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ABSTRACT
A systematic high-resolution acoustic reconnaissance survey of Quaternary sediments
(> 50 m thick, in places) and the underlying bedrock surface was completed for western
Lake Ontario between Burlington and Port Hope, Ontario, to determine if geophysical
lineaments through the area of Pickering and Darlington nuclear power stations are
potentially seismically active. A total of 2530 line-km of data were obtained along N-S
and E-W lines spaced 10 and 5 km respectively, using a high-resolution subbottom
profiler (boomer and IKB-SEISTEC™), a 100 kHz sidescan sonar (150-m range) with
3.5 kHz profiler, a 10 or 40 cu. in. sleeve gun seismic reflection system, and,
intermittently, a marine magnetometer. Six piston cores up to 15-m long were collected
to compare sediment lithology with key regional seismic reflectors. Sediments
deposited over the past 13,000 years were imaged with vertical resolution in the order
of 10-30 cm just below the lakebed and less than 1 m at the bedrock surface; resolution
for the sleeve gun system is approximately 3-5 m. Digital processing and rescaling of
selected seismic profiles aided interpretation. Structural contour maps for three
Quaternary sequence boundaries and the bedrock surface were generated together with
the related sequence isopach maps. Three additional maps portray lakebed features
identified on sidescan sonar records and subsurface features identified on seismic
profiles. All maps are at 1:250,000 scale.
Various types of surficial lakebed features, e.g. bedforms and bedrock ridges on sand
and rock bottoms, and linear acoustic backscattering anomalies (LABAs), anchor scour
and plumose features on mud bottoms, were identified, mapped and interpreted as far
as the present data allow. Some small bedrock ridges are thought to be pop-ups
resulting from compressive stress in the bedrock, as previously thought. Further
mapping and study of these features is warranted, using, for example, swath acoustic
imagery, remotely operated vehicle (ROV) or submersible observations. The mapped
distribution of the LABAs and plumose features, suggest an industrial origin related to
ship activity as an alternative to the hypothesis that they result from neotectonic activity.
Sampling of the LABAs and testing the alternate hypothesis of plumose feature
formation are needed.
In the subsurface, the seismic profiles revealed many bedrock features, including
scarps, depressions and folding of the bedrock surface, without showing offsets in
overlying Quaternary sediments. Bedrock features, including the interpreted bedrock
pop-up ridges, are widely distributed on the flanks of the basin. In the deeper areas,
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however, the features are clustered near the intersection of the buried Dundas Valley
and the Niagara-Pickering Magnetic Lineament. Further closely-spaced survey lines are
required to determine the orientation and morphology of individual bedrock features,
particularly in this area of potential structural and neotectonic significance.
Many sedimentological features were observed in the Quaternary section —
constructional clinoforms, mounds and ridges as well as small- and large-scale cut-andfill structures. Areas of interstitial gas were evidenced by masking, bright horizons and
disruption of the lakebed. Small-amplitude normal faults in buried stratified sediments
were detected. Occurrences of unconformities and lamination disturbance in Late
Quaternary sediments are widespread. Numerous infilled depressions in the Quaternary
section are reflected by bathymétrie features at the lakebed. These, and an unusual
widespread phenomenon of subsurface reflection eradication, are enigmatic features of
uncertain origin, possibly related to glacial processes such as meltwater flow
channelization, or to catastrophic liquefaction and dewatering triggered by possible
loading events such as seismic shaking. Similarly, widespread reflection discontinuities
at the base of the youngest sequence are enigmatic and may also result from rapid
gas/water venting under the influence of seismic shaking. If these hypotheses are
proven true, the Lake Ontario sediments may provide a record of paleo-earthquake
shaking events, several between 11 and 13 ka B.P. and one about 6-8 ka B.P. Further
interpretation of these features requires more detailed analysis of the present data sets,
additional surveys to resolve lateral morphology and trends of features, and the
acquisition of related sediment physical property data.
RÉSUMÉ
Un levé systématique de reconnaissance acoustique à haute résolution des sédiments
du Quaternaire (> 50 m d'épaisseur par endroits) et de la surface du socle sous-jacent
a été réalisé dans la partie ouest du lac Ontario entre Burlington et Port Hope, en
Ontario, afin de déterminer si les linéaments géophysiques de la région des centrales
de Pickering et de Darlington pourraient être le siège d'une activité sismique. Au total,
des données ont été recueillies sur 2530 km linéaires le long de lignes N-S et E-W
espacées de 10 et de 15 km respectivement, au moyen d'une sonoprobe à haute
résolution (h.-p. basse fréquence et IKB-SEISTECmd), d'un sonar à balayage latéral de
100 kHz {portée de 150 m) avec profileur de 3,5 kHz, d'un système de sismiqueréflexion à canon de 10 ou de 40 po3 et, par intermittence, d'un magnétomètre marin.
Six carottes ont été prélevées par piston pour comparer la lithologie des sédiments aux
principaux réflecteurs sismiques régionaux. Des images de 10 à 30 cm de définition
verticale ont été prises des sédiments qui se sont déposés depuis les 13 000 dernières
années juste sous le fond du lac et à moins de 1 m de la surface du socle rocheux; la
résolution du système à canon est de 3 à 5 m environ. Le traitement numérique et la
transformation d'échelle de certains profils sismiques ont facilité l'interprétation. Des
cartes d'isolignes structurales des limites de la séquence du Quaternaire et de la
surface du socle ont été produites en même temps que les cartes d'isopaques
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connexes de la séquence. Trois autres cartes ont été établies pour décrire les
caractéristiques du fond du lac relevées par le sonar à balayage latéral et les
caractéristiques subsuperficielles relevées dans les profils sismiques. Toutes les cartes
sont au 1/250 000.
Diverses formes superficielles du fond lacustre, p. ex. modelé du fond et crêtes du socle
sur fonds sableux et rocheux, anomalies de rétrodiffusion acoustique linéaires (ARAL),
traces d'ancres et empreintes plumeuses sur fonds de boue ont été relevées, portées
sur carte et interprétées dans la mesure où les données actuelles le permettent.
Quelques petites crêtes du socle seraient le résultat d'un soulèvement du socle sous
l'effet d'efforts de compression, comme on le pensait déjà. Il est justifié de poursuivre
la cartographie et l'étude de ces formes, en utilisant notamment des données d'imagerie
acoustique par balayage latéral, de véhicule téléguidé (VT) ou de submersible. La
distribution sur carte des ARAL et des empreintes plumeuses indiquent qu'elles seraient
d'une origine industrielle (activité maritime plutôt que néotectonique comme on le
pensait). Il faudrait échantillonner les ARAL et vérifier l'autre hypothèse, celle de la
formation des empreintes plumeuses.
Sous la surface, les profils sismiques ont révélé nombre de caractéristiques du fond
lacustre, notamment des escarpements, des dépressions et des plis dans la surface du
socle, mais aucun déplacement des sédiments sus-jacents du Quaternaire. Les
caractéristiques du socle, comme les crêtes de soulèvement, sont très dispersées sur
les flancs du bassin. Dans les parties profondes, les caractéristiques sont toutefois
concentrées près de l'intersection de la vallée enfouie de Dundas et du linéament
magnétique de Niagara-Pickering. Il faudrait tirer des lignes de levé plus rapprochées
pour déterminer l'orientation et la morphologie des caractéristiques individuelles du
socle, surtout dans cette région d'importance structurale et néotectonique potentielle.
Nombre de caractéristiques sédimentologiques ont été observées dans la section du
Quaternaire : talus, buttes et crêtes d'accumulation, ainsi que petites et grandes
structures de creusement et remplissage. Les zones de gaz interstitiel ont été révélées
par la présence d'horizons clairs, masquants, et de perturbations dans le fond lacustre.
De petites failles normales ont été détectées dans des sédiments lités enfouis. Les
indices de discordances et de perturbations stratigraphiques sont partout nombreux
dans les sédiments de la fin du Quaternaire. De nombreuses dépressions comblées
sont révélées dans la section du Quaternaire par les caractéristiques bathymétriques
du fond du lac. Ces dépressions, ajoutées au phénomène inusité mais général
d'éradication des réflexions subsuperficielles, sont des caractéristiques énigmatiques
d'origine incertaine, qui sont peut-être reliées à des phénomènes glaciaires comme la
canalisation des eaux de fonte ou à la liquéfaction et à l'assèchement massifs
déclenchés par des actions comme des secousses sismiques. De même, les
nombreuses discontinuités dans les réflexions à la base de la séquence la plus récente
sont énigmatiques et pourraient aussi résulter d'une évacuation rapide de gaz/eau sous
l'effet d'une secousse sismique. Si ces hypothèses sont vérifiées, les sédiments du lac
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Ontario pourraient nous renseigner sur les secousses paleosismiques, plusieurs entre
11 et 13 ka, et une, entre 6 et 8 ka environ. Pour mieux interpréter ces caractéristiques,
il faudrait pousser l'analyse des ensembles de données actuels, faire d'autres levés
pour établir la morphologie latérale et les tendances des caractéristiques, et recueillir
des données connexes sur les propriétés physiques des sédiments.

DISCLAIMER
The Atomic Energy Control Board is not responsible for the accuracy of the statements
made or the opinions expressed in this publication and neither the Board nor the
authors assume liability with respect to any damage or loss incurred as a result of the
use of the information contained in this publication.
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STRUCTURAL CONTOUR, ISOPACH AND FEATURE MAPS OF
QUATERNARY SEDIMENTS IN WESTERN LAKE ONTARIO

