverse and consists

of five facies-associations (chapter 4). The most proximal association, the fan-core association, consists
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of massive heterogeneous and horizontal-bedded cobble and pebble deposits. Vertical facies changes
from cross-stratified to massive or planar-stratified gravel are commonly abrupt. Streamwise facies
changes, aithough more gradational, are rapid with massive gravel grading in to cross-stratified sand over
distances of <10 m. Lateral to the fan-core the flanking fan-core association consists of downlapping low-
angle cross-strata and cross-stratified sand. Locally low-angle cross-strata are incised by steep-walled
scours up to 10 m wide and 3 m deep filled with diffusely-graded sand forming the steep-walled scour
association. Steep-walled scours define an important hydraulic boundary in the streamwise facies
arrangement beyond which no gravel was transported. Downflow the gently-inclined bedset association
is up to 8 m thick and consists of gently-dipping 5-10° surfaces overiain by planar cross-stratified medium
sand and small-scale cross-laminated fine sand. Locally climbing medium-scale cross-strata are common,
and more distally small-scale cross-lamination predominates; medium-scale cross-stratified sand
generally fines upward. The lower fan succession is overiain locally by the shallow-channel association,
which consists of broad (depth-width <1:5) nested channels that truncate underlying sandy strata. These
channels are mostly infilled with planar and trough cross-stratified medium sand. Subaqueous fan

deposits are commonly capped by silt and clay strata.

5.8.3 Basin Rhythmite Association

In core this facies association forms an expansive subsurface element of the moraine. it occurs between
170-270 m elevation with >70 % occurring between 190 and 230 m. In outcrop, units can be traced for
tens of metres laterally with only minor changes in facies. The facies association consists of the rhythmic
succession of small-scale cross-laminated, graded sand-silt and clay facies. Commonly the coarsest
strata occur in the lower part of the rhythmite and form one or more upward-fining successions overiain
by aclay layer. Cross-laminated and graded sand form > 95% of the association and commonly range
in thickness from 1cm to 4-5 m with maximum thickness >16 m. Two different rhythmite assemblages are

observed: one dominated by graded normally-graded sand-siit strata (Fig. 5.14a,b,e) and a second less
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common assembiage with thicker deposits including massive, normally-graded sand-siit and small-scale
cross laminated sand (Fig. 13c). Of the 301 rhythmites measured in core, ~80% are <1 m thick. In 75
% (n=51) of rhythmites >1 m thick some core is missing. Rhythmite successions at different sites have
been correlated on the basis of stratal thickness trends. The most confident correlations have been made
where the largest number of rhythmites can be matched. The best example is between two cores DH-P-
20a and DH-P-17a that are separated by ~ 2 km. In these two cores, stratal thickness trends can be
matched for 22 rhythmites (Fig. 5.16), and can be recognized even where rhythmite thickness varies by
more than an order of magnitude. Eisewhere correlating over distances as short as 500 m is extremely
tenuous, and correlation is generally based on similarities in general thickness trends for a small number
of rhythmites. The stacked, graded fine sand and silt strata that form the largest part of the rhythmites
are interpreted as Bouma T, turbidites with the overlying clay interpreted as T, turbidites. As discussed
previously (Sect. 5.6.7) the clay facies has been interpreted to be deposited under conditions of low-
energy suspension sedimentation during the winter. Consequently, in the absence of erosion, each clay
strata may represent a single year of sedimentation and form a varve (Ashiey 1975; Banerjee 1973;
Gilbert 1997, Gustavson 1975). Consequently, these varves record low energy sedimentation thatin the
southwest part of the watershed lasted for <40 years and at the Vaughn site 20 km to the northeast lasted

for ~70 years.

$.9 Depositional Model

A depositional model for the western Oak Ridges Moraine must integrate the sedimentology, regional
physiography, surficial geology, and deglacial history. Lithofacies and lithofacies associations constrain
interpretations of the local depositional processes and melitwater dynamics, and paleofiow measurements
provide information on the direction of local subglacial meltwater fiow. Elements of the regional

physiography provide a framework for the depositional and erosional events during the Late Wisconsinan.
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Landform and sediment associations also constrain the basin architecture. The following depositional
model of the Oak Ridges Moraine consists of three stages (Fig. 5.17), that describe the change in
meitwater and sediment discharge during the formation of the moraine. The stages generally form a
depositional continuum; however, there is some overlap in the depositonal processes between elements

of stage il and stage Iil.

5.9.1 Stage I. Subglacial Channel Fill

North of the study area, exposed shallow tunnel channels are partially eroded into drumlinized Newmarket
Till (Fig. 5.1). Deeper tunnel channels are incised into lower deposits and extend 10s m into the
subsurface, for example in the Holland Marsh valley (Fig. 5.1). From the northern edge of the Oak Ridges
Moraine this channel network can be traced northward on the surface for up to 50 km to the Canadian
Shield. Exposed tunnel channels are up to 3-4 km wide and 40 m deep. Beneath the Oak Ridges
Moraine, tunnel channels with similar widths have been mapped but are up to 170 m deep (Pugin et al.
1999). Tunnel channels and drumlinized Newmarket Till form part of a regional unconformity that has
been mapped from Georgian Bay east 240 km to the Kingston region and south across Lake Ontario
(Lewis et al. 1999; Shaw and Gilbert 1990). Tunnel channels in this area have been interpreted to have
evolved into an anabranched network following collapse of a regional north to south subglacial jokulhlaup
sheet flood (Fig. 5.17a, Brennand and Shaw 1994; Shaw and Gilbert 1990). Initially channels were
eroded partly into Newmarket Till. Subsequently, locally enhanced erosion of Newmarket Till occurred
by spatial and temporal variations in turbulent flow structure and large-scale erosional vortices (Fig.
5.17b, Shaw 1996) or hydraulic jumps. Once formed, tunnel channels would have been preferentially
reoccupied by subsequent meiltwater discharge(Shoemaker 1999). Consequently, the final form and fill

of tunnel channels is likely the product of muitiple discharge events.

North of the Oak Ridges Moraine 1-4 m thick upward-fining gravel and sand deposits have been mapped
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overlying a broad tunnel channel interfluve of Newmarket Till northwest of the Holland Marsh (Fig. 5.1,
Russell and Dumas 1997). Beneath the Oak Ridges Moraine, 10-15 km to the south, gravel deposits up
to 20 m thick overlie the regional unconformity (Pugin et al. 1999) and occur on the raised shoulder(s)
of deep tunnel channels (Fig. 5.8a). Furthermore ~65% of gravel in water well records classified as Qak
Ridges Moraine strata occur within 10 m of the regional unconformity. Much of this gravel extends ~20
km southwestward across the central part of the moraine between 190-230 masl. (Fig. 5.15).On the basis
of defined tunnel channeis this area of extensive gravel is a tunnel channel interfluve (Fig. 5.5). Gravel
occurring in this interfluve area is interpreted to have been deposited during the waning stages of the
north to south jokulhiaup flow that sculpted the regionatl drumlinized unconformity. Deposition occurred
when water initially released as a broad sheet flood was localized into discrete channelized flows that
eroded the tunnel channels (e.g. Brennand and Shaw 1994; Shaw 1996). This suggests that these
gravels predate deposition of the moraine sensustricto. Gravel on raised channel margins was deposited
by fluidal flows within still relatively shallow, <30 m deep, tunnel channels prior to erosion of >100 m deep
channel axes (Fig. 3.2). On the basis of seismic reflection data (chapter 3) this channel gravel was
deposited by dunes at least S m high. Regions of intense local erosion completely removed Newmarket
Till and scoured into less competent underlying silt and sand of the lower deposits, for example at the DH-
Nob site (Fig. 5.8). Once exposed, local rates of erosion were greatly accelerated. Erosion was further
aided by over pressurized sandy aquifers that caused groundwater to flow toward lower pressure areas
that coincided with newly formed scours (e.g. Piotrowski 1997). Accordingly, extensive sediment piping
along the scour margins introduced additional sediment into the flow and significantly accelerated vertical
and lateral scour growth. Locally these zones of intense scour erosion may have occurred at the margins
of subglacial cavities, channel confluences or at other sites where large vortice developed. Large-scale
vortices that formed in the scour entrained and transported sediment downflow. Where the sedimentioad
was high the flow most probably became stratified with an upper fully turbulent region and an underlying