1. Introduction
Western Lake Ontario is the geographic centre of one of the most densely populated
areas in Canada. Seven cities, including Metropolitan Toronto and Hamilton, and their
supporting infrastructure, border its shores. The long term stability of infrastructure
depends on sound knowledge and understanding of foundation materials and their
response to geological events such as earthquakes and seismic shaking. The nearby
sediments of western Lake Ontario and other lakes have been accumulating since at
least the last déglaciation and offer a potential record of geological events that have
affected the south-central Ontario region for the last 10-15 millennia.
Several geophysical lineaments based on magnetic, gravity, structural or seismicity
attributes of the lithosphère have been traced or projected across western Lake
Ontario (Fig.1a)(Mohajer, 1993). These consist of the Niagara-Pickering Magnetic
Lineament (NPML) and Georgian Bay Linear Zone (GBLZ) trending southwest and
southeast respectively through the Pickering region (Wallach, 1990; Wallach and
Mohajer, 1990), the Hamilton-Presqu'ile Lineament (HPL) (McFall and Allam,1991),
the Wilson-Port Hope Lineament (WPHL) (Mohajer, 1993) and the Toronto-Hamilton
Seismic Zone (THSZ) (Mohajer, 1993) bounded on its southern side by the BurlingtonToronto Magnetic Lineament (BTML) (Thomas et al., 1993). Both the NPML and the
HPL are categorized and mapped as Precambrian faults (Ontario Geological Survey,
1992). Deep seismic reflection profiles from Lake Ontario (Forsyth et al., in press, a,
b) further suggest that the NPML demarcates the southward continuation of the
Central Metasedimentary Belt Boundary Zone (CMBBZ), a Proterozoic shear zone in
the Grenville geological province. The Grenville province lies beneath the Paleozoic
sedimentary rock cover which underlies the Lake Ontario basin. Regional fracture
systems and upward propagation of pre-Paleozoic structures are thought to have been
rejuvenated during the Phanerozoic under the influence of variable stresses induced
in the North American craton by orogeny and continental erosion, plate tectonic
movements and successive ice sheet loadings during the Quaternary (Sanford et al.,
1985; Martini and Bowlby, 1991; Eylesera/., 1993; and Jacobiand Fountain, 1993).
Thus, there is reason to examine the potential influence of the lineaments in
controlling present and future earth movement and seismicity in the Lake Ontario
region.
The NPML and the GBLZ intersect in the region of the Pickering and Darlington nuclear
power generating stations on the north shore of Lake Ontario east of Toronto (Fig.
1a). Recently observed sedimentary features are interpreted to indicate neotectonic
activity in Lake Ontario (Thomas eta/., 1989a,b, 1991, 1992, 1993; Wallach, 1990).
Given the importance of foundation stability for power generating structures, it is
prudent to examine all geological evidence to determine whether or not these
lineaments are preferred loci for recent earth movements (Wallach, 1990; Wallach and
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Mohajer, 1990). The lake sediments and their record of stability couiti indicate
whether these lineaments have been active in geologically recent time.
The purpose of this study is to determine if geophysically expressed lineaments in the
immediate vicinity of the Darlington and Pickering Nuclear generating stations are
potentially seismically active. The status of geological information in the Great Lakes,
and in Lake Ontario in particular, was discussed with agencies such as the Nstional
Water Research Institute at the Canada Centre for Inland Waters, the Ontario
Geological Survey, Ontario Hydro, and the Atomic Energy Control Board of Canada
(AECB). A meeting was held at the AECB in Ottawa in May, 1992, to review the
currently available information dealing with western Lake Ontario and to plan a
geoscientific survey. The survey was designed to obtain evidence or lack thereof of
neotectonics. In attendance were representatives of the AECB, the Geological Survey
of Canada, Ontario Hydro, the Canadian Coast Guard, the Ocean Mapping Group of
the University of New Brunswick and two independent scientists. Discussion resulted
in a consensus regarding the area to be surveyed, the survey layout and the
instrumentation to be used in order to meet the objective above.
A systematic data set was collected from CCGS Griffon in August-September 1992
(Lewis et al., 1992) in western Lake Ontario. High-resolution seismic reflection
profiles (boomer and sleeve gun) and sidescan sonar records were obtained on a grid
of tracklines of 5 km separation (north-south) and 10 km separation (east-west),
totalling 2530 km (Fig. 1a). Some magnetic field measurements were also obtained
along the track, and sediment cores were retrieved to groundtruth the acoustic
stratigraphy portrayed in the seismic profiles. Copies of all records were delivered to
the AECB in late September 1992 for independent analysis of bedrock stratigraphy
and structures.
In this report, we present the structural contour and isopach maps for three
Quaternary sediment sequences above the bedrock surface, based mainly on the highresolution boomer seismic reflection profile data. In addition, lakebed and subsurface
features on the sidescan records and boomer seismic profiles are described and
mapped. Features of known or potential significance for neotectonic deformation or
seismicity are discussed.
1.1 Regional setting and previous work
The Lake Ontario basin is located in the West St. Lawrence Lowland physiographic
province on Paleozoic sedimentary rock terrane (Bostock, 1970). The bathymetry of
the modern lakebed is known through surveys and charts of the Canadian
Hydrographie Service {1970, 1977). The annual mean water surface of Lake Ontario
is 74.6 m above sea level (Canadian Hydrographie Service, 1986). The lake basin is
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290 km long and trends east-west; the maximum width of the lake is 35 km (U.S.
Lake Survey, 1959). The basin is asymmetric in cross-section with the southern
margin being steeper than the northern flank. The deepest water, 246 m, occurs in
the eastern (Rochester) basin; in the western half of the lake the maximum water
depth is 190 m (Canadian Hydrographie Service, 1970, 1986) (Fig. 1b).
The Lake Ontario basin is generally understood to be positioned on a former (preQuaternary) drainage system which was deepened to its present configuration below
sea level by Quaternary glacial erosion (Spencer, 1890; Hough, 1958). The
depression is differentially excavated into relatively soft Late Ordovician shales within
an eroded wedge oT Cambrian to Devonian sedimentary rock strata which thicken
(from about 100 m to >600 m, under the lake) and dip southerly over Precambrian
rocks into the Appalachian Basin to the south. Martini and Bowlby (1991) further
suggest that tectonic structures have also contributed to the location and
development of the lake basin. The basin is constrained by basement uplifts, a
southeast trending arch (Frontenac) to the northeast and a southwest trending arch
(Algonquin) to the northwest (Rickard and Fisher, 1970; Sanford and Baer, 1981;
Johnson et al., 1992; Easton, 1992).
The basin lies 200-300 km north of the maximum extent of the last (Laurentide) ice
sheet; the area has been loaded several times by similar ice sheets during the
Quaternary Period. The last ice load downwarped the Lake Ontario area to the northnortheast and impounded high level glacial lakes between the northeastward retreating
ice margin and the southern rim of the basin. Following retreat of the ice dam in the
Upper St. Lawrence Valley shortly after 12 ka, lake levels fell about 145 m with the
drainage of glacial Lake Iroquois. Subsequently, they rose to the present level as a
result of differential glacioisostatic uplift of the lake outlet near Kingston, Ontario. This
resulted in a major and continuing rise of relative lake level (approximately 100 m
since 11.4 ka B.P.) in the western end of the Lake Ontario basin (Coleman, 1936; Sly
and Prior, 1984; Muller and Prest, 1985; Anderson and Lewis, 1985; Pair et al.,
1988; Martini and Bowlby, 1991; Tushingham, 1992).
The nearshore surficial sediment distribution in western Lake Ontario has been mapped
by Rukavina (1969, 1976) and Rukavina and St. Jacques (1970); the offshore
sediment distribution is described by Lewis and McNeely (1967) and Thomas et al.
(1972a, b) (Fig. 1b). Average accumulation rates for fine-grained sediment are 0.75
and 0.7 mm/year in the Niagara and Mississagi Basins, respectively (Kemp and Harper,
1976) Subsurface knowledge of the lakebed is limited to local sampling, seismic and
acoustic profiling studies off Toronto (Lewis and Sly, 1971) and Niagara River mouth
(Sly, 1983a,b; Sly and Prior, 1984), and a regional reconnaissance outlining sediment
stratigraphy and late Quaternary history based on sparse profile data from the 1960s
and 1970s (Anderson and Lewis, 1975; Hutchinson et ah, 1993). These sources
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show that Lake Ontario contains a record of sedimentation in late-glacial and
postglacial environments (since about 13-15 ka B.P.). Because of their clayey or
organic composition and high water content, lacustrine sediments are highly
deformable and are susceptible to disturbance during earthquakes (Shilts and Clague,
1992). Structural or sedimentological features may be created by movement resulting
from earthquakes, and these features may be preserved in the sediments (Allen,
1975; Doig, 1991). Therefore, it was expected that the Lake Ontario sediment
sequences would contain a 10,000-15,000 year record for the potential detection of
past deformation and seismic events.
1.2 Survey and sampling methods
The survey and sampling methods used aboard the CCGS Grifffon were described in
detail in the cruise report (Lewis et al., 1992). On western Lake Ontario, a systematic
data set was collected on a 5x10 km grid of east-west and north-south track lines
respectively. Survey speeds were generally less than 4 knots to obtain geophysical
records of high spatial resolution. All data were logged using Universal Time
Coordinated (UTC) which is 4 hours ahead of Eastern Daylight Time (EDT), the local
time used aboard ship. Ten stations were occupied to obtain sediment cores at
representative sites selected from the seismic reflection profiles.
The marine survey was controlled by precise navigation in order to accurately run
survey lines and to position the ship for geological sampling. A satellite-based Global
Positioning System (GPS) receiver with backup Loran C was utilized. As the survey
lines were run, GPS provided absolute geographic positions within 30-100 m every
30 seconds. The route-following features of the GPS instrument helped to maintain
the vessel on line. For geological sample siting, the ship was held at a stationary
position using Loran C. This provided better operational repeatability than uncorrected
GPS.
A GPS receiver was deployed near Oshawa, Ontario, for the duration of the survey.
After the survey, data from this station were used in conjunction with data from the
Algonquin Park GPS station of the Canadian Geodetic Survey to confirm that small
errors introduced by the selective availability limitation placed on GPS transmissions
by the US Department of Defence were insignificant to the survey.
1.2.1 High-resolution seismic reflection profiling and interpretation
1.2.1.1 Subbottom profiler
The SEISTEC continuous seismic reflection subbottom profiling system was the
primary geophysical tool used to image the lateral and vertical geometries of
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unconsolidated sediment in Lake Ontario. The system consists of a Huntec 4425
boomer (seismic energy source) mounted under a surface-towed surfboard and a 'linein-cone' array (hydrophone) receiver. The boomer generates a continuous series of
acoustic pulses or pressure waves in the water by implosion through the rapid
movement of a spring-loaded plate. The seismic energy in each pulse travels down
to, and reflects from, interfaces at the lakebed and subsurface. Reflected energy
(pulses) travels back to the lake surface and is detected by pressure-sensitive
hydrophones in the receiver. For each 'shot' from the boomer, a 'trace' of reflected
energy was recorded graphically and digitally on board ship. These traces were
collected side-by-side on a graphic recorder as the ship steamed along each survey
line, thereby producing a cross-sectional view, in reflection two-way time, of the
subsurface reflecting horizons.
The records obtained with this system were of excellent quality and provided the
highest resolution of the takebed sediments above bedrock. Consequently, line
coverage by this system was given the highest priority in completing the planned
survey grid. The SEISTEC seismic profiling system operates at frequencies between
2 and 8 kHz. It has the ability to vertically resolve strata with thicknesses of
approximately 0.25 m in water depths of 2-100 m accompanied by depth penetration
up to 80 m in soft sediments, (Simpkin and Davis, 1993). The system was fired at
a 0.375 s interval with an average survey speed of 4 knots thereby sampling the
subsurface every 0.8 m horizontally. A sleeve gun (airgun) seismic profiling system
was also used as described next; its records were consulted to determine thickness
of the sediments where the SEISTEC system was unable to penetrate to bedrock.
1.2.1.2 Sleeve gun
The sleeve gun system operates with the same geophysical principles as the
subbottom profiler. The seismic energy source is compressed air which is released
rapidly in bursts beneath the water surface. This input signal is lower in frequency
(1 Os to 100s Hz) than that of the subbottom profiler and the signal does not attenuate
as quickly in the subsurface as does energy from higher frequency sound sources.
Consequently, the depth of penetration of the sound energy into the subsurface is
greater, but the vertical resolution of the reflecting horizons is less. Thus the sleeve
gun can provide information about the deeper structure beneath the lakebed,
specifically the bedrock surface and, in places, the near surface structure of the
bedrock.
The sleeve gun was towed 27 m astern of the vessel at a depth of 1 m. During the
early stage of the surveys, the 10 cu. in. sleeve gun was used because it allowed a
rapid rate of firing (1.5 sec) and obtained reasonable penetration into the section. The
vertical resolution is estimated to be 3-5 m with a horizontal resolution of 3 m at 4
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knots. During the latter period of the survey, the larger 40 cu. in. gun was used
because tests showed this gun produced a record with deeper reflections having a
higher amplitude. Signals returned from reflectors below and at the lakebed were
received on a combination of a 6 m-long streamer towed just aft of the ship, and a 30
m-long streamer towed 76 m astern. Signals from both streamers were amplified,
filtered and displayed on graphic recorders. The graphic records displayed the bedrock
surface and occasionally deeper reflectors; the records were generally of good quality.
1.2.1.3 Seismic reflection profile interpretation
In general, seismic reflection systems are characterized by a frequency range and
related vertical and horizontal resolution and depth penetration, as mentioned earlier.
The higher the frequency of the seismic source, the thinner the bed that can be
resolved, but energy penetration into the earth decreases with increasing frequency
(Sheriff and Geldart, 1982).
The interpretation of seismic reflection data involves the expression of the seismic
information in geological terms. Records from seismic profiling systems appear xo be
geological cross-sections and are often (and sometimes erroneously) interpreted as
such, to a first approximation. In seismic profiles the vertical axis is expressed in twoway-travel time (i.e. the time elapsed while the seismic energy travels from the source
at the lake surface, down to a reflector and returns upward to the detector) although
the reflector may not be vertically below the source. Seismic reflection profiles then,
are not directly comparable to traditional geological cross-sections in which both the
horizontal and vertical scales are units of distance, and features in vertical alignment
are correctly represented (Sheriff and Geldart, 1982). Successful interpretation of
seismic profiles in western Lake Ontario depended mainly on a proper consideration
of 1) the reflection process and horizontal resolution, 2) reflector geometry and 3)
vertical exaggeration.
1. Horizontal resolution. The first Fresnel zone is the portion of a plane reflector mainly
effective in generating a reflection (Fig. 2a). When the wavefront encounters the
reflector, the reflected signal is generated by the interaction of the wavefront over the
first Fresnel zone, defined by the intersection area of the seismic wave as it advances
1/4 of a wavelength (the wavelength is equivalent to the velocity of a seismic wave
divided by its frequency). Thus, information is obtained not about the reflector at point
P (the reflection point of the geometrical ray), but rather an average over the whole
Fresnel zone. This effect limits the horizontal resolution that can be expected from the
seismic reflection method, even though the Fresnel zones of successive reflections in
this survey overlapped 8-10-fold. Generally, only the average structure over an area
the size of the first Fresnel zone can be perceived. For example, at a water depth of
100 m, a reflected 3000 Hz signal represents an area with a radius of 4.0 m
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(horizontal resolution 50 m3) while at a water depth of 20 m, the radius horizontal
resolution is improved to about 2.3 m. Thus, horizontal changes in structure smaller
than these radii may not be resolved. Fresnel zones are considerably greater for airgun
seismic profiles. For example, at a water depth of 100 m, a 100 Hz airgun seismic
wave would be reflected from an area with a radius of 28 m.
2. Reflector geometry. The simplest geometry of seismic reflection is shown in Figure
2b,i. A plane horizontal reflector is overlain by a medium of constant velocity. In this
case, the time [i.e. seismic) section is similar in appearance to the depth (i.e.
geological) section. However, if the geological structure is more complex, the time
section may look very different from the geological section. The problem arises
because the reflected ray path is perpendicular to the reflector, but the reflection
record is plotted vertically below the receiver. For example, in Figure 2b,ii, a point
reflector in the depth section {e.g. a boulder or rock edge) gives rise to a hyperbola
in the time section. Anticlines (Fig. 2b,iii) appear broadened and synclines can show
a suite of effects (Fig. 2b,iv). If the syncline curvature is greater than that of the
incoming wavefront, synclines appear inverted and resemble anticlines (Sheriff and
Geldart, 1982). In summary, regions of complex geological structure can produce
confused seismic sections from which it is difficult to deduce the geometry of the
corresponding geological section, thus rendering definitive interpretation unlikely.
These problems were kept in mind during the interpretation of the seismic profiles
from western Lake Ontario.
3. Vertical exaggeration. Vertical exaggeration occurs when the vertical scale of the
recorded seismic profile is larger than the horizontal scale. Vertical exaggeration
makes subtle effects more evident. Consequently, the recording scales on the Lake
Ontario survey were set at high vertical exaggeration so that discontinuities and
displacements would be plainly visible. Seismic time sections involve some variable
vertical exaggeration because the velocity of sound in sediments varies naturally
(usually increasing) with depth. However, identification and interpretation of features
on seismic reflection sections are greatly affected by the rather large vertical
exaggerations produced during recording. The paper records of seismic data from the
Lake Ontario survey were produced on board ship with an inherent vertical
exaggeration of 20-50 times or more. Although real discontinuités were thereby
enhanced, there was danger that sedimentary strata draped over underlying
irregularities were interpreted as offset beds due to the high vertical exaggeration.
This is shown, for example, by the upward deflection of the package of high
amplitude reflections between 200 and 207 ms in the seismic time section (profile)
on the left side of Figure 3. Features such as these, identified on the original records
as being potentially significant, geologically or technically, were replayed digitally to
a reduced vertical exaggeration. In the case of the example in Figure 3, the digitally
rescaled image at right clearly demonstrates the continuity of reflections (beds) across
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the margin of a subsurface depression within the Quaternary sediment section
(depressions are discussed later in section 6.2.2).
1.2.2 Sidescan sonar lakebed mapping and interpretation

Sidescan sonar is a very high-resolution, high frequency swath acoustic system used
in marine geology to obtain images of the lakebed (Fig. 4). The system used in this
survey was a Klein 521T sidescan sonar with a graphic recorder on board ship and,
in the water column, a towfish which operated at 100 kHz. At this frequency,
reflections could be generated from surfaces with radii as small as 1.75 m at a range
of 100 m or 0.35 m at 20 m range. 7 he sidescan insonified the lakebed to ranges up
to 150 m on both sides of the towed fish. The towfish which also contained an
auxiliary 3.5 kHz subbottom profiler was generally positioned 10-30 m above the
lakebed. Acoustic returns from each of the sidescan channels and the profiler were
displayed on a graphic recorder. The reflected signals received by the fish provided
a two-dimensional map view of the lake floor. The output from this instrument
provides information on the morphology of the lake floor as well as textural
information. For example, rock gives a much stronger (darker) reflected signal than
does silt, and individual topographic features cast recognizable acoustic shadows. The
sidescan records were generally of satisfactory quality, but suffered, in places, from
overprinting of interference markings owing to intermittent transmission problems with
the towfish cable.
The major difference between sidescan and seismic reflection systems is that the
purpose of the sidescan is to obtain very high-resolution images of acoustic energy
reflected and backscattered off the lakebed, as opposed to changes within the
sediments beneath the surface of the lakebed. Backscatter is a microscale process of
multiple reflection of acoustic energy by facets of individual grains of sediment on the
lakebed (Fig. 4). Some of the micro-reflected energy is directed back towards the
source (towfish) where it is received as backscatter. In comparison, reflection of
acoustic energy is a single event at a larger scale involving the surface of the lakebed
or large targets such as boulders but not individual grains of sand or mud (Kleinrock,
1992; Hobbs and Dame, 1992).
Sidescan sonar records are displayed as gray-scale images that appear similar to aerial
photographs in that they show features on the lakebed in plan view, as mentioned
earlier. The view is commonly exaggerated in the cross-track direction, depending on
the speed of the survey vessel and the range selected for recording. The records
display the character of the lakebed roughness and details of lakebed structure and
allow determination of the shape, orientation and dimensions of structures
(morphology) as well as the fine-scale acoustic character of sediments (texture) on the
lakebed . Data from the system portrays strong received energy as dark features on
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a light background; returns from positive (bumps) and negative (depressions)
topographic features show characteristic patterns (Fig. 4). Areas of acoustic
roughness (e.g. rock or gravel) will appear darker than areas which are more
acoustically smooth (e.g. sand or mud).
1.2.3 Sediment coring
The CCGS Griffon was designed for heavy buoy work and was therefore well-suited
for handling the piston coring equipment. The core head (1364 kg) and core barrel
system was rigged diagonally across the foredeck (Lewis et al., 1992). A maximum
15m length was rigged due to space and handling limitations. At each coring station,
the assembly was lifted to a vertical position alongside the ship and then lowered to
the lake bottom. Five deployments of the 15-m assembly and one of the 12-m
assembly were completed. A 3-m corer was deployed four times for rapid testing and
recovery of the uppermost sediment sequence. The ten coring stations are shown in
Figure l a . Of these ten stations, six piston cores and their trigger weight cores were
opened and described lithologically. The lithostratigraphic units were correlated to
reflectors mapped from the subbottom profiler records. Of the four remaining core
stations, there was no recovery at two stations and the other two cores were not
examined.
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2. Seismostratigraphy: reflectors, sequences and units
The high-resolution seismic reflection profiles are the principal data used in this study
of Quaternary sediments. Sleeve gun profiles were used in places to clarify bedrock
reflections. The seismic reflections are interpreted according to the principles of
reflector identification discussed in Vail et at. (1977). Reflections are assumed to be
conformable with sedimentary bedding and that they are chronostratigraphic horizons
which can be traced from place to place and utilized for correlation between sites
within the depositional basin. Reflections which are regional in extent and which
truncate underlying reflections define the boundaries of packages or sequences of
sediment. Four such regional reflectors were traced in colour in the seismic reflection
profiles. These comprise, in order of increasing depth and age, the Lakebed, Yellow,
Orange and Brown (bedrock surface) Reflectors; their structural configuration and
extent are mapped and described in subsequent sections.
The sediment sequences between reflectors are named for their upper bounding
• eflector colour; the Lakebed Sequence is named for the lake bottom reflector. The
variations in thickness of these sequences and combinations of sequences are also
mapped {isopach maps) and described in later sections. Aspects of the regional
reflectors and sequences which suggest, or should be considered for, their
neotectonic significance are identified and discussed in these sections. Unusual and
anomalous features on the lakebed, within the sequences and on the bedrock surface
are identified and located on separate maps. These features are objectively named,
described, interpreted and considered for their significance with respect to
neotectonics or seismicity in the sections following those on structural contour and
isopach maps.
The upper two sequences (Lakebed and Yellow) and uppermost parts of the Orange
Sequence were penetrated by 6 piston cores. The preliminary correlations of the
lithologies in the cores and the sequence boundaries in the seismic profiles are
illustrated in Figures 5 to 10. More complete descriptions of the cores are available
in Appendix 1. The principal purpose of the cores is to provide information on the
physical nature of the seismostratigraphic sequences and units.
Faciès variations and areas of complex stratigraphy are evident within the sequences,
especially the relatively thick Orange Sequence. These details were not mapped in
this preliminary study. However, the attributes of these stratigraphie subdivisions are
identified in terms of their acoustic signature, geometry, distribution and bounding
units as summarized in Table 1 and in the subsequent discussion. The units are
discussed in order from oldest to youngest. Some of the anomalous features,
described and mapped later, are keyed to these units.
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Unit 1 - Orange Sequence. Unit 1 (Fig. 11; Table 1) occurs in two settings. Thick,
continuous deposits occur across the Dundas Valley and fill the deepest depressions,
presenting a smooth, broad surface for subsequent deposition. Elsewhere deposits
which have been assigned to Unit 1 occur as broad, discontinuous lenses lying directly
on the bedrock surface. Locally these deposits contain numerous coherent reflections,
but they generally display an incoherent pattern. Because the occurrences are
discontinuous, stratigraphie correlation is tenuous. Where bedrock strata are nearparallel to the bedrock surface, differentiation of bedrock from Unit 1 is not
straightforward. It is probable that the upper surface of Unit 1 represents an
unconformity.
Unit 2 - Orange Sequence. Unit 2 (Figs. 11,12; Table 1 ) encompasses two sub-units
with contrasting acoustic and morphologic characters. The lower sub-unit (Unit 2A)
is a blanket displaying incoherent reflections and an overall homogeneous aspect. The
upper sub-unit (Unit 2B) is characterized by strong, coherent parallel to sub-parallel
reflectors which drape underlying topography. The relationship between the two is
thought to be conformable because the overlying strata are undulating, presumably
in response to the shape of the upper surface of Unit 2A. Unit 2 comprises a couplet
whose depositional style is repeated in the overlying Unit 4. In a broad sense, these
two units display cycles of deposition; the couplets are thought to represent till or
deposition of till-like sediment followed by rhythmic proglacial lacustrine
sedimentation.
The basal sub-unit Unit 2A is a near-continuous blanket of variable thickness in the
lower parts of the Orange Sequence. It is largely exposed at the lakebed over much
of the northern flank of the basin east of Toronto. Across shallower areas, Unit 2A
is eroded down to the bedrock surface.
Unit 2B is characterized by strong, coherent, parallel to sub-parallel reflections. Drape
is the dominant sedimentation style but in some areas of the Niagara Basin Unit 2B
displays rare, more ponded thickenings in broad (200-500 m-wide) depressions. The
thickest deposits of Unit 2B typically occur in the deepest parts of western Lake
Ontario (with the exception of post-depositionally modified areas); in general Unit 2B
is limited to the deeper parts of the basin.
Stratigraphie continuity is difficult to follow across much of the southern flank of the
lake, and the pinch-out relations of Unit 2 are uncertain. The top of the stratified
portion of Unit 2B may represent a regional unconformity.
Areas of abrupt termination of reflections in Unit 2B suggests that it has been
modified since deposition. This "reflection eradication" (or RED) is mapped and
discussed later in section 6.2.7.
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Unit 3 - Orange Sequence. Unit 3 (Figs. 11,12; Table 1) is present only in the
western Niagara Basin where it occurs as a thick (>15m) lens, sandwiched between
Unit 2B and Unit 4B. Seismostratigraphically, it is much more complex than the
bounding units, with numerous stratigraphie variations and lateral faciès changes.
Near its zero edge it is bounded top and bottom by unconformities which change to
conformable relationships in the more central part of the basin. Although Figure 11
suggests that Unit 3 is overlain by Unit 4A, this relationship is inferred, and there is
a possibility that they may be penecontemporaneous equivalents. Unit 3 has
associated clinoforms and cut and fill structures near its zero edge, indicating localized
high sediment influx. The unit as a whole is mounded in the centre of the basin. This
feature of Unit 3 contrasts with all other deposits and suggests a possible sediment
source from the centre of the basin, possibly, for example, a floating glacial margin,
or deposition from a subglacial meltwater outburst flood.
Unit 4 - Orange Sequence. Unit 4 (Figs. 11,12; Table 1) is similar in many respects
to Unit 2 in that Unit 4 encompasses two sub-units with contrasting acoustic
character and geometry. Like Unit 2, the lower sub-unit (Unit 4A) is a blanket deposit
displaying incoherent reflections and an overall homogeneous aspect. Unit 4A is a
discontinuous, usually thin (less than 5 m) blanket deposit. Its upper surface is
commonly undulatory, but locally, its relief imparts a moulded or incised appearance.
The upper sub-unit (Unit 4B) consists of strong, coherent, parallel to sub-parallel
reflections characterized by a draped morphology. Unit 4B lies directly on Unit 3 in
western Niagara Basin but elsewhere is draped over the irregularities of Unit 4A. The
upper surface of Unit 4B has been subjected to erosion over a large region, particularly
on the northern flank of the basin east of Toronto (see Map 3). Erosion is only
recognized where strata are truncated and in many areas so little material has been
removed (less than 1 m) that the erosional surface is difficult to recognize. In the
generally deeper areas of the Niagara and Mississauga Basins, no erosion is apparent.
The stratigraphy of Unit 4B becomes more complex on the southern side of the
Niagara Basin, containing lenses of different seismic character, local unconformities
or disconformities, and morphologic irregularities.
This character is further
complicated by the presence of diffuse gas and gas masking.
Yellow Sequence and Lakebed Sequence. These sequences (Figs. 11,12; Table 1 ) are
seismically characterized by smooth, weak to strong, continuous, coherent reflections.
Reflections are stronger and more rhythmic in the shallower parts of the southern and
western portions of the study area. They are separated by the strong discontinuous
regional Yellow Reflector. The Yellow Sequence contrasts with underlying Unit 4B
in that strata are smoother and exhibit much less drape, suggesting a higher energy,
more open lake depositional regime. This environment is manifested in attributes such
as downlapping, overall deposit thinning by virtue of thinning of individual strata, and
reduced deposition on local slopes due to bottom current stress.
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2.1 Ages of sequences and units
Comparison of the sequences and units defined in this study with those described
from profiles and cores in central and eastern Lake Ontario (Hutchinson et al., 1993),
provides age information for the upper part of the Quaternary sedimentary section.
The chronology is largely based on radiocarbon-dated pollen and paleomagnetic
stratigraphy at core PC-28 in eastern Lake Ontario (Anderson et al., 1976) and to a
lesser extent on pollen and radiocarbon-dated sections in two other cores, one further
east and one in Mississauga Basin just east of the present study area (McAndrews,
1972, 1973; Schroeder and Bada. 1978).
The correlation indicates that the Lakebed Sequence is equivalent to Unit E of
Hutchinson et al. (1993) deposited since 6-8 ka B.P. The Yellow Sequence is
equivalent to Unit D of Hutchinson et al. (1993) and was deposited between 10.5-11
and 6-8 ka B.P. The uppermost part of the Orange Sequence (Units 4A and 4B) best
correlates to Unit C of Hutchinson et al. (1993); the onset of deposition of Unit C is
tentatively interpreted at about 12-13 ka B.P. The base of the Orange Sequence may
in large part have been deposited by Port Huron ice which filled the Lake Ontario basin
and advanced to eastern Lake Erie just over 13 ka B.P. (Barnett et al., 1991).
Residual sediments from earlier stadial and glacial cycles possibly also exist in the
basal parts of the Orange Sequence, for example, equivalent to deposits of Late
Pleistocene age on the north shore of Lake Ontario (Karrow, 1967, 1969; Eyles and
Eyles, 1983; and Brookfield et al., 1982).

-14STRUCTURAL CONTOUR. ISOPACH AND FEATURE MAPS OF
QUATERNARY SEDIMENTS IN WESTERN LAKE ONTARIO

3. Structural contour maps
Four structural contour maps were prepared at a scale of 1:250,000, showing the
configuration of regional reflectors in the basin. They are presented in the order of
their map number, from the lakebed surface downward to the bedrock surface.
3.1 Bathymetry or Lakebed Reflector (Map 1)
A bathymétrie map {Map 1) was compiled using high-resolution profiler (SEISTEC)
data. The Lakebed Reflector is equivalent to the surface shown in this map. All
measurements were taken using the zero millisecond position on the profiles as a
datum. The data are contoured in milliseconds (two-way sound travel time) below a
lake level datum of 74.5 m a.s.I. (Internationa! Great Lakes Datum of 1985). The
contour interval is 10 ms. The data exhibited excellent internal consistency on the
millisecond map {less than 0.5 ms discrepancy on intersecting survey lines). A
conversion scale is provided on the map, assuming a water velocity of 1500 m/s.
This conversion is approximate only.
The area surveyed is a simple half basin, elongated in the east-west direction, open
to the east where it attains water depths of 180-190 m. The basin is asymmetric in
the north-south direction with the deeper part closer to the southern shore, as noted
earlier.
3.2 Yellow Reflector and "notches" (Map 2; Figs. 13,14,15)
The Yellow Reflector (Y) is a regional reflector which occurs throughout much of the
survey area where thick, unconsolidated lake muds occur. The zero edge of Y is
commonly defined where the reflector pinches out against the Orange Reflector (0)
below. In places this zero edge may be erosional. The contoured surface has defined
two areas of reflector occurrence, one centred in the Niagara Basin and the other
centred in the Mississauga Basin. This reflector !s not present between the basins due
to non-deposition or erosion. This zone was recognized as a sedimentologica! nondepositional area and named the Whitby-Olcott Sill by Thomas et ai (1972a, b); it
defines the boundary between the Niagara and Mississauga Basins. The surface of
the reflector is smooth along the southern flank of the lake basin and notched (see
description below) in central areas of the two basins (Map 2).
Over much of the extent of Y its geometry is characterized by near-symmetrical or
rounded "V-shaped" depressions or notches (Figs. 13,14,15). The term "notch" is
used in this report to refer to discontinuities in the Y reflector as seen on seismic
profiles (Figs. 13,14,15). This same surface was described by Hutchinson et ai
(1993) as a discontinuous reflector. Areas of notch occurrence are shown on Map 2.
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These notches are independent of any topography of underlying sediment units.
Between the notches the sediment layering geometry is smooth. Where the notches
become closely spaced the area between the notches is rounded and the reflector
acquires a hummocky or convoluted appearance. The notches are typically 0.5-1 m
deep and 50-75 m across. While the apparent removal of material is normally
restricted to the Yellow Sequence, rare occurrences appear to "incise" the top of the
Orange Sequence, giving a "cut and fill" appearance (Fig. 15; also see section
6.2.4.3, Lamination Disturbance).
Y has a broad distribution across most of the central and southern lake basin but the
notches have a more restricted extent. The Y structural contour map (Map 2) shows
this differentiation of notched and smooth areas. The notches are present mainly in
the central (deeper) portions of the Niagara and Mississauga Basins. The water depth
at which the transition from notched to smooth varies across the map. One notable
exception to the distribution pattern is the oval patch with a smooth character that
occurs in the deepest part of the Niagara Basin. This could possibly be a result of
deeper burial and infilling. Though the map does not convey it, the larger notches,
and the greater density of notches, occur in the Niagara Basin. The notches become
smaller toward the margins of the Yellow Reflector.
A number of hypotheses for the origin of the notches and their nature and distribution,
are possible. These include gas or fluid venting and pockmark formation (King and
McLean, 1970; Hovland and Judd, 1988), ice-wedge casts (Sly and Prior, 1984),
scouring by ice pressure ridge keels (Berkson and Clay, 1973; Grass, 1982), and
vortex erosion (strudel marks) by turbulent flood waters descending through
weaknesses in spring lake ice (Reimnitz and Bruder, 1972; Reimnitz etaf., 1974). In
order to interact with the lake sediments, ice-wedge casts, scouring by ice pressure
ridge keels and vortex erosion mechanisms require much shallower water depths at
the location of the notches than present or past water depths allow. Therefore gas or
fluid venting is the favoured mechanism for the origin of these features. In this case,
the features could be buried pockmarks which are circular to oval depressions created
in the lakebed by venting fluids (King and McLean, 1970; Hovland and Judd, 1988).
The Yellow Sequence contains organic matter evidenced by black FeS laminations
observed in sediment cores; this suggests that biogenic gas could be produced and
possibly trapped in the Yellow Sequence. A regional seismic shaking event could have
triggered the expulsion of gas and fluids creating the convoluted appearance [i.e.
notches or pockmarks) in the Y Sequence, though an earthquake is not necessary for
pockmark formation. These features are not connected to bedrock and only rarely to
the top of the Orange Reflector.
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The notches may be geological evidence of a widespread shaking event(s), and may
have significance for paleoseismicity. A detailed seismic reflection site survey is
required to clarify their 3-D geometry.
3.3 Orange Reflector (Map 3)
The Orange Reflector (0) is a regional reflector found throughout the study area. The
reflector is a stratigraphie marker which separates the underlying Orange Sequence
from the overlying Yellow Sequence (Fig. 11). The surface of 0 has been mapped
using a contour interval of 10 ms. The structural contours define two shallow
depositional basins (Niagara and Mississauga). The 0 Reflector is both depositional
and erosional in nature. The depositional surface of 0 is limited to the central areas
of the Niagara and Mississauga Basins (Fig.16); this surface is generally smooth in
nature. The erosional surface is found along the flanks of the basin and across the
sedimentological sill (Whitby-Olcott Sill} separating the Niagara and Mississauga
Basins. The erosional and time-transgressive nature of this reflector is recognized
where a truncation of seismic reflectors in the underlying Orange Sequence is
observed. Thus, over unstratified sediments {e.g. Unit 2A) its erosional nature is not
confirmed. We surmise that considerable erosion occurred in the shallower areas of
0 occurrence, where sediments thin and pinch out on bedrock, particularly on the
northern basin flank.
An area of irregular relief, up to two metres, has been mapped on the Orange
Reflector. This irregular surface is 40 kilometres long and 5 kilometres wide and
parallels the south shore off the Niagara River mouth. The origin of this relief is
unknown.
3.4 Brown Reflector (Bedrock surface) (Map 4)
A structural contour map of the bedrock surface (Brown Reflector, B) was prepared
using a 10 ms contour interval (Map 4). The basin is asymmetric and the zone of
greatest depths is skewed southward.
Two bedrock channels have been defined. The larger channel has a southwestnortheast trend through the deepest part of the lake basin (>230 ms below present
lake level). The channel begins near Hamilton and is the extension of the Dundas
Valley found onshore. The channel follows the trend of the Hamilton-Presqu'ile
Lineament. South of Toronto, the channel shallows and bends slightly to the northeast
where it crosses the Niagara-Pickering Magnetic Lineament (Map 4, Fig. 1a). The
second channel is located near Toronto and has a southeast direction. It is the
extension of the Humber Valley and is incised to > 150 ms below present lake level.
This feature was mapped by Lewis and Sly (1971). These channels may be the result
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of erosion by subglaciai and proglacial river systems whose trends may have been
controlled, in part, by weaknesses in the bedrock (Eyles et al., 1993).
Steep bedrock slopes occur along the southern side of the basin, and on walls of the
Dundas Valley bedrock channel off Hamilton. A rough bedrock surface occurs along
the north side of the lake basin. Bedrock outcroppings occur on the lakebed offshore
Toronto. Bedrock outcrop also occurs on the north side of the basin east of Toronto.
These are extensive areas of thin sediment cover, as shown by the isopach maps
which follow.
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4. Isopach maps
Five isopach maps were compiled from the high-resolution and sleeve gun seismic
data. The maps show thickness variations between the following reflectors: Lakebed
to Yellow Reflectors, Yellow to Orange Reflectors, Orange to Brown Reflectors,
Lakebed to Orange Reflectors and Lakebed to Brown Reflectors. The maps were
produced using GEOSOFT mapping software (Geosoft Inc., Toronto) and the data are
contoured in milliseconds, with a contour interval of 5 or 10 ms. The geometries of
the sediment bodies portrayed by these maps are helpful in discerning sources of
sediment supply and areas of deposition during the development of the basin fill.
There is no obvious relationship of these sediment bodies to the geophysical
lineaments.
4.1 Lakebed to Yellow Reflectors (Lakebed Sequence; Map 5)
The Lakebed Sequence, deposited since about 6-8 ka B.P., occurs in two depocentres,
one centred in the Niagara Basin and the other centred in the Mississauga Basin (Fig.
1b). Sediments in the Mississauga Basin thin northward and generally are less than
5 ms or 4 m thick. Sediments in the Niagara Basin also show a general thinning
northward. A relatively large depocentre, with sediment thicknesses greater than 15
ms or 11 m, occurs in the Niagara Basin on the south side of the basin along the
Niagara shore.
4.2 Yellow to Orange Reflectors (Yellow Sequence; Map 6)
The Yellow Sequence, deposited between about 7 and 11 ka B.P., occurs in both the
Niagara and Mississauga Basins (Fig. 1b). Sediment thicknesses in the Mississauga
Basin are less than 15 ms (<11 m) and show a general northward thinning. Two
depocentres occur in the Niagara Basin, one on the south side of the basin offshore
Port Weller with thicknesses greater than 5 ms ( > 8 m), and the other larger
depocentre in the eastern end of the basin offshore Hamilton, with sediment thickness
greater than 15 ms ( > 11 m). The sediments generally thin northward in the Niagara
Basin. The location of the depocentre in the Niagara Basin also suggests an onshore
sediment source.
4.3 Orange to Brown Reflectors (Orange Sequence; Map 7)
The Orange Sequence (about 13-11 ka B.P.) is found beneath much of western Lake
Ontario. The greatest sediment thicknesses occur along the central axis of the lake
basin within the buried Dundas Valley where they exceed 70 ms (>50 m). The
general distribution of sediment thickness is controlled by the overall shape of the
eroded bedrock surface. This thick sequence was apparently deposited rapidly (in
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about 2,000 years) and may have developed high excess pore fluid pressure which
could have rendered the sequence susceptible to liquefaction and failure, e.g. from
sediment loading or cyclic loading such as seismic shaking.
4.4 Lakebed to Orange Reflectors (Lakebed and Yellow Sequences; Map 8)
The Lakebed and Yellow Sequences occur throughout much of the basin. They thin
northward and eastward. The greatest sediment thickness occurs in the south potion
of the basin along the Niagara Basin shore, and in the extreme western end of the
basin near Hamilton, where sediment thickness can exceed 25 ms ( > 1 8 m),
suggesting an onshore sediment source near this area.
4.5 Lakebed to Brown Reflectors (Total Quaternary; Map 9)
This map portrays the total thickness of all Quaternary sediments in the lake basin.
The greatest sediment thickness occurs along the axis of the lake within the buried
Dundas Valley where the thickness exceeds 70 ms (approximately 50 m), and
offshore Toronto within the buried Humber Valley where the thickness exceeds 60 ms
(approximately 45 m). The general distribution of sediment thickness is controlled by
the overall shape of the eroded bedrock surface, particularly the trend of buried
bedrock valleys.
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5. Surficial features (from sidescan sonar records) (Map 10)
Most surface features have been mapped from sidescan sonar data. Some of the
features (sandwaves,bedrockchannels, bedrock outcrop, orthogonal bedrock pattern,
anchor scours and plumose structures) have sufficient height or vertical relief that
they were also detected on seismic profiles. The surficial features are classified into
four groups: Bedforms, LABAs (Linear acoustic backscattering anomalies), Bedrock,
and other features (including unidentified features) (Fig. 17 and Map 10).
5.1 Bedforms (Fig. 18)
Bedforms are sediment transport features influenced by waves and currents which
indicate the presence of significant (sand-transporting) bottom currents in the
relatively shallower parts of Lake Ontario. Complementary circulation may be present
in deeper water which could influence the distribution of silt- and clay-sized sediment
associated with bottom irregularities.
Seven types of bedform are recognized which include: sand ribbons, sand ribbons
(poorly developed), megaripples, megaripples (poorly developed), megaripple-like
bedforms, waveform ripples, and sandwaves. These have been placed in 2 groups
(flow-parallel and flow-transverse) based on the trend of the features relative to the
direction of their formative current.
5.1.1 Flow-parallel bedforms
Sand ribbons (Fig. 18) are oriented parallel to the flow or current direction (Amos and
King, 1984). They occur in relatively shallow water, commonly in areas of sand and
gravel lag over eroded bedrock platforms, on the north side of the lake basin. They
may occur on sandy lake bottom elsewhere. Sand ribbons trend subparallel to the
shoreline and usually appear on sidescan records as long, linear, sometimes sinuous
features, which are often closely spaced. These features can be over 100 m in length
with highly variable width, usually less than 10-15 rn. Sand ribbons are often poorly
developed in sediment-starved environments.
5.1.2 Flow-transverse bedforms
Megaripples commonly occur together with sand ribbons but their crestlines are
oriented transverse to the current direction (Fig. 17, icon). Their crests are both linear
and bifurcated (2-D megaripples). Most are 2-D megaripples, but in some locations
the crestlines become so sinuous as to assume a 3-D megaripple form (Amos and
King, 1984). The latter are usually associated with higher current regimes.
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Waveform ripples are small, linear ripples oriented transverse to the current direction
(Fig. 17, icon) and are developed by oscillating wave action. They occur in nearshore
areas, close to Toronto, over bedrock and gravel lag.
Sandwaves (Fig. 17, icon) can be as high as 3 metres and up to 200 metres wide
(apparent width).
These features display a weak internal seismic reflector
conformable to the upper bedform surface and rest on a strong, flat-lying reflector
over Unit 2. They are unlike morainic ridges which appear to be part of the underlying
Unit 2. Sandwaves occur in areas of sand and gravel over bedrock in association
with other bedforms on the north side of the lake basin east of Toronto. Sandwaves
indicate a high flux of sediment over the lakebed under strong bottom currents. These
sandwaves exhibit a fairly "rounded" appearance and may be presently moribund or
only intermittently active.
5.2 Linear Acoustic Backscattering Anomaly (LABA) (Figs. 19,20,21; Map 10)
Linear Acoustic Backscattering Anomalies (LABAs) is generic acoustic terminology
used by the authors to describe areas of dark return on sidescan sonar records,
without imposing a sense of genesis for these features. Similar features were
previously described by Thomas et al. (1989a,b, 1993) as areas of dark return or
linearly aligned elliptical features, and by Wallach (1990} as elongated sand volcanoes.
LABAs occur over areas of recent lake muds (Lakebed Sequence) and most
occurrences are in the southwest sector of the lake basin. They commonly appear as
continuous trails (one was mapped for at least 2.5 km); others appear as elongated
or discontinuous aligned blotches up to several hundred metres in length. LABAs are
generally less than 20 metres in width. LABAs show no relief at the lakebed and no
sign of subsurface disturbance or correlation to other subsurface features or bedrock
recognized in seismic profiles, Anchor scours cross-cut some LABAs.
Most LABAs occur near the Welland Canal while a few are also found within Toronto
Harbour limits (Fig. 2 1 , Map 10). LABAs are oriented in a radial pattern emanating
from a point at the mouth of the Welland Canal. Significantly, their numbers are most
frequent near the designated shipping courses between eastern Lake Ontario and the
Welland Canal (illustrated on the Canadian Hydrographie Service Chart, L/C 2077,
Lake Ontario, Western Portion, 1977) on the south side of the lake, even conforming
to directional alterations along the shipping courses. LABAs are also found in
abundance along the shipping routes from Toronto to Port Weller and from Toronto
eastward in Lake Ontario.
LABAs have been thought to be associated with fluid sand expulsion and faulting
(Thomas era/., 1989a,b, 1991, 1993; Wallach, 1990). However, the distribution of
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LABAs on Map 10 suggests an alternative explanation: the LABAs may have
originated as ship debris (e.g. steamship ash or lost cargo). It would be important also
to distinguish them from concentrations of coarse material in sedimentary furrows as
described from Lake Superior by Flood (1989) and Viekman et al, (1992). Detailed
subsampling and a study of LABA sediment is needed to resolve their origin and
significance.
5.3 Bedrock features
5.3.1 Local bedrock outcrop (Fig. 18)