thinner hyperconcentrated region termed a traction carpet (Sohn 1997). Depending upon the rate of
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sedimentation and the thickness of the traction carpet, massive, or inverse- or normal-graded strata were
deposited (Fig. 5.7b, 5.17¢). Similar strata have been interpreted from seismic data from the Holland
Marsh channel (Pugin et al. 1999). In the eastern study area, extensive diffusely-graded sand fills are
interpreted to have been deposited within the King City tunnel channel that was flooded by water of a
subglacial lake in the Lake Ontario basin that had water levels of ~180 m (Fig. 5.7b, 5.5c). Interbeds of
cross-laminated sand within the diffusely graded sand succession indicate that flow energy fluctuated
temporally and/ or spatially between traction carpet and bedioad depositional conditions. Thick
accumulations of climbing, small-scale cross-laminated sand at sites PG and PG-II, ~ 10 km downfiow
to the southwest of site DH-V-158, were probably deposited by the same events that deposited the
diffusely-graded and reverse-graded sand in the more proximal part of the Holland Marsh and King City

tunnel channels.

The apparent divergent paileoflow directions, northwest, north, southwest at sites PG and PG-Ii may be
explained by the radially expanding flow within a subglacial basin, deposition from deflected flows or
deposition within a reverse flow eddy. Sections 0.5 to 4 km west and southwest of sites PG and PG-Il
form the margins of the tunnel channel and consist of lower deposits, specifically Scarborough sands and
bedrock (White 1975). The deposits at the PG and PG-II sites are located near the western margin of
the tunnei channel and may record deflected flow, or variable paleofiow directions related to local reverse
flow eddied at the convergence of the Holland Marsh and King City tunnel channels. Alternatively,
variable paleofiow directions are a common element of many subaqueous fan deposits (e.g. Gorrell and
Shaw 1991) and submarine turbidite systems (e.g. Pickering et al. 1989) which in turn complicates the
interpretation of paleofiow measurements and necessitates the integration of these data into a more

regional context.

Downflow, an additional 20-30 km offshore within Lake Ontario, thick fills of glacilacustrine sand and silt
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are interpreted from seismic data to infill the Humber and Dundas valleys (Lewis et al. 1997a). Sediment
fills within these two valleys are 50-60 m thick of which a substantial portion was emplaced following
formation of the regional unconformity (Lewis et al. 1997a; Shaw et al. 1998). These deposits may be
distal deposits of channel fills observed in the study area. Stratigraphically upward the diffusely-graded
sand of stage | is intercalated with small-scale cross-laminated fine sand and the first development of clay
strata that define the rhythmite association. This transition records a decrease in sedimentation rate and

flow energy and a probable reduction in meitwater discharge along the tunnel channei system.

5.9.2 Stage ll. Glacilacustrine Varve Sedimentation

In cores within well defined tunnel channels (DH-Nob, DH-V-158) the stage | channel fill sediment is
overiain gradationally by thick coarse-grained rhythmites (Fig. 5.7, 5.17d). Additionally, ~15 km to the
southwest of DH-V-4-158, rhythmites are presentin the southwest part of the watershed along the buried
southern flank of the moraine in 50-60 m deep bedrock valleys (Fig. 5.6). Initially the transition consists
of small-scale cross-laminated sand that fines upward and is progressively overiain by the fine-sand to
silt facies and silt-clay rhythmites. In DH-V-158 it consists of ~60 varves that thin and fine upward for 25
m and then rapidly coarsen upward. Locally, the upward-fining trend is punctuated by thicker rhythmites
interpreted to record seasonal variation in discharge, or localized sedimentinput (e.g. slumping) and local
order of magnitude increases in sedimentation (Fig. 5.17). The gradational transition and development
of rhythmites is interpreted to record the collapse of the stage one jokulhlaup and transition to seasonal
meitwater discharge and sedimentation in a glacilacustrine setting. Graded laminae were most probably
deposited by unsteady underfiows related to the diurmal meitwater flux. Similar laminated strata have
beeninterpreted to record days of high ablation and increased melitwater discharge (Gilbert 1997; Weirich
1985).

Varves have only been observed in topographically low parts of the basin. This is most clearly illustrated
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in the southwest part of the study area (Fig. 5.6). Here the rhythmite association forms a 30-50 m thick
fill within bedrock valleys but is absent or thin (<8 m thick) beyond the valley margins. Varves in the
northwest part of the study area within tunnel channels are interpreted to have a similar relationship
beyond the channel margins. Correlation of rhythmites across the study area is not possible.
Consequently, rhythmite successions in the bedrock valleys and the tunnel channeis may not be coeval
and furthermore may have been deposited in isolated basins or cavities instead of in a single contiguous
glacilacustrine setting. Regional models of the ice-sheet margin for this period do not support formation
of isolated basins caused by low subaerial lake leveis at elevations of ~230 m (e.g. Bamett 1992).
Furthermore, subaerial exposure would have exposed easily eroded unconsolidated sediment overlying
the intrabasin highs and provided proximal coarse-grained sediment to the basins; however, no such
proximal deposits occur within the rhythmite succession. Consequently a subglacial setting is interpreted
where ice reattached to the substrate across interfluves and bedrock highs. Deposition was then

restricted to tunnel channels, bedrock valleys, and ponded water within the Lake Ontario basin.

If the rhythmites are interpreted to be record annual sedimentation these varves indicate a period of
relatively low meltwater discharge for ~70 years along tunnel channels and 40-50 years in basin bedrock
lows. Varve formation is not attributed to a change in sediment sources but instead to a regional
reduction in meitwater discharge as upflow reservoirs recharged and only seasonal meitwater flowed into
the basin.

In the southwest part of the watershed the rhythmite association of stage |l is overiain by Halton Till,
indicating sustained grounded-ice conditions during the remainder of moraine deposition. Elsewhere

stage Il rhythmites are gradationally overiain by coarser grained strata deposits of stage |Ii.
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5.9.3 Stage lll. Esker - Subaqueous fan

In core an upward-thickening and coarsening of the varve succession is interpreted to record an increase
in the meltwater discharge and the change from stage Il to stage lll sedimentation (Fig. 5.17e). This
stage of moraine formation was in an ice-bounded basin with the Niagara Escarpment to the west. On
the basis of ridge morphology (Fig. 5.3, 5.4), extent of exposed surficial sediment(Fig. 5.4), and areal
variation in moraine thickness (Fig. 5.5b) deposition during stage il was restricted predominantly to the

area of the moraine ridge in a basin that was ~30-40 km long (east-west) and ~20 km wide.