Bedrock outcrop, shown on the Surface Features Map (Map 10), was mapped using
sidescan sonar. Sidescan records suggest that a thin sediment veneer is widespread
along the north shore of the lake basin. Rock exposure is mapped only where
sidescan shows bedrock elements (e.g. jointing, bedding plane outcrop), mostly on
the north side of the lake, between Mississauga and Oakville and east of Scarborough
(Fig. 1 b). Here, bedding plane scarps are observed on sidescan records, where block
and flag beds of Paleozoic limestone occur.
5.3.2 Bedrock ridge (Fig. 22,23)
Bedrock "ridges" encompass all linear or near linear features on bedrock and are
identified as strong linear backscatter on sidescan records. They are usually present
in areas of thin sediment veneer over bedrock on the north side of the lake basin.
These linear features are 10s to 100s of metres in length and are commonly 1 to 7
metres in width. They range in height from 0.5 m to 2 m as observed in seismic
reflection profiles.
Adjacent to Toronto, in water depths between 50-100 meters, sidescan sonar
transects revealed linear bedrock ridges in an orthogonal pattern in the outcrop zone
of the Ordovician Georgian Bay (Meaford-Dundas) Formations, a siltstone with limy
interbeds (Liberty, 1969; Sanford and Baer, 1981). The ridges are oriented in two
principal trends, northeast-southwest and northwest-southeast; their frequency of
occurrence is about 2 per kilometre on an east-west survey line.
There is a correlation between bedrock ridges and buried microrelief and bedrock
bumps (identified on seismic profiles) on the Subsurface Features Map (Map 11).
These ridges may be postglacial bedrock surface buckles or pop-ups as interpreted
previously by Bowlby (1988), Thomas et al. (1989a,b, 1991, 1993), Wallach (1990),
and Wallach et al. (1993). The normals to the ridge trends are broadly consistent
with the range of azimuths of local maximum horizontal compressive stress measured
at onshore sites around Lake Ontario (Adams, 1987; Wallach et al., 1993), suggesting
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a continuity of the onshore regional stress regime beneath the lake. As shown in
Figure 23, bedrock ridges (pop-ups) are wideiy distributed around the lake above the
160 ms contour { - 1 2 0 m below lake level). This distribution bears no obvious
relationship with the geophysical lineaments. However, the deeper ridge occurrences
are more clustered, with 9 of 13 (69%) below 160 ms being within 10 km of the
junction of the NPML, HPL and Dundas Valley. Below 200 ms, 75% (6 of 8) of the
occurrences are grouped in the same junction area.
5.3.3 Meandering channel in bedrock (Fig 17, icon; Map 10)
A meandering channel in bedrock was observed on both sidescan and subbottom
profiler records collected on the north side of the lake near Ajax, Ontario. The channel
is 3 m deep and 75 m wide. It is sinusoidal in plan view and contains little or no fill.
This is the only feature of its kind found in the survey area. This feature is a bedrockcontrolled, old river channel, likely cut into the bedrock surface during times of former
low lake stands.
5.4 Other features
5.4.1 Anchor scour (Fig. 24)
Anchorscours are curvilinear, shallow, surficial incisions preserved in muddy sediment
and likely created by ship anchor and chain dragging over the lake bottom. Some
anchor scours may have associated berms (Fader, 1991). The features are 2 m or
less in width and 100s to 1000s of metres in length. Occasionally they are visible on
seismic profile data displaying apparent depths of a few decimeters. They often
cross-cut each other. Several were observed cross-cutting LABAs and disrupting their
acoustic character.
No preferred orientation was noted. The most dense
concentrations of anchor scours occur in a well-defined area northwest of the
entrance to the Welland Canal, near and within a designated anchorage area. A few
are also found within the Toronto Harbour limits.
5.4.2 Plumose structure (Figs. 14,24)
As the name implies, plumose structures have the appearance of feathers on sidescan
records (Fig. 24). They present a midline with curved, radiating arms. The structures
examined in this study are up to several hundred metres long and in the order of 100
m wide. The midline of plumose structures can be linear or curved. In profile they
differ from anchor scours only in that they have a broader surficial disturbance. A
systematic association with any sediment or bedrock anomaly was not observed in
acoustic profile data. They occur in thin mud as well as on mud bottoms of several
metres thickness (Fig. 14). Plumose structures occur together with curvilinear anchor
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developed occurrence is found within the Toronto Harbour limits, also near anchor
scours.
Plumose structures, first described by R.K. McMillan (informal discussion in MAGNEC
1989), w^re interpreted as representing a shearing response in a thin clay cover to
a strike-slip motion occurring in underlying bedrock (Thomas e? si, 1989a,b, 1991,
1993). In Passamaquoddy Bay, New Brunswick, Pecore and Pader (1990) also noted
an orientation of plumose structures in the same direction as nearby faults on land but
observed no apparent faulting on marine seismic profiles in the immediate vicinity of
the featuresAn alternate mechgnism for plumose feature formation was suggested by Pecore and
Fader (1990). They observed the similarity of the Passamaquoddy Bay plumose
features to anchor and chain marks on the seabed of Hglifa* Harbour (Miller and
Fader, 1§89). Pecore and Fader (1990) and F#der (1991) suggested that tidallyinduced up and down chain movement, while ships are at anchor, could facilitate
multiple pouring (marking) of the seabed, thus producing the observed pattern.
Arcuate, radiatino, seabed anchor chain scours are commonly observed around
offshore drilling rjg sites (G.B. Fader, personal communication, 1993).
Upward end downward chain movement could flox have besn tfdally induced in the
Lake Ontario setting. In this setting, strong winds end/or currents commonly set up
a repetitive, periodic, side to side yaw action <?n an anchored vessel. This could
induce alternating tension and slack on the anchor chain while the vessel swung
across the central anchor chain path, such th2t the most common anchor chain
position on the lakebed produced the midline of the feature &0Ô the curved, radiating
arms were scoured by the chain in soft mud during side-tQ-side excursions of the
vessel.
Thomas &i a/. (1Ô93) suggest that anchor chain induced plumose structures have
relatively fewer radiating arms distributed along the midline and can be distinguished
from n^tuirally occurring plumose structures in this way. Further information is
needed \û resolve which hypothesis, or under what condition each hypothesis, is
correct.
5.4.3 Shipwreck and debris spoil (Fig. 25)
Shipwrecks appear as angular, geometric targets on sidescan records often with
acoustic shadows caused by the ship's superstructure, as shown by a 15-m long
wreck off Toronto (Fig. 25). Two more possible shipwrecks were observed southsoutheast of Toronto, and one off the Welland Canal (Map 10).
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On sidescan records, randomly oriented, scattered, dark, linear targets, several metres
long and centimetres/decimeters wide are interpreted as debris, possibly pipes. Dark
circular targets have been identified on sidescan records as debris spoils or dumpings.
Debris spoils and dumpings are commonly found offshore Toronto, Hamilton and on
the northeast flank of the basin (Map 10).
5.5 Unidentified features

A few features of unknown origin have been included for completeness of feature
inventory on the Surficial Features Map (Map 10). Each of these displays a pattern
which is uncommon and infrequent.
Circular lakebed disturbance (see icon Fig. 17)
This is a circular feature, approximately 50 m in diameter. It displays a faint darker
tone in ring shape with "tea-cup" handle. Only one occurrence, off Toronto, is noted.
Curvilinear acoustic backscattering anomaly (see icon Fig. 17)
This feature exhibits similar acoustic character, length, and width as LABAs. They
occur as overlapping curves rather than linear features and are found east of Toronto.
Lakebed disturbance (see icon Fig. 17)
The single occurrence of this feature showed a faint, dark tone on sidescan records
and a ring shape with radiating arms on its southern side.
Ring-shaped backscattering anomalies (see icon Fig. 17)
These anomalies are ring-shaped, with a faint, dark tone. These anomalies occur in
small clusters in the northeast part of the survey area.
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6. Morphological features on seismic profiles (Fig. 26; Map 11)

The distribution of features identified on the seismic profiles is shown on Map 11. A
short description and icon showing the essential character of each feature is given in
Figure 26.
6.1 Bedrock surface features
6.1.1 Positive features
6.1.1.1 Bump and ridge (Figs. 22,27)

Bedrock bumps in seismic profiles are small perturbations which are often found in
isolation on an otherwise relatively smooth bedrock surface. They are 2 metres or
less in height and 50 m or less in width. Bedrock ridges (Section 5.3.2) are
considered to be the same as bedrock bumps but where sidescan confirms a 3-D
aspect. These bedrock features are mostly found along the flanks of the basin in
areas where the sediment cover is missing or thin; four are found further out in the
basin. Many of these features are found on the eroded bedrock platform offshore
Toronto and are associated with the location of orthogonal bedrock ridges and microrelief features observed on sidescan records. Bumps and ridges are both interpreted
to be pop-ups. Further information is desirable to confirm their ridge-like character
and orientation, and whether the features are formed by bedrock buckling due to
failure from regional compressive stresses.
6.1.1.2 Microrelief (Fig. 28)
Bedrock microrelief is characterized by an irregular bedrock surface, typically 1-3 m
in amplitude with a wavelength of 15-50 m. In places, bedrock microrelief is
coincident with, but not exclusive to, orthogonal bedrock ridges on sidescan records
and, less commonly, with upturned beds on seismic profiles. Bedrock microrelief is
found along the flanks of the lake basin on eroded platforms and slopes. Although
this morphology may be related to differential erosion influenced by changes in
bedrock lithology and structure, or to pop-ups as for bumps and ridges above, or
faulting, more information is required to determine its origin.
6.1.1.3 High relief (Fig. 29)
High bedrock relief refers to areas of sediment-covered irregular bedrock relief having
amplitudes of 10-25 m and wavelengths of 100-500 m. It is found within the Dundas
Valley, along the valley wall and on the northern erosional platform found east of
Toronto on the Trenton Group (see Fig. 31). The origin of the high relief could be
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erosiona! or faulting or both. Overlying sediments conformably cover the area of high
bedrock relief, suggesting that these features are presently stable.
6.1.2 Scarps (Figs. 18,30,31 )
6.1.2.1 Bedrock scarp
These features generally have steep, one-sided relief of 2-8 m. In places, they show
visible bedding with no apparent fault control. Bedrock scarps are larger and more
frequent in the extrenne northeast of the survey area in carbonate terrane (Lindsay
Formation of the Trenton Group, Liberty, 1969; Sanford and Baer, 1981). In this
area, scarp relief is in the order of several metres to 15 m with a basal width of up to
1 km. Correlation between survey lines was not possible so the trend of these
features is unknown. It would be useful to map scarp orientation through a set of
closely-spaced survey lines. Erosional scarp features would likely trend with bedrock
strike, whereas fault scarps may not.
6.1.2.3 Sediment-covered bedrock scarp
These buried scarps are one-sided steep relief features on the bedrock surface. The
scarps exhibit several metres of near-vertical relief but show no visible bedrock
structural offset where bedding was evident. Bedrock scarps occur along the flanks
of the lake basin, on nearshore erosional platforms or on the walls of the eroded and
buried Dundas Valley. Most scarps occur in carbonate or interbedded limestone/shale
terrane of the Lindsay and Collingwood Formations (Liberty, 1969; Sanford and Baer,
1981 ). A few are found on the south side of the lake basin in shale and siltstone of
the Georgian Bay Formation. Again, as discussed in the previous section, more
information is required to interpret their origin. The scarps are commonly overlain by
draped stratified Quaternary sediments. Within the limits of penetration and resolution
of the seismic profiler data, offsets are not observed in the soft lake sediments
overlying bedrock scarps; hence these features are considered to be stable.
6.1.3 Depressions
6.1.3.1 Small channel or depression (Fig. 32)
These features are less than 200 m across and are 2-4 m deep. They are found in
nearshore areas along the margins of the lake basin, in areas where bedrock is
exposed or where sediment cover is thin. These features may have controlled the
deposition of overlying sediments, complicating the internal geometry of reflectors.
The morphology of these features suggests river channels, but further information is
required to determine their origin.
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6.1.3.2 Sediment-covered depression (Fig. 15)
These features are double-sided, steep inflections on the B Reflector forming
depressions or troughs in the bedrock surface, under Quaternary sediments. There
are only two occurrences, both of which are found in the west-central portion of the
Niagara Basin within the buried Dundas Valley. Their origin is unknown. The
depressions show no influence on the configurations of the overlying 0 and Y
Reflectors, suggesting that the timing of their origin or of any subsequent adjustments
predate these reflectors.
6.1.4 Near-surface structure
6.1.4.1 Folding (Fig. 28)
Five areas of bedrock folding have been identified in nearshore areas along the flanks
of the lake basin. These structures involve broad folding of bedrock strata in the area
offshore Niagara River and on the north shore of the lake near Toronto. Beds are
upturned less than two degrees and there is no evidence of faulting. The age of
folding is unknown.
6.2 Quaternary sediment features
6.2.1 Constructional features
6.2.1.1 Clinoform reflector (Fig. 33)
Clinoforms are sets of S-shaped reflections indicating sedimentary progradation; they
occur in simple or complex forms. In the simple forms, progradation is always
unidirectional and basinward while complex forms have two or more separate
progradational sets which can face in more than one direction. The complex forms
may also show internal discontinuities and associated cut and fill. No occurrences of
clearly identifiable topsets were recognized.
The clinoforms are typically 5-8 m thick, occurring over distances of over 1 km. They
commonly underlie the Yellow Reflector. They are located on the southern and
western flanks of the basin and appear to occur in at least two populations which may
be stratigraphically separable. Although their stratigraphie relationships have not been
studied, the deeper clinoform occurrences are thought to correlate with Unit 3. The
shallower occurrences may correlate with the basal parts of Unit 4. On the southern
end of line 38 (Fig. la) at least two clinoform-like features are present overlying
bedrock, one higher on the slope and stratigraphically overlying the other. The upper
part of each is associated with a small notch in the bedrock surface. These
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ciinoforms are possibly related to low lake levels and sedimentary progradation in the
former coastal zone. They could also be related to glacial subaqueous deltas or
turbidite channels.
6.2.1.2 Sediment mound and ridge (Fig. 34}
This category includes a variation of sediment build-ups and ridges. Some of the
features appear as mounds in seismic profile, while others have a confirmed ridge
shape where their 3-D aspect is known. They are both stratified and unstratified in
nature. Some unstratified ridges have a core which sits on bedrock and associated
stratified aprons in the lakeward direction. The unstratified ridges rise about 5 m
above the surrounding lakebed but total relief above the surrounding blanket of
unstratified material is as high as 10 m. At the base they are up to 500 m across,
narrowing to a few 10s of metres near the top. Two of these ridges in the southeast
portion of the study area are parallel and have a west-northwest_east-southeast trend.
These are interpreted as moraines. Other unstratified, symmetric sediment mound
features are found on the northeast flank of the basin and have no sediment aprons.
They can be 5-10 m in height and up to 250 m in width.
In the stratified ridges, there is a mounding and thickening in the ridge portion and
lakeward thinning and onlapping on the wedge-shaped apron. The ridges range in
thickness from 3-5 m and are in excess of 1 km wide, including the apron.
6.2.2 Sediment depression (Map 11 and Figs. 3,16,35,36,37,38,39)
Depressions in Quaternary sediments are common in the central areas of the
Mississauga Basin where thick unconsolidated lake sediments occur (Fig. 39). Many
of these depressions appear as draped, stratified sediments which closely mimic the
morphology of the underlying units (Figs. 16,35). In many cases the mimicking
continues through the entire sediment section and is expressed at the lakebed. The
greatest lakebed expression observed was approximately 4 ms (3 m) in depth.
Steeply-dipping strata in some of these features, may appear as offsets or faults when
the internal reflectors approach the horizontal resolution limit of the seismic
equipment. Measurements of this resolution limit revealed that slopes greater than
about 8 to 10 degrees must be suspect. To thoroughly investigate the sediment
geometry, profiles (examples 1, 2, and 3) of some of these steeply-dipping features
were reprocessed digitally (horizontally expanded) to decrease the vertical
exaggeration of the image (Figs. 3,37,38; see section 1.2.1.3 for details in seismic
interpretation and processing). The digital processing procedure does not smooth or
remove information from the seismic data.
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Example 1 (Fig. 3). The first example of digital processing shows a fault-like feature
in near-surface sediment in the original field record. Processing of these data show
that the fault-like appearance is a result of extreme vertical exaggeration and that all
the coherent reflectors are continuous {i.e. show no truncation) across the section.
The sediments of Unit 4 and the sequences overlying it are draped over an uneven till?
morphology in the subsurface. The stratified sedimentation pattern of Unit 4 is very
regular; no offsets or changes are apparent in amplitude, phase, or frequency content
of the recorded signals. Beds of the overlying Yellow Sequence are truncated by the
Yellow Reflector. The Lakebed Sequence overlies these truncated beds and exhibits
thinning over the low in the Orange Reflector, creating a depression at the lakebed (at
390 m on Fig. 3). This geometry reflects a feature produced by sediment draping over
an uneven morphology and is not a fault.
Example 2 (Fig. 37). This digitally expanded seismic image shows no connection
between the depression and the flat underlying bedrock, nor is there evidence of gas
or fluid migration in the section, suggesting the depression is not a vented structure
(Fig. 37, lower). The processed image allows a detailed inspection of reflector
continuity. In this example, the Orange Reflector (0) exhibits an undisturbed,
horizontal continuity. Also, the processed image suggests that a body of layered
sediment is situated between two masses of sediment having an incoherent reflection
pattern (about 75 to 150 m along the profile). The two bounding surfaces are not
well-imaged, but reflectors within the depression appear to onlap the depression
edges. The depression is infilled with sediment having the acoustic character of Unit
4B. The lateral (3-D) extent of this feature {i.e. whether it is channel-like or not) is
unknown. However, it does have the appearance of a cut-and-filled river channel.
Example 3 (Fig. 38). The third example of digital processing is similar to the second,
especially to the right side of the depression feature. Again, there is no correlation
of this depression with any feature in bedrock. Also, there is no evidence of gas or
fluid migration. The lower part of the feature appears to be a depression within Unit
4A. The material infilling the depression exhibits a parallel reflection character, similar
to Unit 4B. The surface of the Orange Reflector (0) where it drapes the depression
is a low zone which invokes a perturbation in subsequent sedimentation. The overlying
transparent material of the upper two sequences is thick over the location of the
depression but thins to the sides on Unit 4 highs. Inspection of the regional seismic
record emphasizes that this pattern of deposition occurs in a number of depressions.
As well, a number of depressions show asymmetry in sedimentation. This is indicated
on Figure 38 on the west (upslope) side of the figure where the upper two sequences
thin to almost zero thickness against Unit 4, where Unit 4 is relatively higher.
Four types of depressions have been identified; simple depressions, scarp-like
inflections (Fig. 35), steep-sided depressions (Fig. 35), and double steep-sided
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depressions (Fig. 36). The criterion for mapping the other three types of depressions
was the degree of steepness of the overlying, draped sediments.
The simple depressions range in relief from 1-5 m. Only the larger of these were
mapped ( > 3 m). Simple depressions show no offset in the stratification. The scarplike depression is relatively steep on one side but continuity of stratification
demonstrates that there is no offset of beds. Steep-sided depressions are sufficiently
steep on one side to cause an apparent offset in overlying strata. Double steep-sided
depressions are steep on both sides and appear to have offsets on both sides of the
stratified sediment.
These depression features are interpreted as forming during deposition of Unit 4A
{possibly as river or meltwater channels) and filled during deposition of Unit 4B, with
their geometry propagated upsection during subsequent sedimentation. Sediment
liquefaction and dewatering due to seismic shaking or other loading may also have
led to the formation of these features. These depressions are found in areas of thick
sediment sequences suggesting that fluids may have originated within the sediment
section and not from bedrock. Glacial carving, incising or moulding may be another
mechanism responsible for the formation of these features. The absence of correlation
of the depressions to deeper sedimentological or bedrock features, strongly suggests
that the depressions are not of neotectonic origin. A more complete study of the 3-D
geometry of these enigmatic features is required to identify their origin.
6.2.3 Cut-and-fill (Fig. 15)
Small scale cut-and-fill features are typically 1-3 m deep with stratified infill. They are
often associated with clinoforms. Small-scale cut-and-fill features are interpreted as
subaerial or subaqueous channel »• rosion. One large-scale cut-and-fill feature was
observed offshore from the Niagara River. It is a channel-like feature approximately
200-250 m wide and 4-5 m deep. The feature is buried beneath Unit 4B but it is
unclear into which unit it is cut (possibly Unit 2). The infill is unstratified and is
acoustically more transparent than all surrounding sediment. The feature may possibly
be related to the proto-Niagara River or to a turbidite channel associated with late- and
postglacial flooding directed through the Niagara River area.
6.2.3.1 Slump-related feature? (Fig. 40)
This feature is located at the base of a major slope (Line 40; Fig. 1) on the southern
flank of the lake basin, north of Wilson, N.Y. It appears to be located at the toe of
a package of slumped material. The cut-and-fill feature appears in Quaternary
sediment (Unit 4A) with draped overlying stratified sediment. It is unclear what
process may have produced this feature; differential compaction or resedimentation
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after a debris flow are possible mechanisms. More seismic reflection survey data aie
needed to resolve the origin of this feature.
6.2.4 Disruptive features
6.2.4.1 Normal Fault (Figs. 41,42)
Normal faults were apparent in stratified sediment only of the Orange Sequence; no
indication of disturbance was detected in underlying or overlying sediments or in
bedrock. The near vertical offset in the beds is typically about 50 cm. Fault spacing
is 100-400 m and approximately 2 metres of sediment thickness is affected. These
failures occur only in Unit 4B and their distribution is on the alignment of the NiagaraPickering Magnetic Lineament on the southwestern flank of the basin, west of the
Niagara River. The clear offsets in the uppermost reflecting horizons {about 11 ka
B.P.) in the Orange Sequence may have originated from the settlement of underlying
sediment due to seismic shaking and neotectonic adjustment.
6.2.4.2 Lamination disturbance (Fig. 15)
This local disturbance of primary seismic reflections is sometimes accompanied by the
complete destruction of the original structure. Primary reflectors appear to be
truncated in some cases, and the feature infilled by subsequent sedimentation. Unlike
reflection eradication (Section 6.2.7), it is a small localized phenomenon where
notches in Y disturb the underlying 0 Reflector (see Section 3.2, Yellow Reflector).
These disruption features occur in deeper areas of the lake basin and occasionally
coalesce with each other. Lamination disturbance is sometimes associated with
depressions in the lakebed. These poorly understood features could be due to
liquefaction and dewatering brought on by seismic shaking of the lake sediment.
Alternatively, they could be cut-and-fill structures having an erosional history produced
by ice scour or perhaps strudel scouring (see Section 3.2).
6.2.4.3 Unconformity (Fig. 16)
Unconformities occur regionally and locally on the O Reflector (Map 3). These features
are important for understanding the regional geological history and the neotectonic
setting. The 0 Reflector is a time-transgressive erosion surface that cuts more deeply
into the underlying Orange Sequence higher on the flanks of the lake basin. The
unconformity is most easily recognized where it cuts stratified sediments.
The erosion could be due to glacial or meltwater scour, or to changes in lake level,
possibly brought on by isostatic rebound, changes in lake outlets, or changes in
discharge from the upper Great Lakes. Local unconformities occur on the flanks of