Evidence of the location of the basin margin and nature of drainage into the basin is based on previous
studies north and south of the moraine. To the north of the moraine, Newmarket Till crops out along the
edge of exposed moraine sediment (Fig. 5.3, Sharpe et al. 1997) indicating the approximate position of
the grounding line and northern basin margin. North of this interpreted grounding line discontinuous
glacifiuvial deposits (c.f. Russell and Dumas 1997) indicate partly preserved conduit fills, or possibly, fill
of a distributed cavity meitwater system (e.g. Fyfe 1990). Paleoflow measurements in these deposits
indicate flow to the southwest or west (ﬁussell unpublished data). Along the southern margin of the
moraine the position of the grounding line is defined approximately by changes in the moraine thickness
(Fig. 5. 5), surface slope in the vicinity of the 250m contour (Fig. 5.3), and the Brampton esker (Fig. 5.1).
Relatively thin moraine sediment beneath the Haiton Till plain supports the interpretation that ice was
generally grounded below this elevation. A minimum width for grounded ice is provided by the length of
the Brampton esker which is interpreted to be coeval with the Oak Ridges Moraine and to have been
deposited in a R-channel (channel eroded into the ice, see Brennand, 2000 for a review of eskers) prior
to deposition of the Haiton Till. Consequently grounded ice conditions were required along the 30-40 km
length of the esker and provide a minimum distance over which ice was grounded south of the Oak

Ridges Moraine. A northward hydraulic gradient in this part of the glacier is indicated by paleofiow
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directions from strata of the Brampton esker that are generally northerly, toward the moraine (Saunderson

1976).

The depositional basin within which the moraine ridge was deposited may have been subglacial or
proglacial (Fig. 5.17e). Presently there is no sedimentological or landform evidence that unequivocally
supports either interpretation. Ponded water levels in this basin were controlled by the location at which
ice impinged on the Niagara Escarpment and the ice thickness. Maximum water levels of ~420 m are
indicated by the highest meitwater channel at Caledon(Fig. 5.1) (e.g. Chapman 1985). Fiuctuations of
the basin water depth would have been related to changes in the rate of meitwater discharge into the
basin and corresponding rates of drainage from the basin. Basin drainage wouid have been closely
related to the thickness of ice along the Niagara escarpment and the ice-sheet profile. A thin, low profile
ice-sheet would have been more susceptible to buoyancy induced lift-off and subglacial drainage or
erosion of ice-marginal channels along the escarpment that connected to drainage systems that flowed

to the south (Fig. 5.1) (e.g. Chapman 1985; Tweed and Russell 1999).

information on the glacihydraulic regime is limited. Based on the described esker sediment (Saunderson
1975) and moraine strata (e.g. Gilbert 1997; Paterson and Cheel 1997) a fully developed seasonal
glacihydraulic system of supraglacial meltwater streams and engiacial connections via moulins to a
subglacial meitwater conduit systemis envisioned (e.g. Brennand 2000; Gustavson and Boothroyd 1987).
These associations of massive gravel, diffusely-graded strata, low-angle cross-stratified sand and steep-
walled scours provide evidence that this system was locally suppiemented by episodic jSkulhlaup
discharges. These jokulhiaup discharges may have drained supragiacial or subglacial reservoirs or
alternatively may have been triggered by anomalous precipitation events (chapter 4, Cowan et al. 1988;
Gilbert 1997; Maizels 1997). Consequently, stage il of moraine formation is characterized by esker-

subaqueous fan sedimentation marginal to and within a small, ice-bounded glacilacustrine setting. Esker
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deposits are rare within the moraine and therefore the following discussion focuses on the subaqueous
fan deposits. Subaqueous fan deposits record two contrasting but streamwise continuous depositional
settings: the high-energy coarse grained proximal jet efflux and the low-energy fine-grained distal jet-
efflux. The subaqueous fan sedimentation may have been controlied by seasonal meitwater discharge

or local jdkulhlaup discharge.

Jet Efflux, Proximal: Two types of jet efflux geometries are possible as the conduit debouched into a
glacilacustrine environment: a subcritical plane jet or a supercritical plane-wall jet with an associated
hydraulic jump (Fig. 4.1). Depending on conduit diameter, flow velocity, flow density and interfacial
friction the jet may extend for up to 10s km into the basin. Where interfacial friction is low the jet has a
downflow elongate parabolic form (e.g. Powell 1990), however, where friction is high the jet will have a
broader more semicircular form (e.g. Wright 1977). Where deposition was from a plane-wall jet, the
deposits grade rapidly downflow from massive clast-supported and matrix-supported gravel to plane-bed
gravel. The abrupt loss of flow competence and capacity deposited rapidly aggrading strata that in a
streamwise direction show rapid changes from massive to plane-bed and then cross-bedded coarse sand
over distances as short as 10 m. Where flow energies were comparatively iower, sand beds containing
antidune cross-stratification were deposited beneath undulatory jumps (chapter 4). In contrast, higher-
energy flow conditions formed steep-walled scours that were infilled by diffusely graded sand beneath
or downflow of oscillatory jumps. Steep-walled scour and fill record the most rapid rates of erosion and
sedimentation; for example, overhangs that formed in unconsolidated sand along the scour margins.
Downflow of the jump medium-scale planar cross-strata predominate and locally show moderate ( 15°)

angles of climb.

Jet Efflux, Distal: More distal jet efflux deposits are commonly characterized by smail-scale cross-

lamination (Gorrell and Shaw 1991; Rust and Romanelli 1975) or graded fine-sand to siit. These strata
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are interpreted to be intermediate or distal subaqueous fan deposits. Where small-scale cross-laminated
facies form thick metre-scale cosets, deposition is interpreted to have been from jokulhlaup discharges
with internal flow pulsation. On the other hand, where thinner sets occur and fine upward to graded fine-
sand to silt strata, deposition from surge-type turbidity currents is interpreted. In this case the stratal

assemblage is similar to the T,. and locally T, Bouma turbidite divisions.

Stage Il thus marks a second major change in the style of ORM sedimentation. Following the low
sedimentation rates and meltwater discharge of stage Il, there was a significant but gradual increase in
energy, and a change in the style of meitwater delivery. Itis postulated that discharge into the basin was
from lateral conduits to the north and south and from an axial east-west conduit. Within the study area
the best example of this lateral discharge is from the Gormiley study site (chapter 4). Evidence of axial
discharge is more equivocal, and is based on westerly paleoflows measured in coarse grained deposits
10-30 km east of the study area (e.g. Barnett 1997). Within the present study area the strata most likely
related to this discharge consist of distal fine sand and siit deposits. The dimensions of the ice-bounded
basin probably changed significantly as the ice-margins responded to thermal, and/or mechanical erosion
of the meltwater discharge and buoyancy generated by increased water levels. During periods of high
discharge, the basin grew larger as ice was either eroded or locally was lifted off the bed. During periods
of low discharge, the basin shrank as ice became grounded and sedimentation was confined to the area
of the ORM ridge.

5.10 Discussion

A number of depositional modeis have been proposed for the formation of the Oak Ridges Moraine. The

longest standing model suggests that the moraine is an interiobate deposit formed between the Lake
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Ontario ice lobe and the Simcoe or main Laurentide ice lobe (e.g. Chapman and Putnam 1984). Other
authors have suggested that the moraine is not interlobate but rather is, at least partly, a subaerial braid
plain deposit (Duckworth 1979; Gwyn and DiLabio 1973). More recently, however, detailed landform and
sediment studies complemented by seismic profiles permitted Barnett et al. (1998) to interpret the
moraine as a polygenetic fandform of subglacial and ice-marginal origin with predominantly glacifluviat -
glacilacustrine deposition. Subsequently, it has been suggested that the moraine may have formed

subglacially at the margin of a large subglacial lake (Shoemaker 1999).

The sedimentological resuits of this study provide further support for the polygenetic origin of the moraine
and aiso provide evidence that the moraine was deposited, at least in part, in a subglacial setting. The
following discussion addresses conflicts between the four stage model of moraine formation recently
proposed by Barnett et al. (1998) and the depositional history proposed in the current study. In addition,
it reviews the current understanding of subglacial lakes and the suggestion by Shoemaker (1999) that

formation of the moraine was controlled by a subglacial lake centred in the Lake Ontario basin.

The current study provides additional details from the western Oak Ridges Moraine to refine the four-
stage depositional model proposed by Bamett et al. (1998) (Table 5.4). The channel-fill lithofacies that
defines stage | in the current study corresponds with stage | in the Barnett et al. model. Deposition was
from episodic subgiacial jokulhlaup flows along north-south trending tunnel channels. Furthermore, strata
were deposited at a zone of rapid flow expansion and commensurate rapid and voluminous sedimentation
within a subglacial glacilacustrine setting. This is followed by stage II, which in this study corresponds
to a period of low-energy meitwater discharge and varve formation with thin normally-graded fine-sand
to siit laminae recording diurnal meltwater pulsation. Locally subaqueous fan sedimentation may have
been active in stage li (this paper); however, it is not characteristic of the regional sediment and meitwater

flux associated with this interval of moraine formation in the Humber River watershed. This differs from
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the Barnett et al. definition of stage Il as subaqueous fan sedimentation. Consequently, rapid and
voiuminous sedimentation associated with subaqueous fan processes is more appropriately placed at
the base of stage Ill, which Barnett et al. termed subaqueous fan to deita. Previous descriptions of stage
lil are consistent with the stage Ill strata in the current study except that deltaic deposits were not
observed in the Humber River watershed. This might be expected, as deposition of subaqueous fans or
deltas are commoniy controlled by the depth of water at the ice-front or the position of the jet efflux from
the glacier (i.e. subglacial, englacial or supraglacial). Consequently for the same meit water discharge
variation in basin geometry, depth and ice-sheet drainage will resuit in different stratal architectures (e.g.
Fyfe 1990). Subaqueous fan and deitaic deposits, although lithologically similar can commonly be
differentiated on the basis of differences in stratal architecture, as well as lateral and vertical facies
associations. Subaqueous fans generally do not have well developed clinoforms, or foreset beds and
where present generally have a much lower angle of dip (Chapter 4). Furthermore, streamwise facies
changes in subaqueous fans are generally much more abrupt and generally fine rather than coarsen
upward. Stage IV of the Barnett et al model described ice-marginal sedimentation of the gradationally

overlying Halton Till which has not been included in this study.

The depositional model presented by Bamett et al. (1998) provided only limited discussion concerning
mechanisms that may have controlled the location of moraine deposition. The location of the Oak Ridges
Moraine has traditionally been attributed to the development of an interiobate re-entrant formed due to
ablating and thinning ice along the ice-margins of the Lake Ontario and Lake Simcoe ice lobes. This re-
entrant has been suggested to have formed during the Mackinaw interstadial (Duckworth 1979). Recent
developments in the understanding of ice-streams (e.g. Hart 1999), surging glaciers (Kamb et al. 1985),
and subglacial iakes (Shoemaker 1999) indicates that the origin of the moraine may be more closely
controlled by such events. Using a regional subglacial meitwater model, Shoemaker (1999) suggested

that a subglacial lake developed within the Lake Ontario basin and that the moraine may have formed at
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the grounding line of this lake. Contrary to the suggestion of Shoemaker (1999), evidence presented in
this study suggests that only the lowest tunnel channel fill succession (Stage |) was controlied directly
by this inferred lake. Nevertheless the control on formation of the moraine by a subgiacial lake is
sufficiently significant and controversial that a brief review of the evidence for subglacial lakes is

presented.

Subglacial lakes are know7i to occur beneath the Antarctic ice-sheet and to have areal dimensions similar
to or larger than modern-day Lake Ontario (Dowdeswell and Siegert 1999). Furthermore, itis recognized
that the Antarctic lakes exist under radically different giacial climatic conditions than the deglacial
conditions of the Laurentide ice-sheet. Antarctic subglacial lakes have no supraglacial recharge and are
sustained by subglacial meitwater generated by geothermal heat flux and extremely thick ice producing
awarm based glacial regime. Consequently, the development of subglacial lakes during Late Wisconsin
Laurentide deglaciation is plausible in light of its generally warm based character, large volumes of
supraglacial meitwater, and interconnected englacial meitwater system (e.g. Shaw 1996). In fact,
sedimentological studies are beginning to recognize evidence for the existence of such lakes not only
beneath the Laurentide ice-sheet (Munro-Stasiuk 1999) but aiso beneath other ice-sheets (McCabe and
O'Cofaigh 1994). Formation of a subglacial lake in the Lake Ontario basin most probably post-dated the
formation of regional drumiin fields that occur north and south of modern Lake Ontario (Boyce and Eyles
1991; Shaw and Sharpe 1987) and also have been mapped on the bottom of Lake Ontario (Lewis et al.
1997b). Irrespective of whether the drumlins were formed by streams of deforming till (Boyce and Eyles
1991) or as a result of regional meltwater floods (Shaw 1996; Shaw and Sharpe 1987; Shoemaker 1999)
a later glacial surge and consequent thinning of the ice-sheet occurred. Glacial surges have been shown
to coincide with increased basal meitwater, subsequent meitwater discharge and thinning of the ice-sheet
(e.g. Kamb et al. 1985; Patterson 1997). Evidence of extensive meltwater flow following the regional

drumlin-forming events is further supported by the development of tunnel channels that traverse and
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truncate the drumiin fieids (e.g. Barmett 1990; Brennand and Shaw 1994; Mullins and Hinchey 1989;
Mullins and Eyles 1996). Tunnel channels are interpreted to form subglacially either by steady state
meitwater discharge or due to episodic, catastrophic meltwater discharge (e.g. Cofaigh 1996). Inthe area
north of Lake Ontario, tunnel channel formation has been interpreted to be by episodic jskulhlaup
discharges (Barnett 1990; Brennand and Shaw 1994). Irrespective of the formative tunnel channel
meltwater regime, the width, depth and fill of the channels (Pugin et al. 1999; Shaw and Gorrell 1990)
indicate that large quantities of meltwater discharged southward along tunnel channels into the Lake
Ontario basin. Channelisation of meitwater within tunnel channels would have coincided with the end of
surging glacial flow conditions and the development of a thinned region of ice across the Lake Ontario
basin (e.g. Patterson 1997; Shoemaker 1999). This change in the ice-sheet thickness wouid have
produced conditions favourable for the accumulation of meltwater in the Lake Ontario basin and
development of a subglacial lake (e.g. Shoemaker 1991; Shoemaker 1999). The development of this
subglacial lake is supported by the absence of strongly developed channels south of the Oak Ridges
Moraine and farther south within Lake Ontario (c.f. Kenny 1998; Sharpe et al. 1996). Consequently, the
abrupt change in landform styles of the Oak Ridges Moraine from north to south suggests a major change
in the glacial hydraulic regime in the area of the moraine. This change was unrelated to a glacial margin
because ice was well to the south of the moraine area prior to formation of glacial Lake Iroquois (e.g.
Karrow and Occhietti 1989). Glacial Lake Iroquois is generally interpreted to have been formed ~500

years after deposition of the Oak Ridges Moraine.