-33STRUCTURAL CONTOUR. ISOPACH AND FEATURE MAPS OF
QUATERNARY SEDIMENTS IN WESTERN LAKE ONTARIO

the Niagara Basin below Unit 3 and less commonly on top of Unit 3.
6.2.5 Other
6.2.5.1 Draping stratification (Fig. 43)
In seismic profiles, this feature shows a regular to irregular sinusoidal-like geometry
of closely spaced reflecting horizons (Units 2B and 4B). Draping strata mimic an
underlying irregular till surface, which in turn overlies a flat-lying bedrock surface.
Steeply-draping reflectors may appear as offsets on highly exaggerated seismic
records. Draping stratification occurs over extensive areas of the lake basin and is a
sedimentological feature lacking neotectonic significance.
6.2.5.2 Sediment hump (see icon Fig.17)
This single feature is 30 m wide and rises 0.5 m above the lakebed and appears to be
sediment drape over a subsurface irregularity. This feature is found 20 km northeast
of Olcott, N.Y.
6.2.5.3 Furrow and sediment stability (Figs. 41,44)
Asymmetric soft sediment folds with rounded crests and narrow troughs occur at the
lakebed, in Late Holocene sediments (Lakebed Sequence), in a narrow band along the
steep slopes (about 1° ) of the southern side of the lake basin. These features are 2580 m in wavelength and can have a total relief of 1 m. The amplitude of the folded
internal reflectors increases upward within these features. Slump scarps or eroded and
truncated reflectors are not observed in association with these features. Hutchinson
et al. (1993) interpreted these features as linear furrows oriented subparallet to the
southern shore of Lake Ontario. Similar features in Lake Superior were interpreted as
long linear subparallel furrows, which formed in fine-grained cohesive sediments by
erosional currents (Flood and Johnson, 1984).
Hill et al. (1982) have described similar features in the Canadian Beaufort Sea and
suggest they are sediment creep features. The creep process (a response of sediment
on a slope to gravity) produces relatively tight folds in the soft sediment section and
occurs in sediments under shear stresses as low as 5% of material strength. Creep
is recognized by the progressive increase in degree of bed distortion and contortion
from the base to the surface of the sedimentary section. Hill et al. (1982) further
suggest earthquakes, wave loading and gas would increase the failure potential of the
sediments and accelerate the creep process. Creep is considered an alternate or
additional mechanism to explain folding in sediments on slopes in Lake Ontario.
Recent lake sediments, along the southern flank of Lake Ontario, may be sensitive to
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seismic shaking and could be important in detecting past episodes of paleoseismic
activity, if slope failures have been triggered by seismic shaking. Zeman in Sly
(1983b) found safety factors as low as 1.0 for the stability of sediments on a slope
of 1.4° off the Niagara River. Although no slumps were observed in this area on echo
sounder profiles, Sly (1983b) noted that these sediments might produce instabilities
if gas were present. Further study of sediments on slopes is recommended.
6.2.6 Gas-related features (Fig. 45)
Diffuse gas is evident in some areas in the sediments. Large areas of diffuse gas are
indicated by reflector masking off Toronto, Hamilton and Niagara River. In some
instances, enhanced acoustic reflectivity is observed where gas has collected along
a stratigraphie horizon. Disseminated gas immediately below the lakebed sometimes
causes lakebed irregularity. These features occur in Humber Bay near Toronto and
near Niagara River.
The origin of the gas in these features is unknown; it may be biogenic or petrogenic.
If the gas is petrogenic, its occurrence would be evidence of seepage from permeable
bedrock. The neotectonic significance, if any, of the distribution of petrogenic gas in
the sediments is unclear. More evidence is needed of the relationship between the
presence of gas and structures in subsurface sediment and bedrock.
6.2.7 Reflection Eradication (RED) (Figs. 42,46; Map 12)
Within the Orange Sequence, individual packets of parallel reflections can be followed
for distances of several kilometres by their characteristic strong acoustic amplitude
and close spacing. However, in many areas the closely-spaced, coherent reflections
of Unit 2B (Orange Sequence) have been disrupted. In these areas, entire sections of
parallel reflections in Unit 2B (up to several metres in thickness) have been replaced
by homogenous zones with incoherent reflections. The homogenous zones often
appear as columns 10s to 100s of metres wide on the reflection profiles (Fig. 46), but
in places the disrupted zones are much more extensive, kilometres wide.
The distribution of five levels of the RED phenomenon is illustrated in Map 12. The
zone of "no" RED (Category 1, Map 12), in which all the primary depositional
character of Unit 2B remains intact, occurs north of the central east-west axis of the
lake basin and in the lowest-lying areas of the Niagara Basin. A zone of "little " RED
(Category 2, Map 12) represents areas where the primary depositional character has
been eradicated over zones 20-100 m wide spaced in the order of 100s of metres.
In the zone of "moderate" eradication (Category 3, Map 12) disturbance occurs as
irregular columns over broader areas without necessarily affecting the entire thickness
of Unit 2B. These zones (Categories 2 and 3) generally surround the zone of Category
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1. are restricted to the south-facing slopes of the basin except in the Niagara Basin
where they flank both sides of the bedrock lows. They also occur as isolated pockets
in the northeastern flank of the lake basin, generally confined to topographic
depressions in the underlying Unit 2A or bedrock surface. The zone of extensive RED
(Category 4, Map 12, Fig. 42) represents areas where most of the original reflection
structure has been eradicated; only short segments of reflectors are left intact. This
zone occurs in a broad, contiguous swath along the northern side of the major eastwest axis of the lake basin. This pattern suggests that the RED-forming process was
regional in extent, and to some degree dependent on the gross geomorphic aspects
of the area {i.e. roughly following bedrock surface trends). The zone of "complete"
RED (Category 5, Map 12) signifies areas lacking any reflection structure. Because the
seismic profile is dominated by incoherent reflections or is homogenous as are Units
2A and 4A, this zone is somewhat ambiguous and may represent areas that were
originally unstratified as well as areas in which reflections were completely eradicated.
It is suspected that the area of Category 5, which lies north of the basin axis, may
comprise mainly Unit 2A sediments which have not been "eradicated". Evidence for
this comes from localities where the partially eradicated Unit 2B stratification is
observed to thin and ontap Unit 2A (unstratified) in a northward direction. In contrast,
the Category 5 area south of the basin axis shows no stratigraphie pinchout, and is
thought to comprise mainly Unit 2B sediments which have undergone complete
reflection eradication.
The RED phenomenon also occurs in Unit 4B sediments but its distribution is restricted
to the extreme southern flank of the lake basin (Map 12). In the Unit 4B sediments,
eradication occurs as narrow to broad zones, and the channel-like pattern is not as
evident as for Unit 2B. Commonly, the disturbance is a distortion or contortion of
reflections which causes a significant decrease in their coherency. In the extreme,
coherency is totally destroyed. This differs from the Unit 2B RED occurrences where
truncations of reflections are usually abrupt and complete.
The origin of the RED features is enigmatic. Similar features have not been widely
observed or reported in the scientific; literature. At this stage we propose three
scenarios for consideration and suDsequent testing to explain the observed
phenomenon:
1. Earthquake shaking. The thick glaciogenic sediments of the Orange Sequence in
which the RED phenomena occur accumulated relatively quickly, on average up to 30
mm/year (up to 60 m between 13 and 11 ka B.P.). Rapidly deposited sediments tend
to retain relatively high contents of water. If these sediments are externally loaded,
such as during earthquake shaking or from glacial ice, the sediment pore pressure
could rapidly increase to conditions of failure. Failure of these sediments would result
in disruption of the original sediment fabric and macro-deformation features could
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potentially develop, e.g. pore pressure release "mushroom" structures (K.M. Moran,
Atlantic Geoscience Centre, GSC, persons! communication). The disrupted fabric and
the macro-deformation features could have locally reorganized the sedimentary unit
into the observed homogenous zones (REDs). It is also possible that seismic shaking
could enhance the upward migration of bedrock-sourced connate waters which could
potentially disrupt stratification, though no relationship was evident between bedrock
irregularities and the presence of the RED features. Reports of elevated salinities in
buried sediments in Lake Ontario may be consistent with upward fluid migration
(Frapeefa/., 1991; Bowins et a/. ,1992). Upward migrations from bedrock could result
in disruptions throughout the entire thickness of stratified sediment only if high
enough pressure gradients could develop during the seismic event. In seismically
active settings, e.g. convergent ocean-continent margins, where very high pressure
gradients are developed within fault zones, the overlying sedimentary units remain
undeformed (K.M. Moran, personal communication). It is unlikely that the geologic
setting studied here could develop higher pressure gradients than a convergent margin
setting, and therefore casts doubt on the role of bedrock-sourced fluids in the
formation of the RED features. More likely, for the hypothesis of earthquake shaking,
it is in situ sediment failure and the subsequent disruption of the sedimentary microand macro-fabric that resulted in RED formation.
2. Turbulent meltwater flow. The resemblance of the RED features in cross-section
to channel-like morphology (Fig. 46) engenders an alternative hypothesis to seismic
shaking and sediment dewatering. In many areas where the disruption does not
extend throughout the full thickness of the stratified Units 2B or 4B, the disrupting
process appears to have penetrated downwards. A process of downward disruption
is also consistent with areas where the eradication extends throughout the stratified
units. If these are channel features, then their attributes - large numbers, variable
density and regional distribution over topographic highs and lows - are largely
inconsistent with subaerial fluvial systems. Much more likely, such channels would
have a glacial meltwater origin, particularly in a confined subglacial meltwater system
which can involve a broad distribution of high density channel networks occurring
independently of local topography. In this scenario, the highly turbulent flow is a high
velocity outburst of subglacial meltwater, similar to that proposed by Shaw and
Gilbert (1990; 1992) for the Ontario basin or described by Kor et al. (1991) for the
Georgian Bay basin, which would have resuspended the basin sediments and eroded
the RED channels. Such outbursts are short term events, and the channels would
likely have been quickly and homogenously backfilled by settling of the suspended
sediment from the highly turbid meltwater environment, thereby creating the
acoustically homogenous zones of the RED features in the previously stratified Units
2B and 4B.
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3. Glacial overriding. Channelization of the Unit 2B and 4B sediments by glacial flow
is a another possible mechanism that could account for the attributes of the RED
features noted earlier, but the hypothesis is not without problems. If glacial overriding
occurred, one might expect regional erosion, morainic deposits, etc., as evidence of
regional glaciation, but these are not evident. Perhaps such glaciation attributes are
present but difficult as yet to identify. Glaciation across Unit 2B, while offering an
explanation for the RED phenomena, also provides a possible mechanism to account
for the nature and distribution of other deposits and features. Deposition of Unit 4A
could have been associated with retreat of this ice following the channelization.
Subglacial or proximal proglacial deposition could account for the blanket-type deposit,
the diamict-Iike unstratified nature, and the rough, hummocky surface upon which the
Unit 4B is draped. Also, glacial ice could conceivably provide a mechanism for larger
scale roughness and depressions which are the foundation for the depression features
described earlier.
The reflection eradication phenomenon is clearly a widespread modification of
sedimentary units within the Orange Sequence; it represents a significant disruptive
event or events which likely occurred more than 12,000 years ago. Although
postulates for its origin by turbulent meltwater flow or by glacial overriding are most
viable, it is possible the RED features represent effects of seismic shaking associated
with former earthquakes. Further study of the features should be undertaken to
resolve their origin, for example, better delineation of their morphology by detailed
mapping in select areas, and determination of sedimentological structures by coring
the homogenous and stratified zones.
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7. Discussion and summary
This investigation has shown that the Quaternary sediments in western Lake Ontario
are more than 50 m thick, in places. Even small details, such as offsets of 50 cm in
normal faults of Quaternary strata were observed. The Quaternary section offers
excellent opportunity to record deformation for an assessment of neotectonic activity
during and after their period of deposition, approximately the past 13,000 years. The
rate of deposition has not been uniform or continuous; most of the section (Orange
Sequence) was deposited rapidly in a glacial or proglacial environment in about 2,000
years from 13 ka to 11 ka B.P., whereas the remaining overlying section was
deposited in a lacustrine environment approximately over the past 11,000 years. The
challenge posed by the Lake Ontario data lies in identifying disruption and/or offset
in the youngest unconsolidated sediments which occur as a result of seismic shaking
or faulting (neotectonism) rather than those which result from other processes.
Shilts and Clague (1992) pointed out that faults in glaciolacustrine sediments,
produced by tectonically-induced movements in bedrock beneath lakes, will be difficult
to differentiate from faults of glacial or glaciotectonic origin. A neotectonic origin for
a fault is possible if the fault plane extends from bedrock into, and through, overlying
postglacial sediments. If displacement occurs along the fault plane, both in the
postglacial sediments and in the underlying bedrock, tectonic reactivation or origin is
possible. It is important to recognize that in some areas sharp, minor escarpments in
underlying bedrock, particularly in Paleozoic, flat-lying carbonates, give rise to faultlike displacements in sediments (Shilts and Clague, Fig. 9, 1992). Shilts and Clague
(1992) further outlined three modes of deformation for sediments in lakes:
1.

Sediments may fail and move downslope under the influence of gravity. The
processes by which this downslope movement may occur are creep, sliding,
slumping, or flow.

2.

Sediments may become faulted or folded due to tectonism (coseismic or
aseismic), glacial processes (e.g. glacier over-riding or sediment collapse over
melting, buried glacier ice), differential compaction, or sudden loading or
unloading resulting from mass transport processes.

3.

Sediments may undergo in situ liquefaction or failure. Buried, water-saturated
sands and silts, subject to rapid sediment loading or shaking during
earthquakes, may liquefy. Fine-grained sediments, as found in Lake Ontario,
may fail and disrupt sedimentary fabric.
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The present survey of western Lake Ontario revealed a significant number and variety
of features on the bedrock surface and in the overlying Quaternary sediments (Table
2). Two of these are clearly of tectonic origin, pop-ups and near surface bedrock
structure. It is unlikely the pop-ups would have survived the last glaciation, and thus
they are considered a neotectonic feature. The age of deformation indicated by the
bedrock structure features is unknown and may predate the Quaternary Period.
Eleven additional structural features were of possible neotectonic or paleoseismic
origin. A further 13 features were of stratigraphie, sedimentological or anthropogenic
origin.
As far as the authors are aware, two groups of features in the Quaternary sediments
are anomalous, previously unrecognized in the Great Lakes; these are the reflection
eradications (RED) and sediment depressions. A third group, notches on the Yellow
Reflector, were identified in Lake Ontario as discontinuous reflectors but their origin
was unknown (Hutchinson et al., 1993) or attributed to development of ice-wedge
casts during subaerial exposure in a former cold climate (Sly and Prior, 1984).
The notches and REDs are not specific to the geophysical lineaments of concern; they
occur in deeper water over a large part of the survey area. They are by no means
similar, but of all possible mechanisms proposed by this study for their formation, that
of rapid venting of pore fluid {dewatering or degassing), is common to them both. If
this hypothesis is borne out by future work, this defluidizing would have occurred
about 12-13 and 6-8 ka B.P. respectively, possibly triggered by seismic shaking.
However, other processes could explain these features which would have no
relationship to seismicity. Thus, further detailed study should be undertaken to
resolve their origin and to better determine their relevance or non-relevance to
seismicity and the geophysical lineaments.
The depressions and infilled sediments were graphically displayed with a large vertical
exaggeration on the original subbottom profiler records such that many reflections
appeared to be offset and fault-like. Reprocessing of the data (digital rescaling) to
reduce the distortion showed that reflections are continuous and undisturbed,
indicating formation by a process of sediment drape into a depression rather than by
displacement of sediment after deposition. Like the notches and REDs, the
depressions are widely distributed in the basin, and are not specific to the geophysical
lineaments. As for the notches and REDs, one possible mechanism for their formation
is catastrophic liquefaction or pore fluid venting. Seismic shaking is a possible cause.
Circular depressions (of unknown age) reported from other Great Lakes (HuronGeorgian Bay, Michigan and Superior) are attributed to dewatering phenomena.
Unfortunately the soft mud drape over the Lake Ontario depressions prevented the
sidescan sonar from imaging the planform shape of the features. It is essential to
determine their lateral configuration [e.g. circular vs. linear) to better infer a
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mechanism for their formation. This could be done by conducting swath bathymétrie
and 3-D seismic surveys of key features.
Two lakebed features generally found on the surficial mud surface, plumose structures
and elongate sand volcanoes (here called LABAs), have been interpreted to indicate
neotectonic activity (Thomas et al., 1989a,b, 1991, 1993; Wallach, 1990). These
features were recognized in the present survey but their character and geographic
distribution did not fully support the neotectonic genesis, suggesting instead an
alternate hypothesis that these features result from shipping activity. The plumose
structures may result from ship anchor chains and the LABAs could be the effect of
debris dumped from ships while underway. Clearly more work should be done to
determine the origin of these features and their neotectonic significance or otherwise.
The bedrock surface beneath most of the survey area is clearly defined within the
resolving power of the seismic reflection profilers — probably within 1 m vertically for
the high-resolution profiler and within 1-5 m vertically for the sleeve gun system. In
some places the basal high-resolution reflections were unclear and sleeve gun data
were essential for interpreting the bedrock surface. The profiles of this surface did
not show any obvious vertical offsets or faulting within the resolution limits of the
survey instrumentation. However, a few depressions and many positive bedrock
features were imaged in the profiles. These features range in height from 1 to 15 m.
In general, there is insufficient information to determine their trends or infer their origin
with the present relatively wide survey line spacing. The sediments overlying these
features showed no obvious deformation or other anomalous structure that could not
be interpreted as drape. Nonetheless, it would be prudent to undertake further
examination of the data at critical sites by processing and rescaling the seismic
reflection images, and to follow up with suitable detailed surveys and studies. Other
than for bedrock ridges (pop-ups), the distribution of bedrock relief features and near
surface structures tends to follow the basin margins or the side slopes of the Dundas
Valley rather than having a specific relation to the geophysical lineaments. Lithological
control may be influencing the distribution of bedrock scarps which appear to be more
numerous in carbonate rather than shale terranes.
In the area off Toronto in 50-100 m water depth, the bedrock ridges imaged on
sidescan sonar do support neotectonic activity. These appear to be consistent with
an origin of bedrock buckling or pop-ups, as previously suggested (Thomas et a/.,
1989a,b, 1991, 1993; Wallach, 1990); the features signify failure of strata on the
bedrock surface under the influence of regional compressive stress within the North
American plate. These features should be confirmed with visual observations and
measurements using an underwater remotely operated vehicle or submersible.
Elsewhere in western Lake Ontario, small-scale bedrock rises in the high-resolution
reflection profiles were interpreted as bedrock pop-ups. These features are widely
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distributed on the flanks of the basin, and are spatially unrelated to the geophysical
lineaments. However, deeper occurrences are clustered south of Toronto on the north
side of the Dundas Valley in the vicinity of the NPML and HPL. In this area, the
Dundas Valley bedrock surface also shallows and bends slightly to the northeast. This
association of bedrock ridges, Valley morphology and geophysical lineaments may
have structural or neotectonic significance, and warrants further investigation.
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TABLE

1

SEISMOSTRATIGRAPHY FOR WESTERN LAKE ONTARIO

SEQUENCE/UNIT
DESIGNATION

ACOUSTIC
SIGNATURE

GEOMETRY/
DISTRIBUTION

BOUNDING UNITS &
OTHER NOTES

LAKEBED SEQUENCE
(UNIT 5B)

Acoustically more
transparent than
underlying units.
Obscured by
disseminated gas in
places. Weak,
smooth, coherent
reflections in central
lake; medium to
strong in south and
west.
Smooth upper surface
(lakebed).

Continuous, usually
ponded blanket of
from zero to several
metres thickness in
central Niagara and
Mississauga Basins.
Thickest (15 ms TWT)
in Western part of
lake. Continues to
beyond shallow limit
of survey coverage in
south and west.

Uppermost unit
always overlies yellow
reflector and Unit 5A.
Locally overlies
bedrock, brown
reflector, and Units 3
and 4 of orange
sequence.
Soft dark gray mud
with black FeS
streaks.

YELLOW SEQUENCE
(UNIT 5A)

Upper surface
delineated by yellow
(Y) reflector; a
regionally occurring,
high amplitude
discontinuous
reflector.
Occasional weak
continuous, coherent
reflections imparting a
weakly laminated
character in deeper
basinal areas. Weak
high intensity, closely
spaced, continuous,
coherent reflections
on western and
southern lake margins.
Occasional clinoform
packages on lake
margin.

Upper surface Y,
characterized by " V notch topography
(discontinuities) in
deeper parts of
basinal areas; smooth
topography in
shallower areas.
Continuous, ponded
blanket in basinal
areas, less broadly
distributed in the
western lake area
than the lakebed
sequence (Unit 5B).

Always overlain by
Unit 5B (lakebed
sequence).
Always conformably
overlying orange
reflector and Unit 4B.
"V-notch topography
entirely independent
of underlying Unit 4B
(orange sequence)
morphology but locally
may be draped by
"notched" reflectors
overlying Unit 5A
(lakebed sequence).
Very dark gray mud
with closely spaced
black FeS streaks and
spots.