A subglacial lake the size of Lake Ontario would have significantly influenced the surface topography of
the overlying ice-sheet (Shoemaker 1999) in a fashion similar to that documented from the Antarctica ice-
sheet (Siegert and Ridley 1998). For example, Lake Vostok, the largest documented subgilacial lake
beneath the Antarctic ice-sheet, has a similar surface area to present day Lake Ontario, and is overlain

by ice with a surface topography of 0.004° (0.25 m km*) (Siegert 2000). Consequently, regional ice-sheet
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dynamics during Laurentide deglaciation established three important conditions for formation of the Oak
Ridges Moraine: a thinned ice-sheet, a subglacial lake within the Lake Ontario basin, and a low ice-sheet
gradient. The thinned ice-sheet would have permitted more water to accumulate in Lake Ontario as the
lithostatic pressure of the confining ice was reduced. Furthermore, the low ice-sheet gradient over a
subgiacial lake resuits in a lower hydraulic gradient in the area and reduced subglacial meitwater
pressures outward from the centre of the Lake Ontario basin to the grounded margins (e.g. Brampton
esker). Once established, a subglacial lake would have been impossible to drain in the absence of a
considerable increase in ice thickness (Shoemaker 1999). A thinned ice-cover over the lake would aiso
have been more susceptibie to changes in water depth within the basin. The influence of changing water
depth in subgiacial lakes on the overlying ice-lid is poorly understood. Itis plausible that the ice may have
fractured extensively, forming crevasses around the lake margin, in a fashion similar to that in ice-
covered reservoirs with falling water level (e.g. Stander et al. in prep). The number and width of the
crevasses would be closely related to the thickness of the ice-cover, the underlying basin geometry and
topography, the rate of change in water level, and the total change in water level. Aithough such
crevassing of lake ice may involve the whole thickness of the ice-cover, it is unlikely that this would be
the case with a glacier ice cover where the ice was 100s m thick. Dry crevasses in temperate glaciers
generaily only extend to a depth of 25-30 m because at this depth the horizontal stress in the ice-sheet
generates rapid ice flow and closure of crevasses (Paterson 1981). An exception to this occurs where
the crevasses fill with water and in this case crevasses may extend to the bottom of the glacier (Paterson
1981). With a low gradient ice-cover and supragiacial ponding of water it is probable that the crevasses
formed vicinity of the grounding line wouid have filled with water and provided an additional controi on
the location of the Oak Ridges Moraine. Crevassing may have localised thermal and meltwater erosion
and consequently controlied deveiopment of the ice-walled glacilacustrine environment into which stage
it of the Oak Ridges Moraine was deposited. Shoemaker (1999) postulated that the Oak Ridges

Moraines may have formed at a grounding line where discharge into subgilacial lakes underwent flow
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expansion and consequently lost transport competence.

Observations of sediment fill from tunnel channeis beneath the western Oak Ridges Moraine provides
some support for the hypothesis that at least the iower part of the Oak Ridges Moraine was deposited
subglacially. The lowermost channel fill strata of diffusely-graded to massive sand that grade downflow
into climbing small-scale cross-laminated sand are interpreted to have been deposited beyond the
grounding line within a subglacial cavity - possibly a subglacial Lake Ontario. Based on the elevation of
these strata the water level in this subglacial lake would have approached ~180 m asl as compared to
the current Lake Ontario level of ~74 m asl.. This subglacial lake may have been ~300 m deep and 10s
km wider than modern-day Lake Ontario. Additionally, evidence of rapid sedimentation at a zone of flow
expansion is provided by the chaotic seismic facies in the Holland Marsh channel, interpreted to be
correlative with strata from the subparallel King City tunnel channel iocated ~8 km to the east (Fig. 5.5).
These two tunnel channel fills are interpreted to be the initial stages of moraine formation, possibly
deposited by the last large flow along the tunnel channels before reorganization of the ice-sheet hydrology
and development of lower-energy axial flow along the Oak Ridges Moraine, accompanied by secondary

lateral inflow.

5.11 Summary/Conclusion

The western segment of the Oak Ridges Moraine is predominantly a glacifluvial-glacilacustrine deposit
that accumulated in an ice-controlied environment. The moraine overlies an irregular erosional
unconformity with relief of 80-100 m. As a result, moraine thickness is highly variable ranging from <10
m to >150 m. Regional modeis of landform development for both drumlins and tunnel channels suggest

that the Late Wisconsin Laurentide ice-sheet surged and as a consequence thinned. Regardless of
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whether the tunnel channels formed in response to episodic and catastrophic meltwater discharge or

steady state discharge, large volumes of water obviously was discharged south along the channels.

The absence of tunnei channels south of the Oak Ridge Moraine suggests that the position of the moraine
marks a significant change in hydraulic regime in relation to the ice-sheet, and that a subglacial lake, such
as that recently proposed by Shoemaker (1999) must have formed in the Lake Ontario basin. Presently
the extent and depth of this lake is poorly constrained, but it was probably larger than Lake Ontario and
as much as ~300 m deep. This subglacial lake, in conjunction with tunnel channels, most probably

provided the primary control on formation of the Oak Ridges Moraine.

Moraine formation has been interpreted to have occurred in three stages each reflecting changes in
meitwater discharge, location and orientation of subgiacial or proglacial basins, conduit efflux location,
and ice-cover. Deposition during stage | was from waning jokulhlaup discharges through subglacial
tunnei channels. At this time, enhanced headward erosion of the tunnel channel(s) upflow from the
grounding line was probably related to supercritical discharge into subglacially ponded water in Lake
Ontario. The largest meitwater discharges were focused at the mouth of these tunnel channels where
hydraulic jumps developed as the flow underwent rapid flow expansion and mixing, resuiting in transition
to subcritical flow. Meitwater discharge was from the north and the predominant channel! fill lithofacies
consisted of diffusely-graded / massive sand deposited from hyperconcentrated flows. Stage Il marked
achange to annual meltwater flux and varve formation in a subglacial environment. Sediments produced
during stage Il consist mostly of normal-graded fine-sand to silt deposited from low-energy diurnal
discharge. The location of the Oak Ridges Moraine and Stage lil sedimentation may have been strongly
controlied by crevassing along the grounding line of the thinned ice-cover over the lake as water levels
within the subglacial lake feil below ~140 m asl.. Stage Ill represented a gradual return to higher

sediment flux and the deveiopment of mulitiple lateral sediment point sources into an axial meitwater
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system that flowed westward. Coarse-grained sediments accumulated predominantly within subglacial
conduits and proximal parts of subaqueous fans. Distal deposits consist entirely of medium and fine sand

commonly with climbing cross-stratification.

The Oak Ridges Moraine is interpreted to have formed in response to a complex sequence of events
related to the Lake Wisconsin Laurentide deglaciation. Regional events, possibly involving broad regional
catastrophic meltwater floods that caused enhanced glacial flow conditions, possibly including a glacial
surge, cuiminated in the thinning of the ice-sheet and excavation of a tunnel channel network discharging
meitwater into the Lake Ontario basin. Ponding of meitwater in this subglacial lake provided the primary
control on location of the moraine through development of a grounding line, and subsequently during lake
drainage along a zone of grounded ice and extensive crevasses. These regional scale jokulhiaup
discharges caused rapid and voluminous sedimentation and deposition of the moraine, possibly in as little

as 100 years.



Fig. 5.1. a) Digital Elevation Model of the Oak Ridges Moraine with the four moraine segments
labeled. Northern part of the study area is shown. Letters in italics indicate selected landscape
elements, i) tunnel channels, ii) Peterborough drumlin field, iii) Niagara Escarpment. The 270 m
contour is used to outline the approximate extent of the Oak Ridges Moraine. Note tunnel channels
defined by northeast-southwest trending valleys with low surface roughness north of the Oak Ridges
Moraine and intervening drumiinised terrain.

b) Location of the Humber River watershed and the Oak Ridges Moraine northwest of Toronto.
Principal drill core, river section and aggregate pit sections used in this study are shown. Background
DEM shows contrasting landscape of area with tunnel channels (TC) and drumiinised Newmarket Till
uplands (D) north of moraine and Haiton Till plain (HT) south of moraine. Selected towns are
indicated by the letters in circles, N- Nobieton, B- Boiton, W-Woodbridge.
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Fig. 5.2. Archival datasets used primarily to create the Oak Ridges Moraine structural and isopach
maps. (a) Surficial mapping sites of Russell and White (1997). (b) Hydrogeology borehole data and
location of two Interim Waste Authority sites in study area. (c) Geotechnical borehole sites in the
study area and location of two seismic profiles. (d) Selected MOE water well data based on deepest
hole per 500 m grid. (e) Matrix showing relationship between lithofacies of this study (left column) and
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Fig. 5.3. DEM of the Humber River watershed indicated by the dashed line (Kenny et al. 1999) with
location of 25 km long south-north cross-sections. Note irregular topography of the moraine between
sections A and C. Steeper slopes on the southern moraine flank are indicated by deeper drainage
incision. Smoother topography of moraine occurs where Haiton Till is exposed at the surface.
Elements of the regional physiography are labeled in italics: i Niagara Escarpment, ii tunnel channels,
iii Oak Ridges Moraine, and iv Haiton Till. Interpreted northern and southern position of Oak Ridges
Moraine glacilacustrine basin during formation of moraine ridge is shown by lines a and b
respectively. Approximate minimum extent of grounded ice during stage ill of deposition of the
moraine and Brampton esker is shown by line c.
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Fig. 5.4. Six 25 km long north-south topographic cross-sections of the Oak Ridges Moraine spaced
4-8 km apart (see fig 5.3 for location). Lower shaded graph indicates surface sediment composition
of the moraine Note the moraine is composed predominantly of moraine sand and Halton Till.
Vertical exaggeration is ~23 times.
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Fig. 5.5. (a) Colour coded elevation model for the base of the Oak Ridges Moraine. Note overdeepened
areas. (b) Isopach map of Oak Ridges Moraine. (c) Interpretation of tunnel channel locations. (d) West
to east cross-section of the moraine showing top and bottom surfaces. (e) North to south cross-section
of the moraine showing top and bottom surfaces. Arrows point to artifacts discussed in text.
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Fig. 5.7. Graphic sedimentological logs of continuous core from the Vaughn IWA site, northeastern
Humber River watershed. At this location, thin interbedded Haiton Till overlies Oak Ridges Moraine
sediment. Note unique occurrence of diffusely-graded sand in lower part of DH-V-158. See Figure
5.6 for description of symbols.
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Fig. 5.8. Graphic sedimentological log of a) GSC-Nob core, b) Humber River sections, and ¢)
Gormley pit (see figure 5.1 for location). See Figure 5.6 for description of symbols. Lithofacies for
the Gormiley site are shown.
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Fig. 5.9. (a) Graph of lithofacies by borehole site. Note predominance of graded fine-sand to silt
lithofacies. (b) Graph of lithofacies from MOE, water wells, hydrogeology and geotechnical boreholes.
Vertical axis is percent. Cl - clay, Di - diamicton, Gr - gravel, Sa- medium-coarse sand, Sr- small-
scale cross-laminated fine sand, Sg- graded fine sand to siit. Abbreviations on horizontal axis of b
are, MTO - Ministry Ontario Transport, RMP - Regional Municipality of Peel, RMY - Regional
Municipality of York, GSC-Bh - Geological Survey of Canada (data in a recoded), IWA - interim Waste
Authority, MOE - Ministry of Environment water well records.
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Fig. 5.10. Photos of gravel subfacies. (a) Poorly sorted cross-stratified gravel. Paleoflow was
obliquely from left to right. Scale is 8.5 cm long, squares at top of scale are 1 cm. (b) plane-bed
gravels with basal open-framework pebble, upward-fining beds, clast clusters, and amaigamated
coarse sand beds. Paleoflow was from left to right. (¢) Massive heterogeneous gravel with sand
intraclast. Paleoflow was from left to right. Intraclast is ~ 2 m long. (d) Sandy gravel with sand and
siltintraclasts, reverse-normal matrix grading, and fine grained matrix envelopes on largerintraclasts.
Paleoflow was from left to right. Intervals on metre stick are 10 cm.
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Fig. 5.11. Photos of sand facies. (a) Planar cross-beds overiain by small-scale cross-laminations.
Paleoflow is fromright to left. Notebook is 17 cm long. (b) Climbing medium scale cross-stratification.
Paleoflow is from left to right. Pencil is 15 cm long (c) Low-angle cross-stratification of the quasi-
planar-laminated subfacies. Paleoflow is obliquely out of the photo from right to left. Metre stick with
10 cm intervals (d) Steep-wall scour infilled with diffusely-laminated sand. Paleoflow is out of the
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Fig. 5.12. Grain size analysis (a) Cross-stratified sand facies. (b) Diffusely-graded / massive sand.
(c) Small-scale cross-laminated facies. (d) Graded fine-sand to siit facies. (e) Clay facies.



b 251

- o —

- * =3 13 . + 2 ’ . A ] - A L \d » e - » ES EY . 1] F » - * Y A » » L]
|Jm|@ajor]sclc [su| o {swlsu[sma][ss | sw | JouJaoJariscc o ]swrlwlm]low] svo |
| I |8 Sand T [y Jam | e T St i - Yow |

JoejorJowlsicfsc [su ] [swlmu]m]sr] sw | ] jovr]sclsxc[sufeswimau]or] v ]
| ) L St 1 [ fow] L Gavet | Sami 1 ) 1]
GM pebbie
GF pebbie
e GVF granule
l l STC very coarse sand
SC coarse sand

‘ SM medium sand

Clay SF fine sand

SVF very fine sand

SU coarse silt

SM  medium silt
SF fine silt

l SVF very fine silt

jeelo jorlaoc]xcm]ofsw]w]o] o] sw ]

" | St | - o]




Fig. 5.13. Photos of small-scale cross-laminated facies. (a) 2.5-3 m thick coset of climbing small-
scale cross-laminations. Paleoflow direction is from right to left. Metre stick is in 10 cm intervals. (b)
Upward-fining climbing stoss-erosional to stoss-depositional fine-sand cross-laminae to graded silt.
Succession is overiain by a clay laminae. Paleoflow direction is from left to right. Scale intervals are
10 cmlong. (c) Climbing small-scale cross-laminations in fine sand. Paleofiow direction is from right
to left. Coin is ~2 cm. (d) Climbing stoss-erosional cross-laminae. Paleoflow direction is from left to
right. Pencil is 14.5 cm long.
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Fig. 5.14. Photos of graded fine-sand to silt and clay facies. (a) normai-graded fine sand to siit with
minor coring induced deformation. (b)normal-graded fine sand to silt at site PG. (c) micro-laminae of
normal-graded fine-sand to silt facies. (d) bioturbated silt and overlying clay facies (e)

thick clay strata overlying normal-graded fine-sand to silt facies.
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Fig. 5.15. Six plots of gravel by 10 m elevation range from 100 to 400 m elevation. Note relatively
small amount of gravel in tunnel channels. Note that data are plotted on a colour-coded elevation
surface of the lower Oak Ridges contact.
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Fig. 5.16. Varve diagram for core data showing varve thickness and varve count from top down.
Arrows indicate probable correlative varves. Note thick varves in C34-20 as compared to C34-17.
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Fig. 5.17. Line diagrams outlining the depositional history of the Oak Ridges Moraine. (a) Sculpting of
Newmarket Till into drumilins by regional sheet floods. (b) Tunnel channel erosion by episodic
jokuihlaup floods. (c) Stage | channel fill showing diffusely-graded sand along channel axis and gravel
deposits along channel margin. (d) Stage li rhythmite deposition from seasonal meltwater discharge
into subglacial flooded tunnei channels. (e) Outline of the progiacial basin scenario for stage Il

sedimentation into the vicinity of the moraine ridge. (f) Subaqueous fan sedimentation during stage IlI
from combined seasonal and jokulhlaup discharge from subgiacial conduits.
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CHAPTER VI

Summary and Conclusion

6.1 introduction

This thesis has described the lithofacies and stratal geometry of the Oak Ridges Moraine in southern

Ontario and addressed the three objectives set out at the beginning of the thesis:

i) define and interpret the lithofacies of channel fill sediment beneath the moraine,
ii) detail the lithofacies and stratal geometry of a subaqueous fan deposit in the moraine,
iiil) integrate objectives i and ii into an understanding of the meltwater discharge flux responsibie for

formation of the moraine.

Additionally, the study has presented a detailed depositional modei of moraine genesis for the western
Oak Ridges Moraine. The following sections summarize and discuss the principal chapters and the

implications of this study for the Oak Ridges Moraine and for moraine genesis in general.