ORANGE SEQUENCE
(UNIT 4B}

Medium to high
amplitude, closely
spaced continuous,
parallel coherent
reflections imparting a

Generally several to
tens of metres thick;
draped, suspension
settling, basin-fill

Bounded at base by
Unit 4A and less
commonly bedrock.
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SEQUENCE/UNIT
DESIGNATION

ACOUSTIC
SIGNATURE

bedded/laminated
aspect.
Conformable
mimicking of relief on
underlying unit usually
imparts an overall
wave-like undulation
to the reflections.
Commonly can be
sub-divided into a
lower and upper unit.
Lower unit reflections
are lower amplitude
and slightly less
continuous.

GEOMETRY/
DISTRIBUTION

BOUNDING UNITS &
OTHER NOTES

depositions! style
identical to Unit 2B.
Nearly-continuous
stratified style over
many tens of km.
Directly overlies
smooth surface of
Unit 3 in Niagara
Basin so does not
display undulation of
reflections.

Underlain by Unit 3 in
western half of
Niagara Basin.
Overlain by Unit 4A or
less commonly Unit
4B in remainder of
study area.
Laminated dark gray
mud with silt/fine
sand laminations.

ORANGE SEQUENCE
(UNIT 4A)

Dominantly low to
medium amplitude,
incoherent reflections
imparting a
homogeneous aspect;
upper surface not
acoustically reflective;
however mimicking of
its surface in overlying
Unit 4B indicates
considerable small
scale (1 to 3 m) relief.
Occasional
bedded/laminated
pockets.

Near continuous
blanket of zero to
several metres
thickness.
Recognized mainly in
deeper areas. Thin or
absent over much of
central Niagara Basin.
Upper surface displays
micro-relief up to
several metres. This
is mimicked by
overlying Unit 4B.
Commonly a more
constructional style of
deposition in contrast
to Unit 4B.

"RED" phenomenon
imparts similar
acoustic character to
Units 2A and 4A
making their
differentiation
difficult.
Overlying bedrock and
Unit 1. Underlying
and possibly in part
laterally continuous
with Unit 2B. Nature
of stratigraphie
relationship with Unit
2B is presently
unclear, mainly due to
"RED" phenomenon in
Unit2B.

ORANGE SEQUENCE
(UNIT 3)

Discontinuous,
relatively flat-lying,
coherent reflections
ranging from hundreds
of m to km in length
within a matrix of
incoherent reflections
ranging from hundreds
of m to km in length
within a matrix of
incoherent reflections.

Present only in
western half of
Niagara Basin reaching
15 m thickness.
Onlaps Unit 2.
Deposit is slightly
mounded up in basin
centre in contrast to
more ponded nature
of Units 2 and 4.

Overlies bedrock and
often difficult to
differentiate in areas
where bedrock
stratification parallels
bedrock surface. May
be considerably older
than overlying units.
Overlain by Units 2
and 4.
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ACOUSTIC
SIGNATURE

GEOMETRY/
DISTRIBUTION

BOUNDING UNITS &
OTHER NOTES

Overlain by Unit 1 in
Dundas Valley;
otherwise generally
overlain by Unit 2.
Overlain by Unit 4 at
basin margins. On
northern lake margin
often exposed at
lakebed or with thin
Unit 2A or 5B veneer.

No readily apparent
stratigraphie
coherency across
deposit in contrast to
Unit 2B and 4B.
ORANGE SEQUENCE
(UNIT 2B)

Medium to high
amplitude, closely
spaced continuous,
coherent reflections
imparting a
bedded/laminated
aspect.
Commonly, the
stratified character
alternates with
disturbed, unstratified
character over narrow
to broad columns or
zones (10's m to km)
across sharp lateral
contacts —this
phenomenon termed
"RED".

Several to tens of
metres thick; draped,
basinal fill style of
deposition.
Occasionally present
as outliers on northern
side of lake.
Stratified style is
nearly continuous over
many km in deeper
basin areas. "RED"
becomes more
common in basin
margins and as a
broad swath in northcentral part of basin.

ORANGE SEQUENCE
(UNIT 2A)

Dominantly low to
medium amplitude,
incoherent reflections
imparting a
homogeneous aspect;
occasional
bedded/laminated
pockets.
Upper surface not
acoustically reflective,
however mimicking of
its surface in overlying
Unit 2B indicates
considerable small
scale (1 to 3 m) relief.

Near-continuous
blanket of variable
thickness (typically 1
to 5 metres) present
in most areas. Thin or
absent over much of
central Niagara Basin.
Difficult to recognize
in south-central and
southern areas of lake
basin.
Commonly a
constructional
geometry in contrast
to Unit 2B.

ORANGE SEQUENCE
(UNIT 1)

Incoherent reflections
impart a
homogeneous aspect;
occasional coherent
reflections.
Recognized at depth

Often a constructional
geometry (i.e.: as
opposed to ponded
basinal fill).
Recognized mainly in
deepest portion of
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BROWN SEQUENCE
(BEDROCK, MAINLY)

ACOUSTIC
SIGNATURE

GEOMETRY/
DISTRIBUTION

mainly on sleeve gun
profiles. Usually a
well-defined upper
surface.

Niagara Basin in
bedrock controlled
Dundas Valley.

Commonly
structureless with
smooth, high
amplitude reflector
marking surface.
Otherwise planar,
parallel bedding plane
reflectors (rarely
folded), usually
truncated, with high
amplitude reflector at
surface.

Generally smooth
surface; more
undulatory in
northeast.

BOUNDJNG UMTS
OTHER NOTES
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TABLE 2. SUMMARY OF FEATURES
SECTION

FEATURE

FIGURE

MAP

DESCRIPTION. COMMENT

A. Neotectonic origin

Bedrock ridges, bumps
(Pop-ups)

5.3.2
6.1.1.1

17.20,22,
23,26,27

10,
11

Surface rock strata buckled
under regional compressive
stress

Near surface bedrock
structure (folding)

6.1.4.1

28,31

11

Structures may be of preQuaternary age

B. Various possible origins, including neotectonic or paleoseismic
Dundas Valley changes in
morphology

3.4

23

4

Valley thalweg shallows and
bends slightly near NPML and
H PL

High bedrock relief 10-25 m

6.1.1.3

29,31

11

Unknown origin, possibly
differential erosion or faulting

Low bedrock relief 1-3 m

6.1.1.2

28.31

11

Unknown origin, possibly popups, faulting, folding or
differential erosion

Bedrock scarps

6.1.2

18,30,31

11

Most originate by differential
erosion, some may be pre-Late
Quaternary fault origin?

Bedrock depressions

6.1.3

15.32

11

Poorly understood

Normal faults

6.2.4.1

41,42

11

Small (0.5 m) offsets restricted
to upper reflections of Orange
Sequence, < 11 ka B.P. Local
sedimentary settlement ? Near
NPML

Notches on Y Reflector

3.2

13,14,15

Sediment depressions

6.2.2

3,16,35,
36,37,38,

Possible buried pockmarks due
to paleo-earthquake shaking 6-7
ka B.P.
11

Enigmatic; partially infilled
depressions possibly due to
earthquake shaking and fluid
venting, or erosion by meltwater
outflow?

11

Sedimentary furrows, but
sediments on steep slopes
should be examined for failure
under former seismic shaking

39

Furrows and sediments on
steep slopes

6.2.5.3

41,42,44
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TABLE 2, SUMMARY OF FEATURES
FEATURE

SECTION

FIGURE

MAP

DESCRIPTION. COMMENT

Plumose structures

5.4.2

14,24

10

Distribution suggests ship
anchor chain markings.
Challenges existing neotectonic
hypothesis

C. Other, non-neotectonic origins
Bedrock outcrop

5.3.1

18

10

Signifies erosion of overlying
sediments

Meandering bedrock
channel

5.3.3

17

10

Former river erosion, lower lake
level

Draping stratification

6.2.5.1

43

11

Sinusoidal parallel reflections
indicating beds deposited on
irregular topography

Clinoforms

6.2.1.1

33

11

Indicate progradational
deposition

Erosion on 0 Reflector
Irregular relief on 0 Refl.
Lamination disturbance
Unconformities

3.3
3.3
6.2.4.2
6.2.4.3

15
16

3
3
11
11

Indicate various erosionai events
in development of basin
sediment fill after deposition of
Orange Reflector

Cut-and-fill

6.2.3

15

11

Erosion and deposition event(s)
within Orange Sequence

Slump-related feature?

6.2.3.1

40

11

Poorly understood possible
slump, slide and fill off southern
shore

Sediment mounds and
ridges
Sediment hump

6 .2 .1 .2
6 .2 .5 .2

34
17

11
11

Poorly understood glaciogenic?
and postglacial features

Gas-related features

6.2.6

45

11

Brightened, diffused and masked
reflectors indicate gas in
sediment . Source of gas is
unknown

Bedforms

5.1

18

10

Flow-parallel and flowtransverse sandy bedforms
indicate lakebed currents and
sediment transport

Anchor scours

5.4.1

24

10

Ship anchor marks in lakebed
mud
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TABLE 2. SUMMARY OF FEATURES
FEATURE

SECTiON

FIGURE

MAP

DESCRIPTION. COMMENT

Unidentified features

5.5

17

10

Unknown origin

1NEXT PAGE(S)lëft BLANK.
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APPENDIX 1: CORE LOGS

SEDIMENT CORE LOGS
WESTERN LAKE ONTARIO
CRUISE 92-800
Described by G.D.M. Cameron and R. Pippert

Core Locations
Core No.
1

2
3
4
5
6

Lat,. N

43°'24.39'1
1
43 C •24.33 '
4 3 c •21.70''
4 3 c •21.68''
4 3 c '21.67 '
4 3 c '34.37''

Lona.W
79°13.09'
79°00.19'
79°35.20'
79°19.89'
79°23.04'
78°32.55'

Water DeDth (m)
115
110
70

102
97

165

Key to Abbreviations in Core Descriptions:
TWC

Trigger weight core (gravity core, up to 2 m long x 9.9 cm wide, collected
at the same time and place as the piston core).

PC

Piston core (AGC wide diameter corer - 1364 kg head weight, up to 12 or
15 m long x 9.9 cm wide [ID]).

5Y4/1

Munsell soil colour designation.

FeS

Iron sulphide.

-62TWC
001

PC
001
o dark gray mud (5Y4/1)
-many black (5Y2.5/1)
laminations/streaks and
spots (FeS)

0

•

dark gray mud (5Y4/1)
- black (5Y2.5/1 ) spots and
laminations/streaks (FeSï
- soupy (top 10 cm),
remainder down core is
very soft

•
100

•
•

200

-145

very dark gray mud (5Y4/1)
- fine black FeS laminations
common, more intense
colour than above. Spots
also present

-197

transitional contact zone

300

- gas cracks, cavities and
vugs (horizontal & vertical)

—

— 300

400

laminated dark gray mud
(5Y4/1)
- FeS streaks and spots
sparse to absent
- grayish brown laminations
(10YR5/2)
- gas cracks and cavities
- parallel laminations
- silt/fine sand laminations
with partings, grayish
brown in colour

CO
UJ

500
LU

»-

600

LLJ

o
700

aoo
sharp contact
900

1000

—

B28

massive gray mud (5Y4/1)
• contorted and disturbed
mottled appearance
- gas cracking
— 960 laminated gray mud (5Y4/1)
- grayish brown laminations
- silt laminations with partings
_ 1 0 4 1 at many, grayish brown in
colour
- gas cracking

LEGEND (all cores)
dark gray mud

laminated dark gray mud

very dark gray mud

laminated gray mud

silt

massive gray mud

diamict

sand

-63PC
002

TWC
002
dark gray mud (5Y4/1)
- black (5Y2.2/1)
laminations/streaks (FeS)
and spots
- top 20 cm soupy
- remainder of core is very soft
- well laminated

100

200

dark gray mud (5VdM\
-many black (5Y2.5/1)
laminations/streaks (FeS)
- very soft
- black spots (FeS)
- some gas cracking

-200

— 303

300

very dark gray mud (5Y4/1 )
- fine intense black FeS
laminations common, also
black spots
- soft to firm

400

500

600

contact, poorly defined
change from black streaked
dark gray mud to dark gray
massive mud with no or very
few black streaks

— 550

laminated dark gray mud
- sofMirm mud
- 550 to -580 cm massive in
nature becomes weakly to
strongly laminated after 710
cm (brown silty laminations)

LU

cr
LU

700
H-

— 743

2
LU

800

900

1000

1100

1200

1300

816

transition zone
from a well laminated sediment
with no mud ciasts to massive
and contorted sediments with
mud ciasts

* thick massive lamina
(743-816 cm) with sharp
upper & lower contacts
laminated dark gray mud
- well laminated, brown
- offset in laminations due to
coring action

— 960

massive gray mud
- mostly massive
- preserved laminations
contorted
- many mud ciasts
- granules and pebbles present
- may be a debris flow

-1310 dark gray diamict
-1319 -verystiff
- silt, sand, pebbles
- massive

-64PC
003

TWC
003
Or

very dark gray mud

(black), remainder is very soft
- composite black FeS
172 laminations up to 2-3 cm thick

UJ
Œ
ILU

dark gray mud (5Y4/1)
- numerous black FeS
laminations/streaks and
spots (5Y2.5/1 )

- top 5 cm soupy
- black FeS laminations,
streaks, spots

200

. 272 dark gray muddy coarse
LU

u

300

400

274

- pebbles {diameters as
great as 1 cm)
- poorly sorted
- shell hash (small amount),
speckled throughout

-65TWC
004
•

•
100

200

300

400

PC
004
o very dark gray mud
- black laminations, streaks
and spots
- very soft

dark gray mud
- black FeS laminations,
streaks and spots
— 76 top 2 cm ooze,
•

n

icmiatMuci

vciy

àuu

very dark gray mud
-soft
• black closely-spaced FeS
- 2 0 0 laminations, streaks & spots

faintly laminated dark gray
mud
- soft to firm
- taint thin brown mud
laminations
• thin silt laminations (brown)
and lenses
- gas-charged (vugs)

sharp contact
with silty layer above
contact - 2 cm thick

transitional contact —

— 390

laminated dark gray mud
- firm
- thin brown mud laminations
- silt laminations (brown)
and lenses up to 1 cm thick
with sharp contacts
- no gas-charging
- some laminae microfaulted
due to coring action

500
UJ

r 600
LU
O

700

transitional contact —
800

900

sharp contact —
1000

1100

massive gray mud
- mostly massive or with wispy
and distorted laminations
- disturbed sediment
- brown sediment between 865965 cm (disturbed) massive
- many mud clasts, pebbles,
cobbles, granules, scattered
in mud matrix
— 960 - possible debris flow

~~ '

dark gray diamict
-1022 -very stiff
- massive
- pebbles, cobbles, granules,
silty
- possible flowage structures
(flow till?)

-66-

TWC
005

PC
005

dark gray mud
- black FeS laminations,
streaks and spots
- top 5 cm ooze,
remainder very soft

200

a.

150 very dark gray mud
• closely-spaced black FeS
193 laminations, streaks & spots

dark gray mud
-soft
- many black FeS laminations,
streaks and SDOts
- well laminated
• 135
very dark gray mud
- soft to firm
- thin, closely spaced black
FeS laminations and spots

300

LU

contact indistinct —

2

— 332
laminated dark gray mud
- soft to firm
- finely laminated mud (brown
and gray)
- many silt laminations
- gas-charged (vugs)

400
LU

O
500

contact contorted —
600

550
brownish gray silt
- massive
- some granules
• 677 brownish gray sand
• 689 - massive

-67TWC
006

PC
006
.