6.2 Tunnel Channel Erosion and Fill (Chapter 3)

6.2.1 Channel fill

Two buried tunnel channeis beneath the western Oak Ridges Moraine are infilled with gravel and
diffusely-graded / massive and cross-stratified sand. Gravel is ~ 17 m thick and consists of dune-scale
mesoform and low-relief gravel bedload sheet deposits emplaced by turbulent tractional flows prior to an
episode of significant channel deepening. In deeper areas of tunnel channels the fill consists

predominantly of diffusely-graded / massive and cross-stratified sand in the lower 50 m of a 100 m deep
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channel. The channels are interpreted to have developed following collapse of a regional sheet flood that
formed drumlins and subsequently eroded a regional tunnel channel network (Brennand and Shaw 1994;
Shaw 1996). Channels were overdeepened of developed by differential erosion of Newmarket Tili, and
unroofing of less consolidated siit and sand strata. Exposure of these sediment allowed the rate of local
channel incision to increase significantly. in addition, high-pore fluid pressure in sand beds caused
horizontal groundwater movement toward low-pressure zones that coincided with the scours. This
groundwater flow initiated sediment piping and transport of sand into the channel. This sedimentbecame
part of the sediment load entrained by the turbulent flow. Sedimentation proceeded rapidly downflow of
the grounding line of the subglacial lake where a hydraulic jump occurred as the flow expanded and went
from supercritical to subcritical. Nonuniform unsteady flows deposited inverse-normal graded or massive
sand strata during periods of rapid, voluminous sedimentation and cross-stratified sand was deposited
during periods of low discharge and low sediment flux. Stratigraphically upward, the transition to sand-silt-
clay rhythmites indicates a decrease in fluid and sediment discharges, probably due to a substantiai
reduction in meitwater production following the end of the jokulhlaup discharge and a return to seasonal,

diurnal conditions.

8.2.2 implications for buried tunnel channels

Tunnel channels have a broad distribution across North America and northwestern Europe in both
continental and offshore regions (Cofaigh 1996). In many areas the channel fills have not been
investigated or have been studied primarily by a variety of reflection seismic techniques (e.g. Boyd et al.
1988; Mullins, et al. 1996). Where drilling has been completed, it commonly has not penetrated the
lowest part of the channel fill succession. In many areas these basal strata have similar seismic facies
as those recently described by Pugin et al. (1999). The diffusely-graded / massive and cross-stratified
sand facies association of this study is correlated with the low-amplitude reflectors and chaotic seismic

facies described by Pugin (1999) from the thick, deeply buried channel fill west of DH-Nob. The sand
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facies association is interpreted to be analogous to comparable low-amplitude seismic reflector facies
reported from deep channel fills in eastern North America (Boyd et al. 1988; Mullins et al. 1996) and the
North Sea (Wingfield 1990). For the first time this correlation provides direct sedimentological evidence

for the origin of this common but previously enigmatic, channel fill seismic facies.

6.3 High-energy Subaqueous Fan Processes (Chapter 4)

6.3.1 Plane-wall jet model

The discharge of a jet into a standing water body has been extensively studied and applied to deitas
(Bates, 1953) and subaqueous fans (Powell, 1990). Most of this work has focused on the plane-jet efflux
with little discussion of plane-wall jet efflux, except in laboratory flow experiments (Rajaratnam and
Subramanyan 1986) and much less commonly in subaqueous fan models (Gorrell and Shaw 1991). A
key element of the plane-wall jet efflux is the hydraulic jump which forms at the rapid transition from
supercritical to subcritical flow. Due to the intense turbulence generated by the hydraulic jump, the plan
geometry of the plane-wall jet efflux is likely to be similar in shape to a plane-jet efflux with high interfacial
shear. The longitudinal facies distribution, however, is likely to be markedly different due to the rapid
change in flow characteristics at the hydraulic jump and the consequent change in sediment transport
competence. Eight facies and five facies associations form the subaqueous fan deposit of an inferred
plane-wall jet efflux at the Gormiey site. Deposition is interpreted to have occurred within a single, quasi-
continuous jet efflux that in a streamwise direction had three distinct zones of flow development: i) Zone
of Flow Establishment (ZFE), ii) Zone of Flow Transition (ZFT), iii) Zone of Established Flow (ZEF, Fig.
4.1). Acoarse fan-core composed of massive - plane-bed gravel facies association makes up the ZFE.
This is flanked laterally and downflow by quasi-pianar-stratified and diffusely-graded sand facies of the
ZFT. Rapid changes in lithofacies suggest that flows changed from hyperconcentrated flows to dilute
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fluidal flows over distances of only 2-5 m. This rapid transition was caused by rapid flow expansion at
the mouth of the conduit and resultant loss of transport competence. Within the ZFT, the steep-walled
scour infill association of diffusely-graded / massive infill was deposited rapidly downflow of the hydraulic
jump that formed as the flow changed from supercritical to subcritical. Here rapid suspension
sedimentation was due to a loss of flow capacity and development of hyperconcentrated dispersions that
deposited sediment rapidly from a laminar shear layer and/or traction carpets. Downflow the transition
to the ZEF is marked by accreting foresets (master beds) that form set boundaries for medium-scale
planar cross-bedded sand deposited by 2-D dunes. Deposits fine downflow along these large foresets
and eventually grade into small-scale cross-laminated fine sand. Waning jet discharge is recorded by
the overlying shallow-channel association of cross-stratified medium sand and small-scale cross-
laminated fine sand deposited by a subaqueous braided system that incised into the upper part of the fan

deposits.

The distinctive downflow organization of lithofacies is interpreted to have been produced by a plane-wall
jet efflux. All gravel and pebbly sand occur upflow of the region of the steep-walled scour and diffusely-
graded sand infill, deposits interpreted to define a region of flow-transition from supercritical to subcritical
conditions and a hydraulic jump. Downflow of this area only subcritical fluidal flow deposits occur.
Consequently, it is interpreted that the hydraulic jump formed an extremely efficient sorting mechanism
that caused all sediment coarser than ~2 mm to be deposited immediately, whereas finer sediment

continued to be transported farther basinward.

6.3.2 Hydraulic jump scours
Steep-walled scours infilled with diffusely-graded sand have been traditionally considered a characteristic
facies association of subaqueous fans (Rust 1977). This association has previously been interpreted

commonly to be the resuit of sediment slumping (Cheel and Rust 1982; Postma et al. 1983; Rust 1988)
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and deposition by grain flows (Cheel and Rust 1982; Postma et al. 1983). Alternatively, Gorrell and Shaw
(1991) suggested that similar deposits were the product of hydraulic jump scouring. The mechanics and
downflow facies transitions from hydraulic jumps have been studied in submarine fan-turbidite
systems(Daub 1996; Garcia 1993; Hand 1974; Komar 1971). These studies, however, have provided
little insight into stratal characteristics within the hydraulic jump region, aithough hydraulic jumps have
been intensively studied by engineers (e.g. Olufemi 1996; Rajaratnam 1981). The intensity of scouring
is closely related to the flow energy upfiow of the hydraulic jump and consequently scouring is likely to
be most extensive under high energy direct hydraulic jumps. Four aspects of the steep-walled facies
association described from the Gormiey site are interpreted to be evidence for a hydraulic jump origin.
Firstly the abrupt vertical facies transition from planar-laminae or shallow-dipping strata to diffusely-
graded scour fill sand to cross-stratified and small-scaie cross-laminated sand suggests a rapid evolution
in flow conditions from critical or supercritical antidune flow to hydraulic jump scouring and infill to
subcritical traction flow deposition. Secondly, deposits adjacent to the scour margin show little or no
evidence of deformation related to sediment failure; the single exception being the presence of a locally
slumped or partially liquified sediment along a ~11 m section of the scour margin. This suggests that
slumping was not a significant mechanism in forming the scours. Thirdly, the well defined sediment
sorting in the streamwise direction of the fan (see above). Finally, the locally steep-walled form with rare
overhangs suggests a turbulent erosional mechanism and rapid, near simuitaneous infill. On this basis,
the data are interpreted to support the piane-wall jet and hydraulic jump model first proposed for some

other steep-walled scour and fill deposits by Gorreil and Shaw (1991).

6.4 Implications for the Oak Ridges Moraine

The Oak Ridges Moraine has been traditionaily interpreted to be an interiobate moraine. This

interpretation has been largely based on landform analysis and observation in shallow, surface outcrops
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(Chapman and Putnam 1984). Where previous studies have integrated borehole records (Duckworth
1979) the data commonly lacked adequate resolution to resolve detailed sedimentological characteristics.
Furthermore, other studies with access to continuous core and hence detailed sedimentological
descriptions (Fenco MacLaren 1994; Gilbert 1997; Golder and Associates 1994) were site specific and
in most cases relied heavily on the existing geological framework (e.g. Paterson and Cheel 1997). More
recently a more complex polygenetic origin has been proposed for the moraine that includes discrete
episodes of subglacial glacifiuvial, subaerial ice-bounded glacilacustrine, or locally subaerial glacifluvial
deposition (Bamett et al. 1998). In this model melitwater flow to the moraine invoived both lateral and axial
pathways. Furthermore, Shoemaker (1999) has recently hypothesized that during deposition of the
moraine, the Lake Ontario basin contained a subglacial lake, and thatthe Oak Ridges Moraine may have
formed subglacially along the margin of the lake. Additionally, as indicated by Barnett et al. (1998), the
moraine overlies a regional unconformity that was probably formed by large-magnitude Late Wisconsin
flood discharges that formed regional drumiin fields (Shaw and Gilbert 1990; Shaw and Sharpe 1987) and
later tunnel channels (Barnett et al. 1998; Brennand and Shaw 1994). With these new developments in
mind how does the sedimentological data presented in this study support or refute these various

perspectives of moraine genesis?

6.4.1 Meltwater discharge

In this study the most complete record of sedimentation and characterization of the depositional
environments in the Oak Ridges Moraine is provided by DH-V-158. This core intercepts 158 m of upper
Wisconsin sediment of which ~130 m is interpreted to be Oak Ridges Moraine. Regional analysis
indicates the core occurs within a northeast-southwest trending tunnel channel. Three distinct stages of
sedimentation have been recognized, each corresponding to one of the stages in the depositional
moraine model described in chapter V. Each stage is interpreted to record changes in meitwater and

sediment flux to the moraine. The basal 50 m of moraine sediment consists of the diffusely-graded /
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massive and cross-stratified fine sand association (Stage I). These strata are gradationally overiain by
the varve association consisting of distinct upward-fining successions of small-scale cross-laminae and
the graded fine-sand to siit facies overiain by thin clay strata (Stage Il). At DH-V-158 the varve association
forms an upward-thinning and fining succession of ~70 varves. These varves are in turn overiain by an
upward coarsening and thickening varve succession (Stage Ill). These strata are overlain by a
succession of small-scale cross-laminae and graded fine-sand to silt with only rare clay laminae (Stage
iil). As a resuit, on the basis of lithofacies and lithofacies associations, the meltwater-sediment flux is
interpreted to have changed from waning subgiacial jokulhlaup discharge (Stage |) to seasonal, diurnal
discharge (Stage Il) and back to a mixed regime of minor jokulhiaup and seasonal meitwater discharge
(Stage ill). The interpretation of jbkulhlaup discharge during stage Ili is supported by the high-energy
deposits at the Gormley site. At this site, high energy deposits of supercritical flow and
hyperconcentrated dispersions were emplaced rapidly and locally incised steep-walled scours in
unconsolidated sand (see section 6.3). Thus, the moraine is interpreted to have formed in response to
a complex set of sedimentological variables that changed significantly in both space and time related to:
changes in the ice-sheet profile, modification of the ice-sheet hydrologic profile and pathways, reservoir
storage, episodic discharge, reservoir recharge, seasonal meitwater flux, and possibly aiso large

precipitation events.

6.5 General implication to Laurentide Landforms and Deglaciation

6.5.1 Moraine genesis

The genesis of ice-contact landforms, of which moraines are one element, has long been based

on landform analysis and analysis of regional ice-flow indicators. in addressing this probiem, Warren and
Ashley (1994) specifically highlight the need for integrated landscape and sedimentological studies to

better understand eskers and moraines. Using examples from Ireland, they noted that a purely
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descriptive and mainly geomorphological approach to interpreting ice-contact ridges has led to problems
in understanding their origin and the implied glacial history. in Canada there are a number of examples
of conflicting interpretations with respect to some Laurentide ice-sheet landforms. Example include the
Harricana moraine or esker (Brennand and Shaw 1996; Veillette 1986) and the Leaf Rapids interlobate
moraine (Kaszycki and DilLabio 1986) or esker (Ringrose 1982). This problem is further highlighted by
studies of the Oak Ridges Moraine. Detailed sedimentological studies provide critical insightinto moraine
genesis that other techniques are unable to resoive, notably: the nature of depositional meitwater
discharge, paleoflow directions of meitwater discharge, the polygenetic nature of moraines and
associated depositional environments. This and other recent studies of the Oak Ridges Moraine have
contributed much to resolving the origin of the Oak Ridges Moraine. Variations in meitwater flux have
been interpreted based on deep, continuous core and description of vertical outcrop sections. In this
study, deposits emplaced by variations in discharge between jokulhiaup and seasonal diurnal flow
conditions have been described. Paleoflow measurements have constrained interpretations of meitwater
discharge to the moraine. In the Humber River watershed paleofiow data indicate flow from both the
north and south along with probably axial flow from the east during moraine deposition. Analysis of
lithofacies-associationsallowed identification of a variety of depositional environments and processes
during moraine formation. Parts of the moraine have been deposited as tunnel channel fills, eskers,
subaqueous fans, turbidite basinal deposits and low-energy suspension deposits. By analogy, other less
completely studied moraines may also consist of similar depositional elements and have been deposited

by variable meitwater regimes.

6.5.2 Moraine Composition
As introduced in chapter |, the composition of moraines is commonly misunderstood due to the shaliow
depth of investigations (Karrow 1973) or due to inappropriate moraine analogues derived from modern

alpine or arctic glaciers. Through the combined description of continuous core and shaliow outcrop
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sections it has been possible to characterize the lithofacies variability of the moraine. Analysis of the
lithofacies indicates that the moraine is composed predominantly (~70%) of small-scale cross-stratified
fine sand and graded fine-sand to silt. Additionally, the rapid nature of lithofacies transitions, not only
lateral to flow, but also longitudinally has been documented. Downflow lithofacies successions may

change from 75 % gravel to 90 % fine sand over distances of ~100 m.

6.6 Conclusion

Moraines ofthe Laurentide ice-sheet offer considerable research opportunity for improved understanding
of glacial deposits and deglacial Laurentide ice-sheet processes. Large Laurentide moraines have been
shown to consist of a diverse suite of lithofacies deposited by meiltwater discharges of highly variable
energy. Deposits of similar nature have more commonly been interpreted from deep-marine submarine-
fan deposits rather than ice-marginal environments. Consequently, the high-energy and
hyperconcentrated deposits of ice-marginal landforms are of considerable sedimentological interest as
their unconsolidated nature provides the opportunity to study such deposits using techniques generally
unsuitable for lithified sediment. Furthermore, this study demonstrates the value of detailed
sedimentological research in conjunction with traditional investigative techniques of glacial landscapes

for the continued advancement of deglacial processes.
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