•

dark gray mud
- soft to firm
- top 5 cm oxidized ooze
- black FeS laminations,
streaks and spots

•

100

•
200

•

dark gray mud
- black FeS streaks, spots
and laminations

laminated gray mud
(10YR5/1)
- with many grayish brown
laminations (10YR5/2) up to
1.5 cm thick
- faint gray laminations as
much as 2 cm thick
- soft to firm (down core)
-173-196 cm gray mud is well
laminated

-195

300

400

500
— 551
C/}

ce

600

ILU

700

2
LU

massive gray mud (10YR5/1)
- mostly massive appearance
(mottled)
- pebbles, cobbles and
granules present
- mud clasts are abundant
- few small silt lenses
-firm
- some laminations are present,
but are wispy and contorted
- appears to be a debris flow
deposit
- gas cracking below 770 cm to
base of core
- microfaulted laminae at
1207 cm due to coring action

o
800

900

1000

1100

1200

1300
-133D

79° 30
5

«

4
ffl

3

FIGURE LOCATION
FIGURE (upper #) and
CORE (lower #) LOCATION

-:m.\

— • SURVEY LINE
GEOPHYSICAL
LINEAMENT OR ZONE

- 43° 45' N

- 43° 301 N

-43°15'N

31

32

Fig. 1 a Study location map showing geophysical lineaments, survey lines, coring stations and text figures,
western Lake Ontario. Magnetic lineaments after Mohajer etal. (1993) and references therein.
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Fig. 1 b Location map of western Lake Ontario showing place names, bathymetry, and depositional basins of
mud and silt.

surface

Fig. 2a Sketch of first Fresnel zone (after Sheriff and Geldart, 1982)

Depth Section
(geological section)

Time Section
(seismic reflection profile)

i) Horizontal reflector
S

lake surface

start of time section

reflector

reflection

ii) Point reflector

iii) Anticline reflector
S

iv) Syncline reflectors
S

S

/

Incident and reflected ray paths
S Survey ship with seismic source and receiver

Fig. 2b The configuration of reflections in seismic profiles (right column) may not represent actual structure
of the geological section (left section), as shown for the simplified point reflector, anticline and syncline
examples above. The seismic reflection profile and geological section are geometrically equivalent only for
horizontal reflectors (after McQuillan etal., 1984: Figs. 2-17, 2-19).
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Unprocessed high-resolution seismic profile showing a depression feature (box in left panel) and
its digitally expanded wiggle trace image (right panel). Y=Yellow Reflector, O=Orange Reflector.
VE=Vertical Exaggeration.

strongly backscattered
acoustic energy
reflected

ship

incident
ray
sonar target
(coarse particles
or bubbles in
lakebed mud)

a)

cable
sidescan
towfish
acoustic

weakly backscattered
energy from lakebed

sonar target
(lakebed bump)

sonar targel
(lakebed depression)

b)
distance
along track

return from
coarse particles or
bubbles in mud

no return
(signal in
water column)
return from side of
bump and depression
facing towfish
gray tone of normal
'regional backscatter
from lakebed

Fig. 4 Schematic diagram of sidescan sonar survey system (after Kleinrock, 1992, and Hobbs and Dame, 1992) showing a) vertical
profile with ship and towfish moving into page and sonar beams directed athwartships showing selected acoustic ray paths, and b)
the recorded sidescan record, a "planview" image of lakebed features.
GSC

ml88266

••'•••

•

:£.•;••••••.•/••'

. " -

'.!,'

.-

• *

• ' • • • ' : " ' • :

.

,

;

••

'235/0730.;-.;,

/

:'.:• ••• CORE

:..;-.-.-':-.LAKÈBED;-

'•'.•

'•'•

SIJ:Ë

PC1
dark gray mud
very dark gray mud

laminated
dark gray mud
•828

14

Fig. 5
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•960
1041
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Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 1.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).
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800-
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960
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Fig. 6

Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 2.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock) as detected in
sleeve gun seismic profile.

PC3

very dark gray mud
dark gray muddy
coarse sand

Fig. 7

Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 3.
Y=Yellow Reflector, O=Orange Reflector.
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Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 4.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).
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Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 5.
Y=Yellow Reflector, O=Orange Reflector.
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Fig. 10 Correlation of seismostratigraphic sequence boundaries to sediment lithology at core site 6.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock as detected in sleeve
gun seismic profile data).
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Fig. 11 Composite seismostratigraphic section in western Lake Ontario and its
correlation with central and eastern Lake Ontario stratigraphy at right
(Hutchinson et al., 1993).
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Fig. 12 Composite seismostratigraphic section in
western Lake Ontario (detail)
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Fig. 13 High-resolution seismic profile (left) and interpreted profile (right), showing disruption
of the Y Reflector (notches) and some stratigraphie units. Y=Yellow Reflector,
O=Orange Reflector, B=Brown Reflector (bedrock).
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Fig. 14 High-resolution seismic profile (left) and interpreted profile (right), showing a plumose
structure at the lakebed. Well stratified sediments are draped over a rough till? surface.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock; angular
unconformity).
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Fig. 15 High-resolution seismic profile (left) and interpreted profile (right), showing
disruption of the Y Reflector (notches) and unrelated bedrock depression.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).
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Fig. 16 High-resolution seismic profile (left) and interpreted profile (right), showing the
erosional nature of the O Reflector. O=Orange Reflector, B=Brown Reflector
(bedrock).
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FLOW TRANSVERSE

DISCONTINUOUS LABA

Gray
MEGARIPPLES

CONTINUOUS LABA
\
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MEGARIPPLES
(poorly developed)

Zone of numerous closelyspaced narrow, faint,
parallel LABAs
Similar trend as
larger LABAs in area

Q

-Q-

sw

MAP
SYMBOL

U1

CIRCULAR LAKEBED DISTURBANCE
Approximately 50 metres diameter
One occurrence only

U2

CURVILINEAR ACOUSTIC
BACKSCATTERING ANOMALY
LABA-like, but overlapping
curves rather than lineation

U3

LAKEBED DISTURBANCE
Anthropogenic ?
One occurrence only

U4

RING-SHAPED
BACK-SCATTERING ANOMALY
Occur in small groups

SANDWAVES
(Icon in profile view)

BEDROCK FEATURES
MAP
SYMBOL

ICON

BO

LOCAL BEDROCK OUTCROP

ZONE OF NUMEROUS
ANCHOR SCOURS AND
PLUMOSE FEATURES

SHIPWRECK
(or large debris)
LINEAR DEBRIS
Scattered narrow, linoar objects
less than one metre v/ide and
several metres long

WAVE-FORMED RIPPLES

ICON

PLUMOSE STRUCTURE

DEBRIS

MEGARIPPLE-LIKE
FEATURE

UNIDENTIFIED FEATURES

ANCHOR SCOUR
Often numerous, cro!,s-culting

DEBRIS SPOILS
O

o
Orange

SMALL
LARGE
AREA OF NUMEROUS
SCATTERED CLUSTERS

BLjr- BEDROCK LINEATION

Yellow
\

AREA OF ORTHOGONAL RIDGES
Usually low, narrow ridges
protruding through surficial mud
MEANDERING CHANNEL IN BEDROCK
Approximately three metres deep
One occurrence only

Fig. 17 Icons showing the essential character of surficial features as observed on sidescan sonar records.
Symbols depicting the location of these features on Map 10 are also shown.
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Fig. 18 Sidescan sonar record showing area of bedrock outcrop. Bedding plane scarps
are observed where blocky and flaggy beds of Paleozoic limestone terminate.
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Fig. 19 Sidescan sonar record showing a continuous Linear Acoustic
Backscattering Anomaly (LABA) on the lakebed.
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Fig. 20 Sidescan sonar record showing Linear Acoustic Backscattering
Anomalies (LABA) on the lakebed, crosscut by anchor scours.
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Fig. 21 Location map showing orientation of LABAs and shipping courses in western Lake Ontario.

100 METRES

ORTHOGONAL BEDROCK PATTERN

SMALL
jBEDROCK.RIDGE!
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Fig. 22 Sidescan sonar record showing orthogonal ridges on bedrock,
offshore Toronto.
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Ridges (from seismic profile data)
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Ridges (from sidescan data)

(pS9 Area of numerous bedrock ridges
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Bedrock structural contour
(depth in milliseconds)

- 43° 30' N
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Fig. 23 Bedrock ridges (interpreted as pop-ups) in western Lake Ontario. See Figure 1a for names of
lineaments and zones. Multiply millisecond values by 0.75 for an estimate of depth in metres
below lake level.
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Fig. 24 Sidescan image (left) and interpreted image (right) showing a plumose
structure and anchor scours on the lakebed near Port Weller.
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Fig. 25 Sidescan sonar record showing debris spoils and a possible
shipwreck on the lakebed.

QUATERNARY

BEDROCK SURFACE FEATURES

CONSTRUCTIONAL:

POSITIVE FEATURES:
B1

B2

B3

B4

Bedrock Micro-Relief
Irregular bedrock surface relief, typically
one to thiee mettes amplitude and
IS to 50 metres wavelength.
High Bedrock Relief
Sediment covered bedrock relief, typically
10 to 25 metres amplitude and
100 to 500 metres wavelength.

JV.

Qc2

Complex Clinoform
Constructional body comprising numerous
progradational reflections in a COMPLEX form.

Qc3

Sediment Mound
Stratified and unstratified sediment buildups.
Most features probably have a ridge geometry.

Qc4

Sediment Ridge
Stratified and unstratilied sediment buildups.
Includes moraines and possible barrier bars.
3-D aspect confirmed by sidescan.

DEPRESSIONS:

Bedrock Scarp with Visible Bedrock Bedding
No apparent offset In sediments or bedrock.

Qd3

Steep-sided Depression
Depression In unstratilied Unit 4A with
steep inflection on one side.
Double Steep-sided Depression
As above but with steep Inflection on both sides.

Fig. 26

Furrow
Occurs In Lakebed sequence on southern lake flank.

GAS-RELATED FEATURES:
green

Diffuse Gas
Disseminated gas In sub-surface sediments. Some
loss/attenuation ol seismic signature In underlying rellectors.

Surficlal Depression
Depression in unstratified Unit 2A with
no stratified fill. Occurs at lakebed.

Gas Masking
Disseminated gas in sub-surface units causing
complete acoustic masking.

Qd6

Surficlal Depression (Infilled)
Depression in unstratified Unit 2A with poorly
stratified fill.

Bright Horizon
Enhanced acoustic reflectivity along a seismic reflection
where gas has collected along a stratigraphie horizon.
Bright Horizon In Bedrock
Enhanced acoustic tellectlvlty along a seismic rejection
where gas has collected along a stratigraphie horizon.

CUT AND FILL:
Qf1

Small Scale Cut and Fill
Typically one to three metres deep.

Qf2

Large Scale Cut and Fill
Occurs in Unit 2? sediments. One
occurrence only, offshore from Niagara Fliver.

Qf3

Slump Related
Cut and (ill in unstrati'ied sediment (Unit 4A?)
with draped, overlying stratified sediment.

NEAR SURFACE STRUCTURE:
Folding
Folding of bedrock strata.

Sediment Hump
Small scale perturbation In stratified sediment; may
be related to Draping Stratification.

Qd5

DEPRESSIONS:

B10

Strata mimic (drape over) geometry ol underlying unit.

Qe3

ng

B9

Draping Stratfffcatfon
Regular to Irregular sinusoldal-llke geometry (in profile)

Qe2

Scarp-tike Inflection
Scarp-like feature in unstratified sediment
(Unit 4A) overlain by steeply draped sediment.

Sediment Covered Bedrock Depression
Double-sided, steep inflections forming a
depression or trough. Steep draping or
possible olfset in overlying sediments.
No visible bedrock bedding offset.

OTHER:

Simple Depression
Depression in unstratified Unit 4A with
draped, stratified fill. No olfsets.

Qd2

Small Channel or Depression In Bedrock
Little or no sediment cover.

_
_ Local Angular Unconformity
« • " J Truncation of seismic slratlflcallon.

Qd1

Bedrock Scarp
No visible bedrock bedding.
No of/set in sediments.

po

Lamination Disturbance
Q m 2 Local disturbance of primary seismic lamination;
sometimes complete destruction of original structure.

(3-D geometry unknown)

B5

B7

Normal Fault
Localized failure In stratified sediment.
Vertical ollset typically about 50 cm.

Qe1 of cfosely spaced reflections (strata) (Units 28 and 48).

SCARPS:

Bedrock Scarp with
Steep diaping oi possible offset in
overlying sediments.
No visible bedrock bedding offset.

DISRUPTIVE:

Simple Clinoform
Q c 1 Constructional body comprising numerous
progradational reflections in a SIMPLE form.

Bedrock Bump
Small perturbation in otherwise smooth
bedrock surface.
Bedrock Ridge
Small perturbation in otherwise
smooth bedrock surlace.
Sidescan illustrates 3-D aspect.

FEATURES

Gd

Lakebed Disruption
Disseminated gas Immediately below lakcbed.
Gas eruptions have caused lakebed disruption, much
like pockmarks.

All feature icons are drawn in profile or 3-D view and »re pictorial
representations of how each feature type appears in seismic section.

Icons of subsurface features showing their essential character as observed on high-resolution subbottom profiles. The
alphanumeric symbols beside the icons are used to depict the location of features on Map 11.
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VERTICAL EXAGGERATION: 53x
Fig. 27 High-resolution seismic profile (left) and interpreted profile (right), showing
a bedrock bump at the lakebed.
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Fig. 28 High-resolution seismic profile (left) and interpreted profile (right), showing bedrock
structure (folding) at the lakebed.
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VERTICAL EXAGGERATION: 50x
Fig. 29 High-resolution seismic profile (left) and interpreted profile (right), showing high bedrock relief.
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Fig. 30 High-resolution seismic profile (left) and interpreted profile (right), showing
a buried bedrock scarp with internal stratification.

Fig. 31

Bedrock surface features in western Lake Ontario. See Figure 1a for names of
lineaments and zones.The Upper Ordovician consists of the Collingwood, Blue
Mountain, Meaford-Dundas and Queenston Formations, and the Middle Ordovician
consists of the Trenton Group, as compiled by Sanford and Baer (1981).
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High-resolution seismic profile showing an erosional bedrock channel or depression.
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Fig. 33 High-resolution seismic profile (left) and interpreted profile (right) showing a complex clinoform
structure in Quaternary sediments. Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector
(bedrock).
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Fig. 34 High-resolution seismic profile showing a stratified sediment mound.
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Fig. 35 High-resolution seismic profile (left) and interpreted profile (right), showing a steep, one-sided depression
(scarp-like) in Quaternary sediments. Seismostratigraphic units shown at right. Y=Yellow Reflector,
O=Orange Reflector, B=Brown Reflector (bedrock) as detected in sleeve gun seismic records.

N

METR ES
200

400

600

800

1000

N

METRES
200

400

600

800

1000
-110

85-

-120

en

o
o

LU

ce

LU
CO

hLLJ

-130 —

100-

105-

140

VERTICAL EXAGGERATION: 53x
Fig. 36 High-resolution seismic profile (left) and interpreted profile (right), showing a double steep-sided depression
in Quaternary sediments over bedrock. Seismostratigraphic units shown at right. Y=Yellow Reflector,
O=Orange Reflector, B=Brown Reflector (bedrock).
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Fig. 37 Unprocessed high-resolution seismic profile showing a depression feature (box in upper
panel) and its digitally expanded and processed wiggle trace image (lower panel).
O=Orange Reflector, B=Brown Reflector (bedrock).
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Fig. 38 Unprocessed high-resolution seismic profile showing a depression feature (box in upper
panel) and its digitally expanded and processed wiggle trace image (lower panel). Y=Yellow
Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).

\
•
o

Plumose structure

- 43 0 45' N

! /l /

\
X

/
^

7
/
- 43°30'N

y

) ^*$\.

/
/

/

^

"\ -^

- 43° 15'N

^

^

••

/

•

/

•

\
•
•

^T
7 \ " ••• «

l

" ^ ^ -

•
•
•

/ /

v
•\

•

•
\

^

r

:

i
1 I
1 «1
1 L
^-

/

• .

•

. \

•

•

\
\

\

/

I

\

-

•

—

^\
c

1

V^_^

Fig. 39

ml88161.fh3

\

I1 •»

>y

(

\

/

•

/

\

/

/ / V /*
/

\

/
1

/

^

/

1

/ i

/

/y
\

\lj

/

/

\

/

\

Depression

78° 30' W

\

/

\

1

\

1 o>c /
/
C tt)

\

79° 30' W

\
\Wellandl

Canal J

X X
% %

Depressions and plumose structures in western Lake Ontario. See Figure 1a for names of
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Fig. 40 High-resolution seismic profile (left) and interpreted profile (right), showing possible slump-related cut and
fill feature, shown by the change in slope and flattening of O and Y Reflectors between 1200 and 3300 m.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).
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VERTICAL EXAGGERATION: 52x
Fig. 41 High-resolution seismic profile (left) and interpreted profile (right), showing reflection offsets due to
normal faulting of sediments. Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector
(bedrock).
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Fig. 42 Normal faults, furrows and areas of extensive reflection eradication and notches in western Lake Ontario.
See Figure 1a for names of lineaments and zones.
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Fig. 43 High-resolution seismic profile (left) and interpreted profile (right), showing draping stratification
mimicking the rough underlying surface of a sedimentary unit, possibly till, which sits on bedrock.
Y=Yellow Reflector, O=Orange Reflector, B=Brown Reflector (bedrock).
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Fig. 44 High-resolution seismic profile (left) and interpreted profile (right), showing sediment furrows thought
to be generated by bottom currents (Hutchinson era/. ,1993). Y=Yellow Reflector, B=Brown Reflector
(bedrock).
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VERTICAL EXAGGERATION: 42x
Fig. 45 High-resolution seismic profile (left) and interpreted profile (right), showing
lakebed disruption possibly caused by gas upweffing.
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Fig. 46 High-resolution seismic profile (left) and interpreted profile (right), showing moderate reflection eradication
(RED) in Quaternary sediments. Seismostratigraphic units shown at right. O=Orange Reflector, B=Brown
Reflector (bedrock).
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